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Abbreviations
& Acronyms

AdH Adaptive Hydraulics
AfDB African Development Bank
AGRA Alliance for Green Revolution in Africa
AIAS Abastecimento de Agua e Saneamento (National Water and Sanitation company for
sanitation in large cities and water supply in small towns of Mozambique)
AKF Aga Khan Foundation
API Application Programming Interface
ASTER Advanced Spaceborne Thermal Emission and Reflection Radiometer
AWSP Agricultural Water Solutions Project
AVHRR Advanced Very High Resolution Radiometer
AWM Agricultural Water Management
AQP Annual Work Programme
BAGC Beira Agricultural Growth Corridor (Mozambique)
BW Blue Water
CA Conservation Agriculture
CAD Computer Aided Design
CAL Client Access License
cC Climate Change
CCTV Closed Conduit TV
CENOE National Emergency Operational Centre (Mozambique)
CGIAR Consultative Group on International Agricultural Research
CIAT International Centre for Tropical Agriculture (Colombia)
CIMMYT International Maize and Wheat Improvement Centre (Mexico)
CMM Counselho Municipal de Maputo (Municipal Council of Maputo - Mozambique)
CNRM Centre National de Recherches Meteorologiques (France)
CORDEX COordinated Regional climate Downscaling Experiment
CP Calibration Procedure
CRSP Coastal Rural Support Programme (Mozambique)
CRU Climate Research Unit
CSIRO Commonwealth Scientific and Industrial Research Organisation
CSM Clean Star Mozambique
CWP Crop Water Productivity
DARIDA INGC Drylands Programme
DAU Departamento de Agua Urbana (Urban Water Directorate — Mozambique)
DEM Digital Elevation Model
DFID Department for International Development (United Kingdom)
DFO Dartmouth Flood Observatory
DGRH De Gestdo de Recursos Hidricos (Water Resources Management)
DMI Danmarks Meteorologiske Institut (Denmark)
DNA Direccdo Nacional das Aguas (National Directorate of Water — Mozambique)
DRMP Disaster Risk Management Project
DSC District Steering Committee
DSS Decision Support System
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DWA Department of Water Affairs (Zambia)
EACC Economics of the Adaptation to Climate Change
ESRI Environmental Systems Research Institute
ET Evapotranspiration
FAO Food and Agriculture Organization
FdF Fundo de Fomento (Development Fund)
FEM Mozambique Enterprise Foundation
FFS Farmer Field School
FIPAG Fundo de Investimento e Patrimonio do Abastecimento de Agua (National water and
sanitation company for water in large cities - Mozambique)
FRA Flood Risk Assessment
GCM Global Climate Model
GPCC Global Precipitation Climatology Centre
GRanD Global Reservoir and Dam database
GHCN Global Historical Climatology Network
GIS Geographic Information System
GPS Global Positioning System
GRDC Global Runoff Data Center
GUI Graphical User Interface
HBV Byrans Vattenbalansavdelning (Hydrological Transport Model)
HEC-RAS Hydrologic Engineering Center — River Analysis System
IADP Integrated Agricultural Development Project
ICRISAT Institute for the Semi-Arid Tropics (India)
ICTP International Centre for Theoretical Physics (Italy)
IDF Intensity-Duration-Frequency
IFAD International Fund for Agricultural Development (Italy)
IFDC International Fertiliser Development Centre
IMS Information Management System
INAM Instituto Naciona de Meteorologia (National Meterological Institute - Mozambique)
INGC National Disaster Management Institute (Mozambique)
INM Instituto Nacional de Meteorologia (Spain)
IPCC Intergovernmental Panel on Climate Change
IPSL Institut Pierre Simon Laplace (France)
IRD International Relief and Development (USA)
IRR Internal Rate of Return
IWMI International Water Management Institute (Sri Lanka)
IWRM Integrated Water Resources Management
LBPTC Limpopo Basin Permanent Technical Committee
M&E Monitoring & Evaluation
MINAG Ministry of Agriculture (Mozambique)
moDDS multi-objective Dynamically Dimensioned Search
MPI-M Max Planck Institut fiir Meteorlogie (Germany)
MR Monthly Report
NCPAMP Natural Calamities Prevention and Attenuation Masterplan (Mozabique)
NHS National Hydrological Services (Namibia)
NGO Non-Governmental Organization
NSE Nash-Sutcliffe Efficiency
OlIL Local Initiative Development Budget (Mozambique)
O&M Operation & Maintenance
ORAM Associacao Rural de Ajuda Mutua
(Rural Association for Mutual support — Mozambique)
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PAPA Plano de Acgdo da Produgdo Agricola
(Agricultural Production Action Plan — Mozambique)
PARPA Plano de Acgdo para a Redugdo da Pobreza Absoluta (Action Plan for Reduction of Absolute
Poverty - Mozambique)
PET Potential Evapo-Transpiration
PPFD District Planning and Finance Project (Mozambique)
PPP Private Public Partnerships
PPS25 British Planning Policy Statement 25
PRODER Programa de Desenvolvimento Rural
(Programme for Rural Development - Mozambique)
PROMEC Promocao Economica de Camponeses (Economic Promotion of Local Farmer Cooperatives —
Mozambique)
PRONSAR Programa Nacional de Abastecimento de Agua e Saneamento Rural
(Common fund for rural water supply and sanitation in Mozambique)
Q Flow
RBM River Basin Model
RCM Regional Climate Model
RCSA Regional Centre for Southern Africa
Sb Subbasin
SC Sub Component of the report at hand
SCE Shuffled Complex Evolution
SFRA Specific Flood Risk Assessment
SPAWM Support Project for Agricultural Water Management
sQL Structured Query Language
SRTM Shuttle Radar Topography Mission
SSA Sub Saharan Africa
SSB SPAWM Steering Body
SuDS Sustainable Urban Drainage Systems
SWMM Storm Water Management Model
TOR Terms of Reference
TP Technical Proposal
UEM Universidade Eduardo Mondlane (Maputo — Mozambique)
UNEP United Nations Environment Programme
UNFCCC United Nations Framework Convention on Climate Change
UNHabitat United Nations Human Settlements Programme
USACE United States Army Corps of Engineers
USAID United States Agency for International Development
USEPA United States Environmental Protection Agency
USGS United States Geological Survey
VAT Value Added Tax
WAM Water Allocation Module
WBM Water Balance Module
WB The World Bank
WH Water Harvesting
WWF World Wildlife Fund
WL Water Level
YER Yearly Evaluation Report
YWP Yearly Work Programme
ZRA Zambezi River Authority
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SUBCOMPONENT 1: DECISION SUPPORT SYSTEM

1.1 TERMS OF REFERENCE

APPRECIATION OF SERVICE

An online, interactive water decision support system (DSS) will be developed for the Zambezi
River catchment which can be used for the analysis of current and future water development
scenarios. The system will allow different stakeholders in Mozambique (and also in the upstream
countries) to rapidly assess the impacts of any new water resource developments and climate-
induced changes on downstream infrastructure and water supplies. A possible add-on at later
stages would be to extend the DSS for the Limpopo and Pungwe basins.

High priority will be given to development of a web-based application that is easy to understand
and easy to use and offers high computational performance so that rapid on-line assessments of
certain climate and water demand scenarios will be possible. A key to successful implementation
will be the selection of the proper spatial and temporal scale which on one hand must be
detailed enough to reflect the governing hydrological processes and most relevant water
management activities. On the other hand the scale must be general enough to cope with the
limited data available and to allow for fast assessment of climate and water management
scenarios at the (national and international) river basin level.

Given the short time and budgetary framework available and considering the actual data
situation the focus must be on the development of simple and robust water DSS that is able to
generate results also with limited input data rather than on the development of a sophisticated
software tool which requires detailed input information and can be operated only by a few
experts.

A final decision on the optimum scale and spatial resolution of the pilot DSS developed for the
Zambezi river shall be made during the inception stage based on the data availability, the client
needs assessment as well as on the budgetary limits and the time constraints of the project.

It is assumed that all relevant data for DSS development and model calibration will be provided
to the Consultant free of charge as well as in a timely manner. This shall include the following
data:
= Digital river network and other GIS layers of catchment physiography
= Information on current operation of the main reservoirs in the basin (operation rules,
storage elevation curves..)
= Daily or monthly series of observed flow for all gauging stations in the lower
(Mozambican) part of the basin and selected gauging stations in the upper (foreign)
part of the basin (> 20 years)
= Daily or monthly series of precipitation for selected gauges in the basin (preferably
series from synoptic meteorological stations) (> 20 years)
= Daily or monthly series of temperature for selected stations in the basin (> 20 years)
= |Information on major water users and current water demand in the different
subcatchments, reservoirs and water abstraction points (monthly data)
= (Climate Scenarios (regional precipitation and temperature data) downscaled and
analysed in Phase | (INGC. 2009. Main report: INGC Climate Change Report: Study on
the Impact of Climate Change on Disaster Risk in Mozambique, Section 1.3).
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If some of the requested data cannot be provided alternative data sources will be explored by
the Consultant or a simplified methodology will be applied in order to cope with the limited data
sets.

METHODOLOGY:
Structure of water DSS

The components of the proposed DSS may be grouped into an information management system
(IMS) and a river basin model (RBM). The IMS, which includes a web-based graphical user
interface, a river basin database and a GIS component is the environment which serves the
overall system, supported by a set of analytical tools.

The backbone of the system will be a river basin model covering the whole Zambezi catchment,
with the two main components being a water balance module and a water allocation module.

The system will comprise the following spatial entities
=  Watersheds (areas)
= River sections (linear elements)
= Reservoirs and points of water abstractions (nodal elements)

These spatial entities, will be mapped in a database, which serves as a
= Regional database for storing location and magnitude of existing and planned water
demand and storage centers (who is using what);
= Watershed database of current and future climate variables including rainfall,
temperature and flows for all watersheds;

RIVER BASIN MODEL
Water balance and water allocation module

Watershed runoff will be computed by a water balance module which is based on a conceptual
soil moisture accounting approach. Input to the model is precipitation and temperature, output
is runoff and actual evapotranspiration.

The topology of the river system and the location and seasonal demand of different water users
and storage elements will be reflected in the water allocation module.

Spatial and temporal resolution

In order to allow for high system performance (as required for a web-based application) and
easy use of the DSS, certain restrictions to the spatial and temporal resolution have to be made.

The total number of watersheds (subcatchments) to be considered shall not exceed 10 in the
upstream part of the catchments (neighbouring countries) and shall be limited to a maximum of
20 in the downstream part (Mozambique). The number of river sections and nodal elements
shall be limited to a maximum of 30.

However, design and implementation of the system will be kept flexible so that a later extension
of the system to a higher number of spatial entities will be possible with reasonable effort.
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It shall also be noted that the number of spatial entities depends on the availability of data. If
only limited information (e.g. on observed runoff, water demand..) is available a further
simplification and reduction of the spatial entities might be necessary.

For the temporal resolution of the system monthly timesteps will be applied, as this is
considered an appropriate temporal resolution for regional water balance assessment and
climate change impact studies. However, a certain flexibility of the system will be maintained so
that upgrading of the system to higher temporal resolution (weekly, daily) will be possible in the
future with reasonable effort.

INFORMATION MANAGEMENT SYSTEM
Scenario Definition

A web-based graphical user interface will be developed which will enable the user to conduct
the following actions

= definition of water demand scenarios.

= selection and definition of climate scenarios

= start of simulation run

= evaluation of results (graphically and numerically)

= administration of scenario information and simulation results (saving, editing..)

Water Demand Scenarios

For each spatial entity (subcatchment, river section, nodes) water demand can be specified by
the user on a monthly basis, considering

= jrrigation / agricultural demand

= domestic water use and

= industrial water use.
For storage centers (reservoirs) also certain operation rules can be defined

Climate Scenarios

The database will store monthly time series of precipitation and temperature in each
subcatchment for

= observed climate conditions (e.g. 1961-1990) and

= future climate scenarios

The DSS will allow defining future climate scenarios by the following options
= selection of predefined climate scenarios
* |oading of new climate scenarios
= delta change approach

Selection of predefined climate scenarios

Predefined future climate scenarios (max 3 scenarios) will be loaded in the regional database by
the Consultant during the development phase, which can then be selected by the user for
simulation. Each climate scenario will be characterized by three constituents

= |PCC emission scenario

= Global Climate Model (GCM)

= Downscaling Method or Regional Climate Model (RCM)
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Loading of new climate scenarios

The user will be able to add new climate change scenarios by loading monthly time series of
subcatchment precipitation and subcatchment temperature to the system. Spatial mean values
will be used, i.e. the spatial distribution of precipitation within a subcatchment will not be
considered. The vertical distribution of temperature will be taken into account by considering
different elevation zones derived from digital elevation models (DEMs). The necessary pre-
processing of these data (downscaling of GCM data, bias correction, computation of mean
values for subcatchments..) has to be done with external tools.

Delta change approach

Alternatively the user can define different climate change scenarios by specifying change in
temperature (in °C) and change in precipitation (in percent) for each subcatchment and each
month of the year. These changes will then be imposed on the observed climate conditions. The
assumptions on the temperature and precipitation changes can (1) be taken from the literature
(e.g. IPCC reports) (2) derived from analyses of GCM data (using external tools) or (3) can be any
arbitrary values within a plausible range as typically applied for sensitivity studies. This method
also facilitates easy analysis of what-if scenarios; e.g. “What if the temperature increases by 3
degree Celsius and precipitation decreases by 10 percent?”

Simulation Run

After having defined the water demand and climate scenarios a simulation run can be started.
The user will be able to select the start time and end time of the simulation period (e.g. 2050 —
2070) for a given climate scenario. In order to allow for statistical analyses of the results (and to
minimize the effect of random noise in the climate data) a minimum length of the simulation
period of 20 years is proposed.

Evaluation of Results (Analytical Tools)

The application will allow to analyse the results of a simulation run for a certain climate and
water demand scenario by graphical and numerical means.

For each spatial entity mean monthly runoff as well as certain statistical parameters such as
maximum and minimum monthly runoff can be displayed and compared with the existing
conditions (historical case). Furthermore the DSS will allow to analyse monthly values of
precipitation and evapotranspiration in the different subcatchments as well as certain
predefined drought indices.

SOFTWARE ENGINEERING

Open source database and GIS software such as PostgresSQL and PostGIS will be used in
combination with PHP web programming language, or comparable technology. The use of open-
source technology will eliminate the continuing licensing requirements of similar commercial
web-based systems.

To host the web-based application developed by the consultant the following server hard- and
software is proposed, and included in the financial offer:

Hardware: A standard Dell Server (Tower, not rack mounted) with Raid 1 Hard Disks (500 GB),
redundant power supply, standard CPU and 4 GB RAMm (UPS for the server included). As
backup an external Hard drive (Raid 1) is suggested.
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Software: For the server operating system two options exist: (1) The Dell Server comes with a
Windows 2008 R2 Server with 5 CAL (Client access licenses). (2) If open source version is
preferred, RedHat Linux (can be bought with maintenance) or Ubuntu Server could be used. The
financial proposal is based on option 1.

For installation of the server the following provisions have to be made by the client:
= Lockable room with air condition. Temperature should be around 20°C.
= |nternet connection: minimum requirement for a Webserver is a 2 MBit symmetrical
line, a faster line is preferred.
= Local IT experts (client), who are experienced with similar hard- and software, will be
responsible for server operation and maintenance, and shall support the Consultant
during system implementation.

The Client will be responsible for soft- and hardware maintenance in order to ensure future
operation of the system.

WORKPLAN

Given the short time available for development and implementation a strict work plan and has
to be applied in order to ensure the successful completion of the subtask. The following project
milestones are proposed:

Inception workshop (conducted immediately after project start)

Meeting with the client in order to perform an assessment of the client needs and for
investigation of the data availability. The draft design of the system will be discussed with the
client and minor adjustments considering the actual situation can be made.

Data collection (completed 3 months after commencement date)

Data collection will depend on facilitation by the client. It is assumed that all the data necessary
for DSS development and model calibration will be collected within the first 3 months of the
project execution period. Based on the data collected during that period the final design of the
DSS and the database will be made. It can not be guaranteed that data received at a later stage
of the project will be reflected in the DSS.

The Inception and Data Collection Phase will be closed with submission of an inception report 3
months after commencement date.

Prototype development (presented 7 months after commencement date)

A prototype DSS for Zambezi will be developed and a preliminary model setup will be prepared
within 7 months and presented to the client. Minor adjustments (customizing) of the graphical
user interface and other DSS component will be made together with client.

Delivery of Zambezi DSS and Training (presented 9 months after commencement date)

The final version of the DSS for Zambezi catchment will be delivered after 9 months together
with a training session in Mozambique. A selected team of analysts (max 8 trainees) will be
trained in the use and maintenance of the system, which will be handed over to INGC. The
training material provided by the Consultant will include an on-line user manual which will be
delivered together with the DSS System.
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The software user interface as well as the user manual will be developed in English.
It is assumed that the necessary training facilities (including training room, hard- and software
with internet access, catering..) will be provided by the client.

EXPECTED RESULTS

The following outputs can be expected from SC 1

= An online, interactive water decision support system for the analysis of current and
future water development scenarios of the Zambezi River (and potentially the
Limpopo River and the Pungwe River as add ons), consisting of an information
management system and a river basin model.

= Atraining session in Mozambique for a selected team of analysts

= An on-line user manual, which will allow also other users to apply the web-based DSS.

= (Capacity of counterparts increased through on the job learning.

1.2 EXECUTIVE SUMMARY

In SC1, a water Decision Support System (DSS) was developed for the whole Zambezi basin,
covering 1.4 Mio km?. The DSS is a state-of-the-art, well calibrated, easy to use analysis tool that
will serve Mozambican analysts for rapid assessment of impacts of climate change and upstream
developments (irrigation, dams) on discharge. Due to its implementation as an open web-based
system, the DSS is also available to the ge=neral public. The DSS has a graphical user interface
and combines GIS layers, background maps and model elements, which are linked to a dynamic
database and river basin model. The water balance module of the DSS simulates runoff
generation from monthly precipitation and temperature inputs in 27 sub-basins of the Zambezi
basin. A water allocation module considers wetlands, reservoir operations and water
abstractions and aggregates discharge along the river-network at 40 locations. The user can
interactively add locations of interest and add or modify scenarios including climate change,
water withdrawals (irrigation), dam development and reservoir operation rules. Climatic data
included in the DSS cover the period 1950-2005 for historic observations and 1960-2100 for data
of three climate models, thereby enabling simulations for any time-slice between 1950 and
2100. The DSS includes an analysis tool for visualization of simulation results as time-series,
seasonality or distribution (frequencies of high and low flows). Export of results enables post-
processing with external software. Results of application examples of the DSS are presented,
including impact assessment of climate change, irrigation and dam development. The examples
show the high sensitivity and high complexity of regional changes in the Zambezi basin under
various scenarios. Therefore, the DSS will serve as an important scenario analysis tool for water
resources management in the Zambezi basin. The server with the installed DSS system will be
located at CENOE in Maputo, Mozambique. The modular structure of the DSS software allows
for future extensions to other river basins as well as other functionalities. Nine trainees from
different institutions in Maputo have been trained in the use of the DSS.
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1.3 AREA DESCRIPTION

1.3.1 General area description — The Zambezi Basin

The Zambezi basin is the fourth largest river basin in Africa (after Congo, Nile and Niger) and
covers 1.4 Mio km?2. As in other studies we do not consider the Okavango River as a tributary of
the Zambezi, even though in extremely wet years the Okavango system theoretically also
discharges to the Zambezi. The basin is shared by eight countries: Zambia (41.9 % of total area),
Angola (18.2 %), Namibia (1.1 %), Botswana (1.5 %), Zimbabwe (15.9 %), Tanzania (2.2 %),
Malawi (7.5 %), and Mozambique (11.6 %). From these Figures it is clear that the Mozambican
share of the basin is only small, as almost 90 % of the basin is located in upstream areas, where
also most of the runoff is originating from. Here, Zambia is a crucial country (more than 40 %). In
some regions only very limited hydro-meteorological information is available (e.g. Angola with
almost 20 %).

The source of the Zambezi River is located at Kalene Hill in Zambia and travels roughly 2600 km
to the south and east before discharging into the Indian Ocean at the Mozambican coast. Along
its course are world famous natural treasures (e.g. Victoria Falls) and unique ecological areas
(e.g. Mana Pools). Important tributaries are the Kafue River, Luangwa River and Shire River.
Floodplains and swamps (Barotse Floodplain, Chobe Swamps, Kafue Flats, etc.) are large,
seasonally inundated areas of several thousand km?. Lake Malawi is located in the north-eastern
part of the basin and is one of the world’s largest freshwater lakes (570 km long, 30,000 km?).
There are also two large artificial reservoirs for hydropower generation (Lake Kariba with 5600
km? and Lake Cahora Bassa with 2700 km?2). Several more hydropower plants are in planning
stages.

Mean annual rainfall amounts to approximately 1000 mm, of which about 8 % generates runoff
and the remaining 92 % are lost via evapotranspiration. The northern parts are wetter than the
southern parts. Mean runoff at the outlet of the basin amounts to approximately 3600 m3/s, but
runoff shows large seasonal and intra-annual variations. During the dry season there is
practically no significant amount of precipitation. The wet season is during the austral summer
from around December through March. In November and April also some considerable amounts
of precipitation may occur. Seasonality in runoff is strongly controlled by seasonality in
precipitation, but in addition also runoff retention in large floodplains and swamps as well as
artificial reservoirs affect the seasonal runoff.

The DSS is set-up for the whole area of the Zambezi basin (excluding Okavango).
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Figure 1-1: Zambezi basin.
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Figure 1-2: Unique features of the Zambezi basin.
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1.3.2 Specific description - The Mozambican part of the basin

The Mozambican share of the Zambezi basin covers 11.6 % of the total basin area. The Zambezi
River enters Mozambique from Zambia, just upstream of the Cahora Bassa reservoir. At the
border the Zambezi River already includes discharge from the large tributaries Kafue River and
Luangwa River.

There are several tributaries discharging into the Zambezi River within Mozambique. A few
kilometres after the Zambian/Mozambican border the Panhane River flows from Zimbabwe into
the upper section of Cahora Bassa reservoir. Downstream of the reservoir the Capoche/Luia
River joins the Zambezi from the north. The Revubue River has its confluence with the Zambezi
River at Tete and drains the area in the north-east to the Malawian border. Further downstream
the Luenha River comes from Zimbabwe in the west. The last tributary is the Shire River, draining
almost the entire area of Malawi, including Lake Malawi. Table 1-1 summarizes the Mozambican
tributaries and also lists the respective areas of the basins.

Table 1-1: Zambezi tributaries in Mozambique.

River basin Area [km?]

Zambezi at Zambian/Mozambican border 1004972
Panhane River 24404
Capoche/Luia River 28699
Revubue River 16263
Shire River at Malawian/Mozambican border 151537

1.4 METHODOLOGY

1.4.1 Preparatory work (data and info collection)

The first task for the project was an extensive literature review, to get a profound knowledge of
the Zambezi basin as well as information about the latest research initiatives, institutional
organization, and available data bases. The following reports and articles were used for the
literature review:

REPORTS

Arndt C, Strzepeck K, Tarp F, Thurlow J, Fant C, Wright L. 2011. Adapting to climate change: an integrated
biophysical and economic assessment for Mozambique. Sustain. Sci. 6, 7-20

Beck L. 2010. Transboundary water allocation in the Zambezi River basin. Dissertation ETH Zurich, 209 pp.

Beilfuss R, dos Santos D. 2001. Patterns of hydrological change in the Zambezi Delta, Mozambique.
Working paper #2, Program for the sustainable management of Cahora Bassa Dam and the Lower
Zambezi Valley, 159 pp.

Beilfuss R. 2001. Prescribed flooding and restoration potential in the Zambezi Delta, Mozambique.
Working paper #3, Program for the sustainable management of Cahora Bassa Dam and the Lower
Zambezi Valley, 72 pp.

INGC. 2009. Main report: INGC Climate Change Report: Study on the Impact of Climate Change on Disaster
Risk in Mozambique. [Asante, K., Brundrit, G., Epstein, P., Fernandes, A., Marques, M.R.,
Mavume, A, Metzger, M., Patt, A., Queface, A., Sanchez del Valle, R., Tadross, M., Brito, R. (eds.)].
INGC, Mozambique, 338 pp.
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Mepanda Uncua and Cahora Bassa North Project. Feasibility Study. Republic of Mozambique, Technical
Unit for the Implementation of Hydropower Projects (UTIP).

UN Water. 2009. Mozambique country survey on water sector coordination — Overview assessment and
in-depth dialogue. 30 pp.

World Bank. 2006. Lower Zambezi River Basin: Baseline data on landuse, biodiversity, and hydrology. GEF —
Zambezi Valley Market Led Smallholder Development Project, Draft Report November 30, 2006,
62 pp.

World Bank. 2010. The Zambeazi River Basin — A multi-sector investment opportunity analysis. Volume 3:
State of the Basin, 202 pp.

RESEARCH ARTICLES

Beck L, Bernauer T. 2012. How will combined changes in water demand and climate affect water
availability in the Zambezi River basin? Global Environmental Change, 12 pp

Gandolfi C, Salewicz KA. 1990. Multiobjective operation of Zambezi River reservoirs. Working paper I1ASA,
Laxenburg, Austria, 29 pp.

Gandolfi C, Salewicz KA. 1991. Water resources management in the Zambezi Valley: analysis of the Kariba
operation. IAHS Publ. no. 201, Proceedings of the Vienna Symposium, August 1991

Harrison GP, Whittington HW. 2002. Susceptibility of the Batoka Gorge hydroelectric scheme to climate
change. Journal of Hydrology 264: 230-241

Harrison GP, Whittington HW, Wallace AR. 2006. Sensitivity of hydropower performance to climate
change. International Journal of Power and Energy Systems 26(1)

Hoekstra AY. 2003. Water scarcity in the Zambezi basin in the long-term future: A risk assessment.
Integrated Assessment 4/3: 185-204

Kirchhoff CJ, Bilkley JW. 2008. The Zambezi River basin: Potential for collaborative water resource
research. Conference Proceedings Southern Illinois University Carbondale, UCOWR Conference
22 July 2008, 5 pp.

Matos JP, Cohen T, Boillat JL, Schleiss AJ, Portela MM. 2010. Analysis of flow regime changes due to
operation of large reservoirs on the Zambezi River. Environmental Hydraulics: 337-342

Mazvimavi D. 2010. Investigating changes over time of annual rainfall in Zimbabwe. HESS 14: 2671-2679

Meier P, Fromelt A, Kinzelbach W. 2011. Hydrological real-time modelling in the Zambezi River basin using
satellite-based soil moisture and rainfall data. HESS 15: 999-1008

Ndebele-Murisa MR, Mashonjowa E, Hill T. 2011. The implications of a changing climate on the Kapenta
fish stocks of Lake Kariba, Zimbabwe. Transactions of the Royal Society of South Africa 66(2), 105-
119

Scipal K, Scheffler C, Wagner W. 2005. Soil moisture-runoff relation at the catchment scale as observed
with coarse resolution microwave remote sensing. HESS 9: 173-183

Shela ON. 2000. Management of shared river basins: the case of the Zambezi River. Water Policy 2: 65-81

Shela ON. 2000. Naturalisation of Lake Malawi levels and Shire river flows. 1 WARFSA/WaterNet
Symposium, Maputo 1-2 November 2000, 12 pp

Tilmant A, Beevers L, Muyunda B. 2010. Restoring a flow regime through the coordinated operation of a
multireservoir system: The case of the Zambezi River basin. Water Resources Research 46, 11 pp.

Tilmant A, Kinzelbach W, Beevers L, Juizo D. Optimal Water Allocation in the Zambezi Basin. 2010
International Congress on Environmental Modelling and Software, Modelling for Environment’s
Sake, Fifth Biennial Meeting, Ottawa, Canada, 10 pp.
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Tilmant A, Kinzelbach W, Juizo D, Beevers L, Senn D, Casarotto C. 2011. Economic valuation of benefits and
costs associated with the coordinated development and management of the Zambezi river basin.
Water Policy (in press), 19 pp

Winsemius HC, Savenije HHG, Gerrits AMJ, Zapreeva EA, Klees R. 2006. Comparison of two model
approaches in the Zambezi River basin with regard to model reliability and identifiability. HESS 10:
339-352

Winsemius HC, Savenije HHG, Bastiaanssen WGM. 2008. Constraining model parameters on remotely
sensed evaporation: justification for distribution in ungauged basins? HESS 12: 1403-1413

Yamba FD, Walimwipi H, Jain S, Zhou P, Cuamba B, Mzezewa C. 2011. Climate change/variability
implications on hydroelectricity generation in the Zambezi River Basin. Mitig Adapt Strateg Glob
Change 16: 617-628

1.4.2 Stakeholder consultation

An inception visit was made from Aug. 2™ to 7", 2011 to Maputo to meet with the client and
stakeholders. Participants of the inception visit were Harald Kling (SC1) and Klaus Leroch (SC3).

15 meetings were arranged with several experts of various institutions. During these meetings
the scope of the Zambezi DSS was presented, thereby raising the visibility of the project, as some
of the Mozambican experts were previously not aware of the ongoing efforts. The discussions
with the Mozambican experts also gave important insights to the visiting consultants (Kling,
Leroch) about ongoing projects, responsibilities of different institutions (including contact
persons), available data sets, etc.

During a meeting with the director of INGC (Joao Ribeiro) it was clarified that the DSS will be
available online to the general public. However, it will be decided at later stages by the client if
only a limited version of the DSS will be made available to the general public (i.e. restricted
access to the full version of the DSS).

For the training on the DSS (Zambezi and possible extension to Limpopo) several institutions
were invited (INGC, DNA, UEM, Ara-Sul). No meeting could be arranged with staff of Ara-
Zambeze (located in Tete), but contact was established by e-mails after the inception visit.

Some interesting reports and data were obtained. At the same time, also some reports and data
were provided to the Mozambican experts. However, not all of the existing data could be
obtained (especially for the upstream countries in the Zambezi basin). After completion of the
inception visit data acquisition efforts were still ongoing.

Several possible locations of the server for the DSS were discussed (INGC, UEM, Ara-Sul, external
provider), but a decision was postponed.

The spatial resolution of the DSS was discussed with several experts, but no specific
recommendations were provided. Therefore, a draft version of the spatial resolution was sent
out by e-mail on Aug. 16", 2011 for further comments. The received comments are considered
in the final decision on the spatial resolution.

October 2012, p 28




RESPONDING TO CLIMATE CHANGE THEME 5

IN MOZAMBIQUE Water

1.4.3 Data sources

Data of many different sources were collected for this study. Given the large scale of the study
(whole Zambezi basin), the focus was on freely available, global data bases. The availability of
these data bases greatly facilitates the data acquisition process, as otherwise national services in
eight different countries would have to be contacted separately. The institutions/datasets from
which data are used are described below.

A first, rough assessment of the quality of the data showed that the public domain data appear
to be of reliable quality, whereas data obtained from national data bases include many data gaps
and in several instances seem to be affected by considerable biases. As an example, runoff time-
series data recorded at different gauges most likely have large differences in the quality, as there
are unplausible discrepancies between upstream and downstream gauges. In general, all time-
series data (public and national) should only be used with caution, as no information about the
reliability of the data are available from the providers.

Data of INGC Phase |

Data of the first phase of INGC studies were accessed via Dropbox. However, datasets of the
Phase | studies in general only cover the Mozambican part of the Zambezi basin and are
therefore of limited use for the current study, which focuses on the whole basin (including the
much larger upstream areas).

Data of public domain

Freely available data of the public domain are extensively used in this study. These data are

either available for direct download from the internet or a free registration (or e-mail) is

required before data acquisition. The used data sources include:
1. United States Geological Survey (USGS): digital elevation model, land-cover GIS data

HydroSheds: Digital elevation model, flow direction, river network GIS data

GRanD: Reservoir GIS data

AVHRR satellite: Land-cover GIS data

Global Runoff Data Center (GRDC): Runoff time-series data (at stations)

Global Historical Climatology Network (GHCN): Precipitation and temperature time-

series data (at stations)

7. FAO: Climwat data (at stations) for use with Cropwat model (reference
evapotranspiration)

8. Global Precipitation Climatology Centre (GPCC): Precipitation time-series data (spatial
fields)

9. Climate Research Unit (CRU): Precipitation, temperature, potential evapotranspiration
time-series data (spatial fields)

10. ENSEMBLES: Climate change scenarios for precipitation, temperature time-series data
(spatial fields)

11. WATCH: Climate change scenarios for precipitation, temperature time-series data
(spatial fields)

oukwnN
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Data of national data bases

1. Direcgdo Nagional das Aguas (DNA): Runoff, water level (Cahora Bassa) time-series data
(at stations)

2. Zambezi River Authority (ZRA): Runoff time-series data (at stations)

3. Department of Water Affairs, Zambia (DWA): Runoff time-series data (at stations) were
requested, but not delivered

4. National Hydrological Services, Namibia: Runoff time-series data (at stations) were
requested, but not delivered

5. ZINWA, Zimbabwe: Runoff time-series data (at stations) were requested, but not
delivered

Data of reports

Some reports provide valuable information, even if this data is not available in digital form for
the current project. More specifically, the reports of Beilfuss and dos Santos (2001) as well as
Beilfuss (2001) give important information on reservoir characteristics and operation rules. In
addition, figures show the long-term behaviour of e.g. lake water levels in Lake Malawi.

1.5 DATA ANALYSIS RESULTS

This section gives an overview of the data obtained for SC1.

River network and basin divides

HydroSheds is a recently developed data set and provides global information about river
topology derived from a digital elevation model (SRTM) with a 3 arc seconds spatial resolution.
This data set is used for (1) delineating basin and sub-basin divides with GIS and (2) display of the
river network Figure 1-3. Comparison of the HydroSheds data with data from Dropbox of INGC
Phase | (Mozambican area only) showed a high agreement between the data sets. It is assumed
that the data is of similar accuracy in the other parts of the basin.

Reservoir data

The GRanD dataset consists of two GIS layers: (1) the location of major dams and (2) the spatial
extent of the reservoir water bodies (Figure 1-4). (1) also includes the main reservoir
characteristics, such as start year of operation and reservoir storage capacity. The GRanD
dataset is used for identifying major reservoirs in the Zambezi basin. By far the two most
important reservoirs are Lake Kariba (185,000 hm3 capacity) and Lake Cahora Bassa (63,000
hm?3), both located on the Zambezi River. According to the storage capacity Lake Kariba (located
between Zambia and Zimbabwe) is the world’s largest artificial reservoir, and Lake Cahora Bassa
(located in Mozambique) is the 10" largest. Another large reservoir - albeit much smaller when
compared to Kariba and Cahora Bassa - is Itezhitezhi (5700 hm3) on the Kafue River. Other
noteworthy reservoirs are Kafue Gorge (785 hm3) and Mita Hills (1500 hm?3), both located in
Zambia. There are numerous smaller reservoirs in Zimbabwe. Four of them are larger than 100
hm3 (the largest is Lake Manyame with 490 hm?3).

Additional information about characteristics of the main reservoirs in the Zambezi basin is
available from the report of Beilfuss (2001). This information includes elevation-volume-area
curves as well as operation guide curves for Kariba, Cahora Bassa, Itezhitezhi and Kafue Gorge.
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Figure 1-3: HydroSheds data set.
Left panel: detailed river network and flow direction in the region of the Cahora Bassa reservoir (grey box in right Figure). Right: example
for GIS processed data (major rivers, basin divides) for the full basin.
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Figure 1-4: Reservoirs of the GRanD dataset in the Zambezi basin region.
Triangles: dam location. Triangle size: storage capacity of reservoir. Cahora Bassa dam is highlighted with a blue dot.
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Land-cover data

The AVHRR land-cover satellite product shows Figure 1-5. In the Zambezi basin the dominant
land-cover types are woodland, (wooded) grassland and cropland. The GIS data can be
aggregated to compute the area shares of land-cover within sub-basins.

avhrr_africa

B 0 Water

M 1 Evergreen Needleleaf Forest
M 2 Evergreen Broadleaf Forest
[ 4 Deciduous Broadleaf Forest
B 5 Mixed Forest

B 6 Woodland

7 Wooded Grassland

[ 18 Closed Shrubland

[19 Open Shrubland

W 10 Grassland

111 Cropland

[112 Bare Ground

I 14 Urban and Built

500 km

Figure 1-5: AVHRR land-cover dataset for the Zambezi basin.

Runoff data

Runoff data were mainly obtained from GRDC, DNA, and ZRA. The number of provided runoff
time-series from GRDC were 76. Not all of the time-series are useful for this study due to (1)
location at too small tributaries, (2) considerable data-gaps, or (3) apparent biases in the data.
Data from DNA covered gauges in the Mozambican part of the basin and data from ZRA covered
gauges in the upper parts of the basin. For the Luangwa River data was manually digitized from
the report of Beilfuss (2001). Overall, there are 24 sub-basins outlets with available runoff data
(Figure 1-6) and only three sub-basins are ungauged. This is a sufficient data base for calibration
of the DSS. Observed runoff data are not required for simulation runs with the DSS, as runoff is a
simulated variable of the river basin model. Examples for observed hydrographs in the upper
part of the Zambezi basin shows Figure 1-7. All time-series exhibit a strong seasonality in runoff
(see e.g. Figure 1-8).
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Figure 1-6: Location of used gauges in the Zambezi basin.

Green: runoff data available. Blue: ungauged locations.
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Figure 1-7: Examples of observed monthly hydrographs of GRDC for the period 1942 to 2009.
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Figure 1-8: Mean monthly observed runoff of the Zambezi River at Senanga for the period 1948-2004. GRDC
data.

Precipitation data

Precipitation data of GPCC is used for the historic simulation with the DSS. Other precipitation
datasets (CRU, GHCN) are only used for comparison purposes. The GPCC dataset consists of
global, gridded monthly precipitation for the period 1901 to 2009, interpolated from station
data. The spatial resolution is 0.5 x 0.5 degree.

Figure 1-9 depicts the number of available stations for the GPCC precipitation interpolation,
aggregated for the whole Zambezi basin. The period 1960 to 1990 has the highest station data
availability, with roughly 200 stations. The peak 1980 to 1990 is caused by numerous stations
available from Malawi. The station density is smaller in the western parts of the basin (Figure 1-
10). GPCC used more stations for interpolation than the CRU dataset. Still, the spatial
distribution of mean annual precipitation in southern Africa is quite similar between GPCC data
and CRU data (Figure 1-11).

An analysis of the GPCC data for the Zambezi basin show Figure 1-12 to Figure 1-14. Precipitation
is basically zero from June to September, but reaches monthly totals of approximately 200 mm
during the wet season (Figure 1-12). There are distinctive long-term trends in precipitation
(Figure 1-13 and Figure 1-14). Above average precipitation occurred from 1950 to 1980 (average
of 969 mm/y), whereas the periods 1901 to 1915 and 1981 to 1995 were drier (average of
867 mm/y). Apart from individual years, the remaining periods were close to average conditions.
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Figure 1-9: GPCC station data availability in Zambezi basin. Number of stations used for precipitation
interpolation.
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Figure 1-10:  Station data availability for global, gridded precipitation products in the period 1961-1990.
Left: GPCC data. Right: CRU data.

October 2012, p 35




RESPONDING TO CLIMATE CHANGE THEME S5

IN MOZAMBIQUE Water

Meanannual Precip 1961-1990
GPCC CRU

Precip [mm/y]

01 -250.0
250.1 - 500.0
500.1 - 750.0

7501 -1000.0

10001 - 1500.0

15001 - 2000.0

Il 20001 - 2511.7

Figure 1-11: = Comparison of mean annual precipitation for the period 1961-1990.
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Figure 1-12:  Mean monthly precipitation in the Zambezi basin for the period 1961-1990.
GPCC data.
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Figure 1-13:  Annual precipitation in the Zambezi basin from 1901-2009.
GPCC data.
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Figure 1-14:  Long-term trends in annual precipitation in the Zambezi basin from 1901-2009.
GPCC data. Computed as the cumulative difference between annual precipitation and long-term mean annual precipitation. Positive
slope: wet periods. Negative slope: dry periods.

Temperature data

Temperature data of CRU is used for the historic simulation with the DSS. Other temperature
datasets (GHCN, CLIMWAT) are only used for comparison purposes. The CRU dataset consists of
global, gridded monthly temperature for the period 1901 to 2009, interpolated from station
data. The spatial resolution is 0.5 x 0.5 degree.

Figure 1-15 depicts the number of available stations for the CRU temperature interpolation,
aggregated for the whole Zambezi basin. The period 1960 to 2000 has the highest station data
availability. However, the maximum number of seven stations is quite low. Note that also
stations located outside of the basin have an impact on the temperature interpolation of CRU
data. Given the fact that the interpolation of temperature is less problematic than e.g. for
precipitation, seven stations is still sufficient. The stations with available data for the CRU
temperature interpolation are evenly distributed in the Zambezi basin (Figure 1-16).
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An analysis of the CRU temperature data for the Zambezi basin is shown in Figure 1-17 to Figure
1-20. Temperature is warmest in October and November with 25 °C, and coldest in the austral
winter in June and July with 17 °C (Figure 1-18). There are distinctive long-term trends in
temperature (Figure 1-19 and Figure 1-20). From 1901 to 1980 temperatures were relatively
stable. After 1980 there was a considerable increase in temperature. This increase corresponds
to the warming which is observed globally. On average, the period 2000-2009 was by 1.5 °C
warmer than the period 1901 to 1980.

Table 1-2 summarizes the mean monthly air temperature of sub-basins based on CRU data. A
map of the spatial distribution of mean annual air temperature is shown in Figure 1-17.

Table 1-2: Mean monthly air temperature (°C) for sub-basins of the DSS. CRU data. Period 1971-2000.

ﬂ]an Feb | Mar | Apr | May | Jun | Jul Aug | Sep | Oct | Nov | Dec

229|229 | 23.0| 225|209 | 18.7 | 18.6 | 21.2 | 23.7 | 24.3 | 23.5 | 23.0
225|227 228|218 | 19.7 | 173 | 17.2 | 199 | 23.1 | 24.3 | 23.6 | 22.9
23.0 | 23.1 | 23.3 | 22.6 | 20.7 | 183 | 17.8 | 20.5 | 23.7 | 24,5 | 23.7 | 23.1
23.8 | 239 | 24.2 | 233 | 21.4 | 18.9 | 18.0 | 20.8 | 23.9 | 25.2 | 24.6 | 24.0
241 | 24.2 | 24.2 | 23.0 | 20.7 | 18.2 | 17.8 | 20.8 | 245 | 26.0 | 25.4 | 24.4
246 | 24.6 | 245 | 23.1 | 206 | 17.8 | 17.4 | 20.5 | 24.3 | 26.3 | 25.8 | 24.9
240 | 24.0 | 239 | 228 | 20.3 | 17.6 | 16.7 | 19.9 | 23.0 | 255 | 24.8 | 243
253 | 25.1 | 24.8 | 23.0 | 20.0 | 17.0 | 16.6 | 19.7 | 23.9 | 26.4 | 26.4 | 25.5
23.3 | 23.0 | 22.6 | 20.7 | 180 | 153 | 15.0 | 17.6 | 21.5 | 23.8 | 24.1 | 23.4
23.3 | 23.0 | 22.6 | 21.0 | 184 | 15.7 | 155 | 179 | 21.7 | 23.9 | 24.2 | 234
249 | 248 | 245 | 23.0 | 204 | 17.4 | 174 | 20.1 | 24.0 | 26.7 | 26.8 | 25.3
22,6 | 22.7 | 22.6 | 21.2 | 188 | 16.6 | 16.1 | 18.8 | 22.4 | 24.2 | 24.1 | 22.8
229 | 23.0 229|216 | 19.2 | 16.7 | 16.4 | 19.2 | 229 | 24.6 | 24.3 | 23.2
235|235 232|217 | 190 | 16.6 | 16.2 | 19.0 | 23.0 | 25.2 | 25.2 | 23.8
22.8 | 22.8 | 229 | 219 | 20.0 | 18.0 | 175 | 19.4 | 22.6 | 24.5 | 249 | 235
22.8 1229 | 228 | 215|194 | 174 | 16.8 | 19.2 | 22.8 | 24.6 | 24.7 | 23.1
247 | 24.6 | 245 | 23.1 | 20.7 | 18.4 | 18.0 | 20.5 | 24.4 | 26.7 | 26.8 | 25.1
229 | 22.8 | 224 | 20.8 | 184 | 16.0 | 15.7 | 17.9 | 21.6 | 23.8 | 24.2 | 23.2
25.8 | 259 | 25.6 | 24.2 | 22.2 | 19.8 | 19.5 | 21.4 | 24.8 | 27.4 | 27.7 | 26.5
242 | 242 | 24.2 | 23.0 | 21.3 | 19.1 | 189 | 20.5 | 23.7 | 25.5 | 26.0 | 24.9
27.2 | 27.0 | 27.0 | 25.6 | 23.6 | 21.3 | 21.1 | 22.5 | 25.7 | 27.9 | 28.7 | 28.0
23.8 | 23.6 | 23.6 | 22.4 | 20.6 | 18.6 | 18.1 | 19.7 | 22.6 | 24.3 | 25.2 | 24.5
23.7 | 23.6 | 23.2 | 21.5 | 193 | 16.9 | 16.6 | 18.2 | 21.3 | 23.8 | 24.5 | 24.0
27.2 | 269 | 26.8 | 254 | 23.3 | 21.1 | 20.7 | 22.1 | 249 | 26.9 | 28.1 | 27.7
229 | 22.8 | 22.8 | 21.9 | 20.2 | 18.2 | 17.7 | 19.0 | 21.5 | 23.5 | 24.4 | 23.7
251 | 248 | 246 | 233 | 21.4 | 195 | 189 | 20.7 | 23.4 | 25.2 | 26.2 | 25.5
27.2 | 269 | 26.6 | 25.0 | 22.9 | 20.8 | 20.2 | 21.4 | 23.8 | 25.7 | 27.0 | 27.2
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Figure 1-15:  Station data availability for CRU temperature data in the period 1901-2009.
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Figure 1-16:  Station data availability for CRU temperature data in the period 1961-1990.
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Figure 1-17:  Mean annual temperature for 1961-1990.
CRU data.
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Figure 1-18:  Mean monthly temperature in the Zambezi basin for the period 1961-1990.
CRU data.
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Figure 1-19:  Annual temperature in the Zambezi basin from 1901-2009 based on CRU data.
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Figure 1-20:  Long-term trends in annual temperature in the Zambezi basin from 1901-2009 based on CRU
data.
The graph shows the cumulative difference between annual temperature and long-term mean annual temperature. Positive slope:
warming periods (increasing temperature). Negative slope: cooling periods (decreasing temperature).

Potential evapotranspiration

Different datasets are used to obtain information about potential evapotranspiration: CRU data,
CLIMWAT data and the CROPWAT model.

Potential evapotranspiration of CRU is a derived product of other CRU datasets (temperature,
relative humidity, etc.). Note, that the CRU dataset is based on very few stations for relative
humidity in the region. Therefore, the CRU data about potential evapotranspiration should be
interpreted with caution due to possibly large uncertainties. The data are in the same resolution
as the CRU temperature dataset (Figure 1-21) and cover the period 1901 to 2009. Potential
evapotranspiration is highest in September and October with monthly amounts of 150 mm, and
is lowest from December to July with monthly amounts of 100 mm (Figure 1-22). The mean
annual potential evapotranspiration amounts to approximately 1340 mm. However, there are
distinctive trends over the 20™ century, as the time-series is most likely affected by the
phenomenon of global dimming (starting in 1950) and brightening as well as by an increase in
temperature starting around 1980 (Figure 1.23 and Figure 1-24). From 1950 to 1980 there were
below average values (1319 mm) and from 1981 to 2009 there were above average values
(1358 mm). The relationship between annual values of potential evapotranspiration and
temperature shows a positive correlation (Figure 1-25). However, this relationship is also
influenced by variations in global radiation, which is cross-correlated with temperature.
Therefore, the relationship of Figure 1-25cannot be extrapolated to future warming scenarios.

FAO provides the station dataset CLIMWAT for usage with the CROPWAT model. CLIMWAT itself
gives information about potential evapotranspiration calculated with the Penman-Monteith
method. However, potential evapotranspiration recalculated with the same method with the
CROPWAT model yields slightly different results due to different model assumptions for the
Penman-Monteith method. Figure 1-26 shows the stations used for obtaining information about
potential evapotranspiration in the Zambezi basin region. The number of stations is much larger
than for the CRU dataset (compare to Figure 1-16). The data of CLIMWAT represents long-term
mean monthly values for the period 1971-2000 and consists of minimum temperature,
maximum temperature, relative humidity, wind speed, and sunshine duration (Figure 1-27 to be
used with CROPWAT. Derived data in CROPWAT are global radiation (which depends also on
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location) and potential evapotranspiration (reference evapotranspiration of short grass).
CROPWAT can be used to compute the effect of an increase in temperature on potential
evapotranspiration while assuming that all other variables are unchanged. It was found that a
warming by 1 °C results in an increase of potential evapotranspiration by 2.5 %. This relationship
is obtained at all stations in the Zambezi basin, with only small variations. Tests showed that this
rate in increase in potential evapotranspiration is scalable also for higher degrees of warming.
This relationship is used by the DSS to calculate time-series of potential evapotranspiration from
historic and projected (climate change) temperature data.

As a reference the historic potential evapotranspiration of each sub-basin is estimated from a
large number of CLIMWAT stations. CLIMWAT stations were grouped within regions (Figure 1-
28) and plotted versus elevation (Figure 1-29) to obtain an estimate of potential
evapotranspiration from the elevation of each subbasin. Even though individual CLIMWAT
stations show some large deviations, the general trends in the data are plausible. Table 1-3
summarizes the mean potential evapotranspiration as used by the DSS for the historic reference.
Together with the mean air temperature estimates from CRU (Table 1-2) the potential
evapotranspiration of individual time-steps is computed with the following equation:

PET = mPET - AT-F+1

where
PET is the potential evapotranspiration in [mm/d]
mPET is the mean potential evapotranspiration during the reference period (Table 1-3) in
[mm/d]
AT is the temperature difference between the current time-step and the reference period
(Table 1-2) in [°C].
F is a factor specified as 0.025 [mm/(mm.°C)], i.e. PET increases by 2.5% with +1°C
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Table 1-3: Potential evapotranspiration estimates for sub-basins of the DSS.

Annual values are in the units of [mm/y] and monthly values are in the units of [mm/d]. Period 1971-2000.

Sub- mm/y | mm/d | mm/d | mm/d | mm/d | mm/d mm/d | mm/d | mm/d
Basin | year | Jan | Feb | Mar | Apr | May Dec

1 1600 | 3.82 | 3.75 | 3.80 | 408 | 408 |3.84 |416 | 508 |6.08 |573 |4.36 |3.80
2 1550 | 3.70 | 3.63 |3.68 | 395 | 395 |3.72 |403 | 492 |589 |555 |4.22 |3.68
3 1550 | 3.70 | 3.63 |3.68 | 395 | 395 |3.72 |403 | 492 |589 |555 |4.22 |3.68
4 1650 | 3.93 | 3.87 | 392 | 421 | 421 |39 |429 |523 |6.27 | 590 | 4.49 | 3.92
5 1700 | 4.05 | 398 | 4.04 | 434 | 434 | 408 | 442 |539 | 646 |6.08 |4.63 | 4.03
6 1700 | 434 | 425 | 434 | 432 |39 |354 |382 |487 |6.17 | 634 | 527 | 4.62
7 1600 | 4.09 | 4.00 | 409 | 407 |3.73 |3.33 |359 |459 |581 |597 |496 | 435
8 1750 | 4.47 | 437 | 447 | 445 | 408 |364 |393 | 502 |635 |653 |543 |4.76
9 1650 | 4.26 | 4.07 | 433 | 415 | 3.71 |3.27 |3.46 | 449 |591 |6.63 |539 | 454
10 1650 | 4.26 | 4.07 | 433 | 415 | 3.71 |3.27 |3.46 | 449 |591 |6.63 |539 | 454
11 1700 | 439 | 419 | 446 | 428 383 |336 |356 | 463 |6.09 |6.83 |556 | 4.68
12 1600 | 3.83 | 3.72 | 399 | 409 | 388 |356 |3.79 | 476 |6.00 |6.22 |4.74 |3.99
13 1600 | 3.83 | 3.72 | 399 | 409 | 388 |356 |3.79 | 476 |6.00 |6.22 |4.74 | 3.99
14 1750 | 4.19 | 406 | 436 | 448 | 424 |39 |414 520 |656 |680 |518 | 4.37
15 1750 | 4.06 | 393 | 4.18 | 429 | 410 |3.78 | 398 | 500 |648 |7.20 |593 | 457
16 1700 | 3.94 | 3.82 | 4.06 | 417 399 |368 |38 |486 |6.29 |7.00 |576 | 4.44
17 1700 | 439 | 419 | 446 | 428 383 |336 |356 | 463 |6.09 |6.83 |556 | 4.68
18 1650 | 4.26 | 4.07 | 433 | 415 | 3.71 |3.27 | 346 | 449 |591 |6.63 |539 | 454
19 1500 | 3.99 | 392 |39 |3.76 | 330 |284 |3.01 384 |503 |588 |520 |4.56
20 1450 | 3.85 | 3.79 |3.83 | 363 |3.19 |275 | 291 |3.71 | 487 |568 |503 | 441
21 1500 | 3.99 | 392 |39 |3.76 | 330 |284 |3.01 384 |503 |588 |520 |4.56
22 1450 | 3.85 | 3.79 |3.83 | 363 |3.19 |275 | 291 |3.71 | 487 |568 |503 | 441
23 1450 | 3.85 | 3.79 |3.83 | 363 |3.19 |275 |291 |3.71 | 487 |568 |503 | 441
24 1600 | 4.69 | 447 | 432 | 398 |347 |297 |3.07 |394 |489 |594 |577 |5.05
25 1600 | 3.71 | 3.71 | 3.71 | 3.88 | 388 |3.77 |382 | 448 |549 |6.27 | 566 |4.19
26 1500 | 4.40 | 4.19 | 405 |3.73 |3.26 | 279 | 288 |3.70 | 459 | 557 |541 | 473
27 1600 | 4.69 | 447 | 432 | 398 |347 |297 |3.07 |394 |489 |594 |577 |5.05
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Figure 1-21: = Mean annual potential evapotranspiration for 1961-1990. CRU data.
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Figure 1-22:  Mean monthly potential evapotranspiration in the Zambezi basin for the period 1961-1990.
CRU data.
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Figure 1-23:  Annual potential evapotranspiration in the Zambezi basin from 1901-2009 based on CRU
data.
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Figure 1-24:  Long-term trends in annual potential evapotranspiration in the Zambezi basin from 1901-
2009.
CRU data. Computed as the cumulative difference between annual values and long-term mean annual values. Positive slope: periods

with above average evapotranspiration. Negative slope: periods with below average evapotranspiration.
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Figure 1-25:  Relationship between annual anomalies of potential evapotranspiration and temperature in
the Zambezi basin.
CRU data. Period 1901-2009. dT: temperature anomaly computed as difference between annual value and long-term mean annual

value. dPET: potential evapotranspiration anomaly computed as ratio between annual value and long-term mean

annual value.
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Figure 1-26:  Location of available CLIMWAT stations and selection of stations used with the CROPWAT
model.
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Country |Location a1 Station |TETE
Altitude | 150 m Latitude [1618 |5 « Longitude | 3358 [€ ~
Month Min Temp | Max Temp | Humidity Wind Sun Rad ETo
T T E4 ke day hours b Ao day mm.day
January 233 330 74 95 E.5 206 47
February 233 336 Kl 78 E.8 20.8 4.65
March 225 328 70 112 7.4 205 47
April 21.3 325 £5 121 7.6 18.8 4.40
May 121 3049 £3 95 7.8 17.0 363
June 158.2 28.4 £2 95 E.2 138 2.94
July 1581 231 B1 121 Ve 185 325
August 171 06 ala] 156 a1 185 435
September 201 333 43 207 a3 2.0 hE5
Octaber 230 64 45 228 ar 233 712
Movember 235 360 53 190 A= 22E E51
December 23E 342 g2 121 E3 2.3 b4
Average 20.5 325 61 135 7.5 195 479

Figure 1-27:  CROPWAT model for calculation of potential evapotranspiration with the Penman-Monteith
method with CLIMWAT data. Example for station Tete in Mozambique.
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Figure 1-28:  Overview of spatial location of potential evapotranspiration data.
Small blue circles: CLIMWAT stations. Large red circles: CROPWAT calculations. Bold black lines and numbers in blue circles: grouping of

sub-basins into regions for separate potential evapotranspiration analysis.
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Figure 1-29:  Analysis of potential evapotranspiration plotted against elevation in eight separate regions.

Blue: CLIMWAT data. Green triangles: assigned estimates of sub-basin evapotranspiration.
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Climate change scenarios

Climate change scenarios are available from various different climate models. In this study the
climate change scenarios are based on two recently finished climate modelling projects funded
by the European Union: ENSEMBLES (A1B scenario) and WATCH (A2 scenario). The anticipated
usage of CORDEX Africa data was not possible, as there was a delay in publishing of the climate
model results.

In the ENSEMBLES (A1B scenario) project the latest generation of Regional Climate Models
(RCMs) were applied to Europe and large parts of Africa with a resolution of 50 x 50 km. Three
RCMs of ENSEMBLES (A1B scenario) also cover the Zambezi basin region (Figure 1-25). At the
boundaries the RCMs are driven by General Circulation Models (GCMs). The climate simulations
are based on the A1B emission scenario of IPCC. The climate data are not bias corrected.
Monthly time-step data were considered in this study.

In the WATCH (A2 scenario) project daily data of three GCMs were statistically downscaled with
quantile mapping (Piani et al., 2010) to a half degree resolution (approximately 50 x 50 km). The
climate simulations are based on the A2 emission scenario of IPCC. The data cover the whole
globe and are available from 1960 to 2100. Quantile mapping is based on observational data sets
from the period 1960 to 2000.

Table 1-4 summarizes the climate models used in this study. Data of these models are used to
obtain future scenarios for monthly time-series of precipitation and temperature up to the end
of the 21* century in the Zambezi basin. In the case of ENSEMBLES (A1B scenario) data, only the
delta change signals are used, as a proper bias correction is not possible due to insufficient
length of overlapping time-periods between climate model data (starting e.g. 1980) and good
quality historical observations (up to 1990). In the case of the downscaled WATCH (A2 scenario)
data, a correction (linear scaling) of minor biases is applied with observational data of the
Zambezi basin for 1961-1990.

Through the remainder of the text we refer to the ENSMBLES climate model data as Al1B
scenario, and we refer to the WATCH climate model data as A2 scenario.

acronym

Table 1-4: Climate models.

IPCC emission
scenario institute

project
DMI ENSEMBLES Al1B* DMI ECHAMS5-r3 HIRHAMS 1989-2050
ICTP ENSEMBLES Al1B* ICTP ECHAMS5-r3 RegCM3 1980-2100
INM ENSEMBLES A1B* INM HadCM3Q0 RCA3 1951-2098
CNRM WATCH A2** CNRM CNRM-CM3 n/a 1960-2100
ECHAM WATCH A2** MPI-M ECHAMS5/MPIOM n/a 1960-2100
IPSL WATCH A2** IPSL LMDZ-4 n/a 1960-2100

* The A1B scenario assumes a more integrated world, characterized by rapid economic growth, a global population that reaches 9
billion in 2050 and then gradually declines, a quick spread of new and efficient technologies, a convergent world with incomes and
ways of life converging between regions, extensive social and cultural interactions worldwide and a balanced emphasis on all energy

sources

** The A2 scenario assumes a more divided world, characterized by a world of independently operating, self-reliant nations,
continuously increasing population and regionally oriented economic development
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Figure 1-31 to Figure 1-39 show an analysis of the climate model data und A1B emission scenario
for the Zambezi basin. The simulated spatial distribution of mean annual precipitation and air
temperature with the RCMs is plausible (Figure 1-31). However, there are apparent biases in the
mean annual values. For example, for mean annual precipitation the observed value of
approximately 1000 mm/y differs from the RCM simulations, which vyield results of
approximately 800 mm/y (DM, ICTP) and 1200 mm/y (INM), respectively (Figure 1-32). Similar
considerations apply for air temperature (Figure 1-36). Therefore, only the delta change signals
are of interest. In general, the RCMs project a decrease of annual precipitation of up to -20%
until the end of the 21* century (Figure 1-35). Warming is projected to lie between +3 to +4 °C as
compared to 1990-2010 (Figure 1-39). Table 1-5 and Table 1-6 summarize the climate model
projections under the A1B emission scenario.

Table 1-5: Summary of precipitation projections under A1B emission scenario. Full Zambezi basin.

Period " DMI [mm] ICTP [mm] INM [mm] ADMI[%] | AICTP[%] | AINM[%] |
1990-2010 846 843 1188 0 0 0
2021-2050 808 818 1171 4 3 1
2071-2100 / 695 1100 / -18 -7

Table 1-6: Summary of air temperature projections under A1B emission scenario. Full Zambezi basin.

Period . DMI[°C] ICTP [°C] INM [°C] ADMI[C]  AICTP[*C] | AINMI[°C] |
1990-2010 24.3 22.1 22.3 0 0 0
2021-2050 25.5 23.2 23.7 +1.1 +1.0 +1.3
2071-2100 / 26.4 25.8 / +4.2 +3.4

Figure 1-40 to Figure 1-45 show an analysis of WATCH climate model data for the Zambeazi basin.
Air temperature is projected to increase significantly until the end of the 21* century (Figure 1-
42 and Figure 1-43). Differences between climate models and observations (CRU) are small. This
is due to the fact that WATCH data represent climate model data that was downscaled with
observations. For precipitation no significant change is projected (Figure 1-40 and Figure 1-41).
However, this only applies for an analysis based on an aggregation over the entire basin. In
contrast, an analysis based on individual sub-basins reveals that in the upper regions of the basin
precipitation is projected to decreases significantly (up to 30%), whereas in the Shire River basin
(sb_25 and sb_26) projections show an increase (Figure 1-44). There are also regional
differences in projected warming of up to 1.5 °C (Figure 1-45). This emphasizes the need for
spatially distributed assessment of climate change.
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Figure 1-30:  Spatial extent of RCMs included in the ENSEMBLES (A1B scenario) project.
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Figure 1-31: Example of spatial distribution of mean annual precipitation and air temperature (1990-
2010) simulated by climate models. ICTP of ENSEMBLES (A1B scenario).
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Figure 1-32:  Annual precipitation projected under A1B emission scenario. Aggregation over full Zambezi
basin.
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Figure 1-33:  Change in annual precipitation projected under A1B emission scenario. Baseline: 1990-2010.
Aggregation over full Zambezi basin.
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Figure 1-34:  15-year moving average of annual precipitation projected under A1B emission scenario.
Aggregation over full Zambezi basin.
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Figure 1-35:  15-year moving average of change in precipitation projected under A1B emission scenario.
Baseline: 1990-2010. Aggregation over full Zambezi basin.
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Figure 1-37:
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Change in annual air temperature projected under A1B emission scenario. Baseline: 1990-
2010. Aggregation over full Zambezi basin.
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Figure 1-38:  15-year moving average of annual air temperature projected under A1B emission scenario.
Aggregation over full Zambezi basin.
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Figure 1-39:  15-year moving average of change in annual air temperature projected under A1B emission
scenario. Baseline: 1990-2010. Aggregation over full Zambezi basin.
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Figure 1-40:  Annual precipitation projected under A2 emission scenario and observed GPCC data.
Aggregation over full Zambezi basin.
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Figure 1-41:  15-year moving average of annual precipitation projected under A2 emission scenario and
observed GPCC data. Aggregation over full Zambezi basin.
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Figure 1-42:  Annual air temperature projected under A2 emission scenario and observed CRU data.
Aggregation over full Zambezi basin.
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Figure 1-43:  15-year moving average of annual air temperature projected under A2 emission scenario
and observed CRU data. Aggregation over full Zambezi basin.
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Figure 1-44:  Change in mean annual precipitation of different sub-basins projected by GCMs under A2
emission scenario. Reference period 1961-1990. Future periods 2021-2050 and 2071-2100.
For sub-basin (sb) definition refer to Figure 1-48. Top: CNRM data. Middle: ECHAM data. Bottom: IPSL data.
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1.6 MODEL AND DSS DESCRIPTION

1.6.1 General structure

The Decision Support System (DSS) is designed for online access of (multiple) users over the
internet (Figure 1-46). The DSS software is installed on a server and consists of two parts — the
River Basin Model (RBM) and the Information Management System (IMS) — as shown in Figure 1-
47. The RBM consists of a Water Balance Module (WBM) and a Water Allocation Module
(WAM). The IMS consist of a database, a graphical user interface and analytical tools. All
functions of the DSS are available for the user via the graphical user interface.

The first step in the development of the RBM was to define the spatial resolution, as all the sub-
sequent data pre-processing were based on this resolution. The spatial elements of the WBM
represent sub-basins to simulate the natural processes of the water balance. Overall 27 sub-
basins are defined (Figure 1-48). This number is fixed and cannot be changed by the user of the
DSS.

In each sub-basin the same model concept is applied (Figure 1-49). The code was developed
based on the model version used by Kling et al. (2012), which is similar in its structure as used in
earlier studies in the Zambezi basin (e.g. Winsemius et al., 2008). Precipitation can be stored and
evaporated from the interception storage. The remaining water falling on the ground is either
stored in the soil or generates runoff as an exponential function of soil moisture (HBV-type
concept). Evapotranspiration from the soil depends on soil moisture and potential
evapotranspiration. Generated runoff is split into a fast and slow component representing base
flow (simulated as a linear reservoir). In general monthly time-steps are used, but the
interception and soil modules internally use descretization into daily time-steps to account for
intra-monthly variability (interception/evaporation of individual rainfall events; inter-
dependence of soil moisture, evapotranspiration and runoff generation).

The area shares of three different land-use classes are specified for each sub-basin (woodland,
grassland, agriculture based on AVHRR satellite data). This enables the user to consider changes
in future land-use. However, as currently set-up, there are no differences in the model
parameters (e.g. crop coefficients) between land-use classes, but this can be modified by the
user. Parameters of the WBM were calibrated lumped for sub-basins by a comparison between
simulated and observed runoff (see next section).

The spatial elements of the WAM are represented by computation points, which account for the
topology (upstream/downstream) of the river-network. Along with the sub-basins, the
computation points serve as the main nodes for the user to access data of the simulations with
the DSS. There are three different types of computation points: (1) river points, (2) uncontrolled
reservoirs (lakes, wetlands, and floodplains), (3) controlled reservoirs (e.g. Lake Kariba). A pre-
defined set of 40 computation points is used (Table 1-7, Figure 1-50). However, additional
computation points at any location can be added by the user via the graphical user interface of
the DSS. Such new computation points may represent either planned reservoirs (e.g.
hydropower plants at Batoka Gorge or Mependa Uncua) or any specific location of interest for
discharge along the river network. If the computation point represents a controlled reservoir,
then the user has to specify the reservoir characteristics (storage-area-elevation curve,
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operation rules, diversions, etc.). The basic concept for reservoir simulation shows Figure 1-51
and the balance (change in storage) of a reservoir depends on the following variables:

= upstream inflow (discharge at upstream computation points)

= |ateral inflow (runoff from intermediate sub-catchment)

= precipitation on water body

= evaporation from water body

= diversion from reservoir (net-consumption)

=  outflow (release)

All variables above are in the units of m3/s. For the lateral inflow the area of the intermediate
sub-catchment between the current computation point and the immediate (multiple) upstream
computation points is calculated. This area is reduced by the lake area (which varies from time-
step to time-step). This method ensures that also for large wetlands — with seasonal variations in
water body area of several thousand km? - the water balance can be closed.

A key characteristic of controlled and uncontrolled reservoirs is the relationship of volume-area-
elevation, where volume is the key accounting unit (hm?3) for the mass balance computations of
the model. Internal daily computational time-steps are used to consider gradual changes in
storage and area, which is important to determine evaporation from the water body.
Evaporation is computed as the potential evapotranspiration increased by 5% (according to FAO
56, Allen et al., 1998).

Wetlands are modelled as reservoirs with a fixed storage-discharge relationship. At most
wetlands a linear relationship proved to be sufficient. The only exception is Lake Malawi, where
a non-linear relationship is used.

Releases from reservoirs are modelled according to reservoir operations with storage-guide
curves. Such guide curves enable to model a seasonal draw-down of reservoirs, which mimics
the actual operations of e.g. Kariba and Cahora Bassa for flood control. Additional attributes are
desired release as a function of storage (which is similar to the zoning-concept found in the
operation of many reservoirs) and environmental flow requirements.

Diversions of water (for irrigation) can be withdrawn at all three types of computation points. In
the case of river points and uncontrolled reservoirs (wetlands) the water is taken out of the river,
but only if the (optional) required downstream flow (environmental flows) are maintained. In
the case of controlled reservoirs the water is taken out of the reservoir storage.

The following prioritization of water is used by controlled reservoirs to determine the reservoir
storage and releases:

1. environmental flow as a function of month

2. diversions (e.g. for irrigation) as a function of month

3. desired release (e.g. for hydropower) as a function of storage

4. guide curve operation (e.g. for flood control) as a function of month

The reservoir level is not allowed to rise above the guide curve; releases are increased if high
inflows would result in a higher water level. Lower water levels than the guide curve are possible
e.g. due to the other releases with higher priorities (1 to 3). If the water level drops below the
minimum operation level (which is possible due to low inflows and high evaporation), then
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outflow from the reservoir ceases. Overall, the model is able to mimic the most important
reservoir operation characteristics, as e.g. also used by the HEC-ResSim model.

In the model each diversion and controlled reservoir only becomes effective in the simulation
after the start year (commissioning date). This enables continuous historic simulation even
though the catchment properties changed over time.

The outflows from computation points are routed to the next downstream computations points
with a simple lag-method. This routing is only considered at computation points at the outlets of
sub-basins. In general, a value of three days is used for routing, with the exception of
computation points located directly upstream of large wetlands (Barotse Floodplain, Chobe
Swamps, Kafue Flats), where a value of 10 days is used for routing. This simple routing method
results in approximately 5 weeks travel-time for floods from the Zambezi headwaters to
Mozambique. Note, that also the retention in uncontrolled and controlled reservoirs causes an
additional attenuation for floods travelling downstream.

User Internet / Zambezi DSS
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& database

Water Allocation Model

\
/
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Figure 1-46:  General design of DSS.
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Figure 1-47:  General concept of the Decision Support System (DSS). IMS...Information Management
System. RBM...River Basin Model.
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Figure 1-48Sub-basins of the water balance module (WBM).
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Figure 1-49:  Conceptual structure of the water balance module (WBM).
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Figure 1-50: = Computation points of the water allocation module (WAM).
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Table 1-7: Pre-defined set of computation points of the water allocation module (WAM).

The first 27 computation points are located at the sub-basin outlets of the WBM.

cp river Location type

1 Zambezi Chavuma Mission river point

2 Kabompo Watopa Pontoon river point

3 Zambezi Lukulu river point

4 Luanginga | Kalabo river point

5 Zambezi Senanga river point

6 Zambezi Katima Mulilo river point

7 Kwando Kongola river point

8 Zambezi Victoria Falls river point

9 Gwaai Kamativi river point

10 Sanyati Sanyati at mouth river point

11 Zambezi downstream Kariba dam river point

12 Kafue Mswebi river point

13 Kafue downstream Itezhi-Tezhi dam river point

14 Kafue downstream Kafue Gorge dam river point

15 Luangwa upstream confluence Lunsemfwa river point

16 Luangwa Luangwa Bridge / Great Eastern Rd. | river point

17 Zambezi downstream confluence Luangwa river point

18 Panhane downstream confluence Duangua river point

19 Zambezi downstream Cahora Bassa dam river point

20 Luia downstream confluence Cherisse river point

21 Zambezi Tete / Matundo-Cais river point

22 Revubue Chingoze river point

23 Luenha Luenha 1 river point

24 Zambeazi Ponte Dona Ana / Mutarara river point

25 Shire Liwonde river point

26 Shire Chiromo river point

27 Zambezi Zambezi at mouth river point

28 Zambezi Barotse Floodplain uncontrolled reservoir
29 Zambezi Caprivi Floodplain / Chobe Swamps | uncontrolled reservoir
30 Kafue Kafue Flats uncontrolled reservoir
31 Shire Lake Malawi uncontrolled reservoir
32 Kwando Kwando Floodplain uncontrolled reservoir
33 Zambezi Lake Kariba controlled reservoir
34 Kafue Itezhitezhi controlled reservoir
35 Kafue Kafue Gorge controlled reservoir
36 Zambezi Cahora Bassa controlled reservoir
37 Sanyati Cumulative reservoirs controlled reservoir
38 Panhane Cumulative reservoirs controlled reservoir
39 Zambezi Caia river point

40 Zambezi Marromeu river point
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Figure 1-51:  Variables of the Water Allocation Module (WAM).
QIN...upstream inflow. QINIcl...lateral inflow. QPRE...precipitation on water body. QEVA...evaporation from water body.
QDIV...diversion from reservoir (net-consumption). S...storage in reservoir. A...area of water body. E...elevation of

water surface. QOUT...outflow.

1.6.2 Calibration

Observed discharge data measured at gauges were used for calibration of the parameters of the
river basin model (RBM). The objective was to obtain a good agreement between simulated and
observed discharge for the period 1961-1990. A challenge was that observed discharge data of
some gauges appear to be affected by severe biases (e.g. Chavuma Mission discharge data).
Such data were excluded from the calibration. In addition to the discharge data, also observed
water level data of reservoirs were used for comparison with simulated water levels.

The following methods were used during parameter calibration:
= Multi-dimensional sensitivity tests.
=  Shuffled Complex Evolution (SCE) optimization (Duan et al., 1992).
=  Multi-objective Dynamically Dimensioned Search (moDDS) optimization (extension of
DDS, Tolson and Shoemaker, 2007)
= Manual parameter calibration.

In addition to a visual comparison of simulated and observed discharge and water levels, model
performance for discharge simulation at gauges was measured with the modified KGE statistic
(Gupta et al., 2009; Kling et al., 2012) and its three dimension-less sub-components correlation,
bias ratio, and variability ratio:

KGE'=1— r—-124+ B—-12+4+ y—-12

Ug

B=—

Uy
_CVs _ os/ks
CVo  06/Ko
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where
KGE’ is the modified KGE-statistic [/]
r is the correlation between simulated and observed discharge time-series [/]
Pis the bias ratio [/]
yis the variability ratio [/]
L is mean discharge [m3/s]
CV is the coefficient of variation [/]
o'is the standard deviation [m3/s]
s is the subscript denoting simulated values
0 is the subscript denoting observed values

Optimization on the KGE-statistic ensures that a balanced solution for correlation (i.e. temporal
dynamics), bias (i.e. mean volume of flow), and variability (i.e. distribution of flows, flow
duration curve) is obtained. This would not be ensured if optimizing on e.g. the well-known
Nash-Sutcliffe efficiency (NSE, Nash and Sutcliffe, 1970) or the related Mean Squared Error
(Gupta et al., 2009).

The calibration mainly focused on four parameters of the water balance module (WBM) and the
(linear) storage-release function of the wetlands (uncontrolled reservoirs) of the water allocation
module (WAM). The four calibrated parameters of WBM are:

= soil storage capacity

= exponent for computing runoff generation (HBV-method)

= base-flow-index, i.e. fraction of generated runoff that percolates to the base flow

storage
= base flow recession coefficient (linear reservoir coefficient)

During calibration it proved to be sufficient to use the same base flow recession coefficient in all
sub-basins, whereas for the other three parameters different (calibrated) values are used in
individual sub-basins, thereby implicitly accounting for the complex interplay between climate,
vegetation, soils, geology, aquifers and runoff.

The calibration period was defined as 1961 to 1990, with a 1-year spinup period (for state
variables of the model). The period 1961-1990 has the best quality in precipitation station
availability as well as number of gauges with observed discharge. In the middle of this period in
the 1970s Itezhitezhi and Cahora Bassa reservoirs were built. Therefore, the observed discharge
datasets are not homogeneous. Further, frequent changes in operation rules at the large
reservoirs (Kariba, Cahora Bassa) complicate evaluation of the discharge simulations in the
downstream sections of the Zambezi River. In addition, the relationship between water level and
outflow from Lake Malawi is affected by changes in the outlet level (e.g. due to sedimentation)
and human interventions (e.g. Kamuzu Barrage just downstream of the lake outlet was
constructed in 1965 to control Shire River flows). Above all, the quality of the observed discharge
data is at some gauges questionable, as there are unplausible differences when comparing
discharge time-series (see Figure 1-52 and Figure 1-53). A main cause of uncertainty may be an
imprecise stage-discharge relationship, which comes into effect when transforming the water
level data (which is actually the data measured at the gauge) to discharge.

Table 1-8 summarizes the calibration procedure and performance statistics, with the caveat that
observed discharge data are unreliable at several gauges. In general the model performs well,
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with performance statistics similar or higher than in previous Zambezi studies (e.g. Harrison and
Whittington, 2002; Winsemius et al. 2006).

Figure 1-54 and Figure 1-55 show simulated and observed monthly hydrographs at six key
locations in the Zambezi basin. The observed temporal dynamics of discharge are reproduced
well in the simulation. Further comparisons with observed discharge data are presented for
seasonality in discharge (Figure 1-56), monthly flow duration (i.e. distribution of flows, Figure 1-
57), and annual variations in discharge (Figure 1-58). Simulated water levels in Kariba and Cahora
Bassa reservoirs as well as Lake Malawi exhibit similar fluctuations (Figure 1-59). However, from
this figure it is also clear that actual operation rules changed over time — as exemplified by
Cahora Bassa where draw-downs were smaller during the 2000s than during the 1970s after the
first filling of the reservoir. Such changes over time in the operation rules are not considered by
the DSS, where instead operation rules are fixed.

Table 1-8: Calibration procedure and performance statistics. CP identifies the location (see Table 1-7) and
corresponds to the sub-basins defined in Figure 1-48.

CP | period | method comment rl/] BL1 yI/1 KGE[/]

1 1961-1990 | with 3 Qobs not plausible 0.87 | 0.55 | 0.66 | 0.42 0.39
2 1961-1990 | SCE 0.94 | 1.00 | 0.99 | 0.94 0.89
3 1961-1990 | moDDS with 8 0.94 | 0.98 | 1.07 | 0.90 0.87
4 1961-1990 | SCE 0.87 | 1.00 | 0.99 | 0.87 0.75
5 1961-1990 | with 8 Qobs not plausible 094 | 1.08 | 1.41 | 0.58 0.53
6 | 1961-1990 | with 8 Qobs not plausible 0.93 | 0.84 | 0.93 | 0.82 0.82
7 | 1961-1990 | SCE 0.62 | 1.07 | 0.94 | 0.61 0.20
8 | 1961-1990 | moDDS with 3 0.93 | 1.00 | 0.96 | 0.92 0.87
9 1961-1990 | SCE 0.88 | 1.00 | 1.00 | 0.88 0.76
10 | 1961-2009 | SCE 0.88 | 1.00 | 0.99 | 0.88 0.76
11 | 1961-1990 | manual (a) Kariba operations 0.53 | 0.96 | 0.75 | 0.47 0.24
12 | 1961-1990 | SCE 0.93 | 1.00 | 0.99 | 0.93 0.87
13 | 1961-1976 | SCE 0.95 | 1.00 | 0.98 | 0.95 0.90
14 | 1961-1976 | SCE 091  1.06 | 0.84 | 0.81 0.83
15 | 1961-1990 | with 16 nfa | nfa | nfa | n/a n/a
16 | 1961-1990 | SCE 0.93 | 1.00 | 1.00 | 0.93 0.87
17 | 1961-1990 | manual (a) 093 | 092 | 0.77 | 0.74 0.80
18 | 1961-2009 | with 10 nfa | nfa | nfa | n/a n/a
19 | 1961-1990 | manual (a) Cahora Bassa operations | 0.41 | 0.96 | 0.87 | 0.39 -0.02
20 | 1961-1990 | with 22 nfa | nfa | nfa | n/a n/a
21 | 1961-1990 | manual (a) 0.73 | 1.09 | 094 | 0.71 0.44
22 | 1961-1990 | SCE 0.93 | 1.00 | 1.00 | 0.92 0.85
23 | 1961-1990 | SCE 0.96 | 1.00 | 1.00 | 0.96 0.91
24 | 1961-1990 | manual (a) nfa | nfa | nfa | n/a n/a
25 | 1961-1990 | manual (b) Lake Malawi operations | 0.40 | 1.00 | 0.81 | 0.37 -0.01
26 | 1961-1990 | manual (b) 0.65 | 1.05 | 1.01 | 0.65 0.24
27 | 1961-1990 | manual (a) 0.73 | 1.06 | 0.84 | 0.68 0.50

Manual (a): manual calibration with same parameter values for sub-basin (CP) 11, 17, 19, 21, 24, 27

Manual (b): manual calibration with same parameter values for sub-basin (CP) 25, 26

changing operations at Kariba, Cahora Bassa and Lake Malawi affected observed discharge data

(Performance statistics were improved especially for Zambezi at Victoria Falls (CP 8) by including routing component in the model and
re-calibration of model parameters)
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Figure 1-52:  Comparison of four different sources of observed data for monthly Zambezi discharge near
Tete. Daily data were aggregated to monthly values. Ideally, there should not be any
differences in the observed data.
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Figure 1-53:  Observed data of Zambezi discharge at Senanga (upstream) and Katima Mulilo

(downstream).
There are no significant tributaries between the two adjacent gauges and discharge data should be quite similar, but they are not due
to biased peak flow data.
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Figure 1-54:  Simulated (red) and observed (black) monthly hydrographs at key locations along the
Zambezi.
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Figure 1-57:  Simulated (red) and observed (black) monthly flow duration curve at key locations in the
Zambezi basin. Period 1961-1990.
Observed Shire low flows at Chiromo were caused by blockage of river flows during construction of Kamuzu Barrage in 1965 and other
human interventions.
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Figure 1-59:  Simulated and observed water levels in Kariba reservoir (top), Cahora Bassa reservoir
(middle) and Lake Malawi (bottom).
Observed Cahora Bassa water levels from 1981 to 1998 were affected by altered operations because transmission lines from the HPP
were destroyed. Observed Lake Malawi water levels represent min/max levels manually digitized from the report of
Beilfuss (2001).

1.6.3 User interface

The DSS uses open source technology and runs in web browsers, such as Google Chrome,
Mozilla Firefox, or Internet Explorer. The user interface of the DSS was designed with an
emphasis on the map of the Zambezi basin as the central focus. The map is linked to a dynamic
database that manages all the data of the DSS. Access to the DSS is only possible via login with
username and password, such that the database can store the current settings and
modifications of each user in the DSS. Thus, if a user ends a session and logs in at a later time all
data of the user of the last session are restored. Of course, multiple users can use the DSS at the
same time.

This section gives a description of the main features of the user interface of the DSS.

Main view and map elements

Figure 1-60 shows the main view of the DSS after login of the user. The map of the Zambeazi
basin as well as GIS data and model topology are displayed in the center. In the upper right
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corner a panel offers several display options. The user can select one of the following base layers
for display as background map.

= QOpen Street Map

= Google (Terrain)

= Google (Streets)

=  Google (Hybrid)

=  Google (Satellite)

= No Basemap

As overlay there are five different GIS layers available:
= Sub-basin boundaries
= Computation points
=  Computation point network
= River network
= River network (detailed)

In the upper left corner of the map there are zoom and pan buttons for navigation within the
map. Alternatively, the user can use the mouse for navigation. When hovering with the mouse
over the map, the coordinates of the mouse cursor are displayed in latitude/longitude in the
lower right corner of the map.

Depending on the zoom level, the base layer displays different details (from the continental to
the street map level). Figure 1-61 to Figure 1-63 show example displays of base layers in the DSS
for the Zambezi River and the confluence of Revubue River near Tete, Mozambique. Also
displayed are the computation points of the model and the river network GIS layer.

The model elements of the water balance model (WBM) are displayed as sub-basins (see Figure
1-60) and the model elements of the water allocation model (WAM) are displayed as
computation points (river points, uncontrolled reservoirs, controlled reservoirs) and
computation point network (Figure 1-64).

The river network is a GIS layer that consists of 2259 river segments (6718 river segments for the
detailed river network GIS layer). For each segment the upstream catchment area was pre-
computed in GIS and is available for query in the DSS by mouse click on the river segment (
Figure 1-65). The river network GIS layer includes all rivers with catchment areas greater than
10000 km?2. The detailed river network GIS layer includes all rivers with catchment areas greater
than 1000 km?2.

Next to the map on the left side are a series of different modules, which offer the user different
options to control the DSS. The following modules are available:

=  Climate scenario

= Development scenario

= Run
= Analysis
= Help
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The following sections describe these modules.
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Figure 1-60:  Main view of the DSS after login.
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Figure 1-61:  Example of Open Street Map displayed as base layer in the DSS. Zambezi River and
confluence of Revubue River near Tete, Mozambique.
Red: computation points. Blue: river network.
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Figure 1-62: = Example of Google (Terrain) displayed as base layer in the DSS. Zambezi River and
confluence of Revubue River near Tete, Mozambique.
Red: computation points. Blue: river network.
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Figure 1-63:  Example of Google (Satellite) displayed as base layer in the DSS. Zambezi River and
confluence of Revubue River near Tete, Mozambique.
Red: computation points. Blue: river network.
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Figure 1-64:
basin.

Elements of the water allocation module (WAM) displayed in the DSS for the upper Zambezi

Red circles: river points. Light blue boxes: uncontrolled reservoirs. Dark blue boxes: controlled reservoirs. Red lines: computation point

network.
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Figure 1-65:  Query of upstream catchment area from the river network GIS layer in the DSS. Example for
a downstream river segment of the Luenha River in Mozambique.

Climate scenario module

Figure 1-66 shows the user interface for controlling the climate scenario module of the DSS. The
active climate scenario is displayed at the top in the drop-down list. Here, already existing other
climate scenarios can be selected:

= Historic scenario: contains observed data 1950-2005 (1901-2009)

= CNCMS3: contains data of the CNCM3/CNRM climate model 1960-2100

= ECHAM: contains data of the ECHAM climate model 1960-2100

= |PSL: contains data of the IPSL climate model 1960-2100

= user defined: any other user defined scenarios

The historic scenario contains data from 1901-2009, but due to low station coverage (see Figure
1-9) it is recommended to run historic simulations only for the period 1950-2005.

Four actions are available for the user via buttons:
= “Edit properties” button: Name and description of scenario can be edited.
=  “Import subbasin data” button: External data can be imported to the DSS in csv
format (available from e.g. Excel).
= “Create new climate scenario” button: A new scenario is created from the current
scenario.
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= “Delete climate scenario” button: User defined scenarios can be deleted, but not the
four pre-defined scenarios.

Below these action buttons the data availability of the current climate scenario is summarized
and a description of the scenario is displayed.

To query climate scenario data (precipitation, air temperature) the user has to mouse-click on
the sub-basin of interest. The data display opens in a new tab-window (see “Analysis” module).

Climate Scenario

| Historic scenario [ |

(o) (=](e)(a]

Data available from:
1901-01-01 -
2009-12-01

Scenaric containing historical
data from 1901-2009.

¢+ Development Scenario
F Run

r Analysis

+ Help

Figure 1-66: Climate scenario module of the DSS.
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Figure 1-67:  Querying climate scenario data by mouse click on sub-basins. Data display opens in new
window.

Development scenario module

This module offers the user to specify the development scenario, including:
= new projects (dams)
= operation rules
= withdrawals (irrigation)

Figure 1-68 shows the user interface for controlling the development scenario module of the
DSS. The active development scenario is displayed at the top in the drop-down list. Already
existing, other development scenarios can be selected.

Four actions are available for the user via buttons:

=  “Edit properties” button: Name and description of scenario can be edited.

= “Create new development scenario” button: A new scenario is created from the
current scenario.

= “Delete development scenario” button: User defined scenarios can be deleted, but
not pre-defined scenarios.

= “Refresh computation point network” button: Re-draws the display when editing the
topology of the computation point network.

Below these action buttons a description of the scenario is displayed.

By mouse-clicks on elements displayed in the map several options become available, depending
on the element.
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By clicking on sub-basins, the model parameters of the water balance model (WBM) can be
edited (Figure 1-69). Here, permission for such edits is limited to users with administrator rights,
but not standard users.

By clicking on the river network new computation points can be added. After adding of a new
computation point the user has to update the computation point network topology via the
properties of the new computation point and any affected upstream computation points. The
topology stores the downstream ID computation points. New computation points may represent
river points, uncontrolled reservoirs or controlled reservoirs. River points can be inserted on the
river network to query simulation results at locations of interests. New reservoirs require
specification of properties before the model can be run. An example for a inserting a new river
point shows Figure 1-70.

A mouse-click on computation points offers the user to either delete the computation point
(only allowed for computation points that were added by the user) or to edit the attributes of
the computation point. The available attributes depend on the type of computation point (river
point, uncontrolled reservoir, controlled reservoir). An example for Cahora Bassa reservoir
shows Figure 1-71. Geographic location, sub-basin location and total upstream catchment area
are automatically queried by the DSS. However, important attributes to be entered by the user
are:
= Topology (discharge to downstream computation point).
= Monthly values for environmental flows, diversions (withdrawals), elevation of guide
curve and minimum/maximum levels for normal operation.
= Volume-area-elevation curve and the desired release (release can be set to zero if no
information is available). The number of records of the volume-area-elevation curve
can be selected by the user.

Climate Scenario

Development Scenario

Historic scenaric E

RN RN

Historic state of the basin.

Rum
Analysis
Help

Figure 1-68: Development scenario module of the DSS.
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Figure 1-69: Interface for users with administrator permission to edit sub-basin parameters of the water
balance model (WBM).
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Figure 1-70:  Refining the computation point network in the DSS. Example for inserting new computation
point after confluence of Capoche River with Zambezi River below Cahora Bassa,
Mozambique.

Left: original computation point network. Right: refined computation point network.
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Lati 1324062208284 | Longi [-155720928 |

Figure 1-71:  Specification of attributes for controlled reservoirs in the DSS. Example for Cahora Bassa
reservoir.

Run module

This module offers the user to edit specifications of a model “run”. The main interface shows
Figure 1-72. The active run is displayed in the drop-down menu at the top. The buttons offer the
following options:

= “Start run” button: Executes a model run.

= “Edit properties” button: Definition of run properties.

= “Create new run” button: A new run is created from the current run.

= “Delete run” button: Removes the current run from the database.
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When a run is executed with the “Start run” button the active climate scenario, the active
development scenario and the settings of the active run are used. This information is also
summarized at the top of display above the map. The run-status is displayed at the bottom left
corner (either “running” or “finished”). After completion of a run (usually a few seconds) the
simulation results are stored in the database of the DSS and can be queried by the user via the
map, either by clicking on sub-basins or computation points (see “Analysis” module).

Properties of a run include (see also Figure 1-73):
= General information (name and description).
= Start and end date.
=  Correction factors for precipitation and temperature.

The correction factors are used by the DSS to manipulate climate data during a simulation run,
where the monthly correction factors are used for multiplication with precipitation and addition
for temperature. Thus, the correction factors offer a quick and easy way of climate scenario
sensitivity analysis. Questions such as, “What happens if precipitation decreases by 10% and
temperature increases by 3°C compared to historic climate?” can be answered. Further, also
climate model data can be further manipulated to answer questions such as, “What happens if
warming is by 1°C larger than projected by climate model XY?” Of course, if detailed spatio-
temporal patterns of climate scenarios are required, then these have to be provided via the
climate scenario module of the DSS.

b Climate Scenario
+ Development Scenario

Rum

Histaric run [« |

ESFRENES

Start date: 1950-01-01
End date: Z2005-01-01

Simulation of historic
conditions in the Zambezi
basin.

r Analysis
r Help

Figure 1-72:  Run module of the DSS.
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E Information Properties Correction factors

Name: |Historic run

Description: [gim 1ation of historic conditions in the Zambezi basin,

| | Save

[ Information Properties Correction factors

S——

Start date: |1950-01-01

End date: [5005_01-01

[ Information

| Properties | Correction factors —
Jan Feb Mar Apr May Jun Juil Aug Sep Oct Nov Dec
Precipitation
correction factors | 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Temperature [ 5o, 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

correction factor:

Save

Figure 1-73:  Specification of run attributes in the DSS.

Analysis module

This module offers comprehensive analysis of DSS data. There are several dimensions related to
the analysis, as outlined below:

= 27 sub-basins

= 40+ computation points

= Different model runs (climate scenario, development scenario, simulation period)

= Large list of model variables.

For efficient analysis and comparison of such multi-dimensional data an analysis tool was
designed for the DSS, which opens in a new tab-window. There are different ways of accessing
the analysis tool. If accessed via the analysis module then the user has to select the spatial
resolution of the data to be analyzed from the drop-down list (Figure 1-74). There are four
different spatial resolutions:
= Computation points: Simulated variables of the water allocation model (WAM).
= Sub-basin local input: Original input data of the climate scenario.
=  Sub-basin local output: Manipulated input data of the climate scenario (correction
factors) and simulated variables of the water balance model (WBM).
= Sub-basin total output: Same variables as above, but aggregated over the full
upstream catchment area.

When the analysis tool is accessed by mouse-clicks on map elements then the variables are
directly displayed for this element (computation point, sub-basin local, or sub-basin total) for the
active scenario (climate or run). If the analysis tool is accessed via the analysis module then the
user adds data for display by the following hierarchy (left display area in “Series” panel, see e.g.
Figure 1-75):

1. Select model run.

2. Select spatial location (computation point or sub-basin).

3. Select variable.
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Additional variables can be subsequently added for different model runs, different locations or
different types of variables. Thus, the analysis tool enables efficient comparisons, including:

= Upstream / downstream comparison.

=  Comparison of different runs (scenarios).

= Comparison of different variables (e.g. runoff vs. precipitation).

Selected data can be displayed in different modes by specifying the temporal resolution and plot
type under “Settings” on the left side of the display (Figure 1-75):

=  Temporal resolution: monthly or annual.

= Plot type: time-series, mean, or duration curve.

Thus, there are six possible combinations for display:
=  Monthly time-series.
= Annual time-series.
=  Monthly mean.
=  Annual mean.
=  Monthly duration curve.
= Annual duration curve.

Time-series plots are used to analyze temporal dynamics and possible trends. The mouse can be
used to zoom-in into sub-periods. This is especially useful when analyzing simulation results with
long time-periods. Mean plots are used for plotting (monthly) seasonality or for computing long-
term averages. Duration curve plots show the full distribution of the data, such that minimum,
maximum, median, and percentiles (e.g. percentage of time flow threshold exceeded) are
readily available for the user. This is useful when focusing e.g. on drought analysis. Also certain
information about the general flood situation at large rivers can be obtained.

Figure 1-75 to Figure 1-78 show some example plots with the analysis tool. Plot data can be
exported for post-processing in table format (Figure 1-79), such that the data can be further
analyzed in e.g. Excel.

r Climate Scenario
¢+ Development Scenario
r Run

Analysis

Spatial resclution:
Computation Point |1|

[>]

+ Help

Figure 1-74:  Analysis module of the DSS.
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Settings

Spatial resolution:
SubbasinLocal Input
Temporal resolution.
Monthly [«]
Plot type:
Time-series

=
(ele]

| Series

Add Series
Climate scenario:

ECHAM
Subbasin:
1

Variable

[=]

Temperature [«

1 Temp. [C] (His)
1 Temp. [C] (ECH)
[Z11 precip. mm] (ECH)
[T11 precip. mm] (His)

| Tere. 101 05
B Tere. 10] O

1520 1380 1560

2080 2100]

Figure 1-75:

Analysis tool of the DSS. Example for monthly time-series of temperature.

Historic (green) and projected (blue, ECHAM climate model).

(c) 2011-2012 Piyry Energy GmbH

Settings

Spatial resolution:
SubbasinLocallnput
Temporal resolution

Yearly [
Plot type
Time-series

‘ Series |

a0

[=]

fs.o
Add Series -
Climate scenaric

ECHAM [=]
Subbasin: =

1= [+]

Variable:

Temperature [5]

1 Temp. [C] (ECH)
1 Temp. [C] (His)
[T 1 Precip. [mm (His)
D 1 Precip. [mm] (ECH)

m

0.0

Il 1 Temg. (€] (ECH)
I 1 Temp. [<] (Ha)

Q

1920 1340

om0

040 2080

2080

Figure 1-76:

Analysis tool of the DSS. Example for annual time-series of temperature.

Historic (green) and projected (blue, ECHAM climate model).

() 2011-2012 Péyry Energy GmbH
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Settings Wl 15 s o) (D)

Spatial resolution:
SubbasinLocalOutput

Temporal resolution

Menthly [ |
Plot type

Mean =]
(=]

Series

Add Series
Runs

[

15 gsim [mm] (Defy
15 etat [mm] (Def)
15 Precip. [mm] (Def)

[
Jan Feo ar 2or way a ey 2oy s oot Mo

{c) 2011-2012 PByry Energy GmbH
Figure 1-77:  Analysis tool of the DSS. Example for monthly mean of precipitation, evapotranspiration
and runoff.

Settings Il 13 o (] (D=

Spatial resolution
SubbasinLocalOutput
Temporal resolution

Monthly [ | s
Plot type
Duration Curve [«]

Series

Add Series
Runs

[=]

15 gsim [mm] (Defy
[0 15 evar pmm) (Den)
[T115 precip. [mm] (Def)

0 g
108 0% 0% a0 w0z 0% o 0 0% 1

(c} 2011-2012 Pésyry Energy GmbH

Figure 1-78:  Analysis tool of the DSS. Example for monthly duration curve of runoff.
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Date 15 gsim [mm] {Def) 15 etat [mm] (Def) 15 Precip. [mm] (Def)
1961-01-01 39.735 128494 1975900
1961-02-01 49 _BeE 112102 202300
1961-03-01 61,433 126 656 212500
1961-04-01 26082 132647 G DD
1961-05-01 12 895 121_818 B_200
1961-06-01 T4 Be 427 3000
1961-07-01 4572 T4 467 LR
1961 -08-01 2883 &4 187 1500
1961-09-01 1792 53899 1200
1961-10-01 1.278 43123 12500
1961-11-1 2414 54506 132100
1961-12-01 17.303 75485 30%_BDD
1962-01-01 53090 110_385 342_eDD
1962-02-01 62934 112.676 246300
1962-03-01 &9 _B0E 125047 219700
1962-04-01 o133 131,124 T1.000
1962-05-01 14351 118.T8& 2400
1962 -06-01 7523 B9 733 1100
1962-07-1 4.963 Tr.535 1.500
1962-08-01 ERALI &9.270 1800
1962-09-01 1,524 55905 1200
1962-10-01 1386 45.561 15.500
1962-11-01 1.943 53738 104100
1962-12-01 T4 &8 208 238500

Figure 1-79:  Example for export table from the analysis tool of the DSS.

Help module

An online user’s manual (pdf document) can be accessed via the help module. The user’s manual
explains all aspects of the DSS in detail, such that also non-experienced users can use the DSS.

F Climate Scenario

¢ Development Scenario
b Run

r Analysis

Help

Open online manual here.

Figure 1-80:  Help module of the DSS.
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Administration module

Users with administrator permission can open the administration module by clicking on the user
name in the upper right corner of the screen. The administration module offers basic tools for
managing user accounts (passwords, permissions, etc.), as outlined in Figure 1-81. The
administrator can create new users and also set user created scenarios (climate scenarios,
development scenarios and runs) to “public”, such that other users can continue working with
these scenarios.

E Information | Password i State (Scenario / Run) I Permissions

ID: klh3b
Name: Harald Kling

Default language: | English [+] [ setlanguage

E Information \ Password | State (Scenario / Run) I Permissions

Old password:

New password:

New password (repeat): Change password
E RS Stors Gesnanclf Run) _

Active climate scenario: Historic scenario
Active development scenario: Historic scenario
Active run: Default

E Information | Password | State (Scenario / Run) | Permissions

Start rum;
Edit climate scenario:

Edit development scenario:

EEEE

Analyze:

Is admin:

Edit user: | Harald Kling El
New user id: name:

Generate MD5 password hash

Figure 1-81:  Administrator tools for managing user accounts in the DSS.

1.6.4 Application examples

The DSS can be used for various different types of analysis, as summarized in the schematic of
Figure 1-82. This enables the user to ask what-if questions such as, “What happens if the climate
changes?” or “What happens if dams or irrigation projects are developed?” It is also possible to
look at the impact of a change in reservoir operation rules. In addition to these scenario analyses
the DSS also offers a comprehensive analysis of the current state of the hydrology of the basin.
Hence, the water balance of the whole basin or sub-basins can be assessed.

This section presents a few application examples of the DSS. Similar analyses could be conducted
for different time-periods, sub-basins, climate scenarios or development scenarios. The
examples include:

=  Water balance study

= Inflow/Outflow analysis of reservoirs and lakes

= Climate change impact study

= |[rrigation development impact assessment
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Climate Scenario

Consumption
Evapo

Precip-Runoff WEICIE RGN (#=ER River Discharge >

Process Management

Development Scenario
- Dams
- Irrigation

Figure 1-82:  General concept of scenario analysis with the DSS.

Water balance study

This example studies the water balance of the period 1961-1990 in the upper Luangwa River.
The water balance is important information about the hydrology of a river basin. The basic water
balance equation is defined as:

Precip = Runoff + Evapo + AS

where
Precip is precipitation [mm]
Runoff is runoff-depth [mm]
Evapo is actual evapotranspiration [mm]
AS is storage change (changes in soil moisture and ground water) [mm]

Figure 1-84 shows the seasonal water balance of the Luangwa River as simulated by the DSS.
Precipitation occurs between November and March and is close to zero between May and
September. During the rainy season storage change is positive, which means that soil moisture
and groundwater storage are replenished. During the dry season storage change is negative due
to evapotranspiration, which causes a drying of the soils. Runoff is the smallest component of
the water balance and is close to zero during the dry season. In November and December
precipitation is mainly stored (positive storage change) and runoff only becomes significant
between January and April.

The mean annual water balance of the Luangwa basin is obtained by aggregating the monthly
values. Mean annual precipitation is computed to be 974 mm, of which 854 mm are lost to the
atmosphere via evapotranspiration and only 122 mm are runoff. This corresponds to a runoff-
coefficient of 13 %. Annual storage change is insignificant (-2 mm).

October 2012, p 95




RESPONDING TO CLIMATE CHANGE TH EME 5

IN MOZAMBIQUE Water

(© MRDB - Main x

€ - C O atvil-vsr-moz/mrdb/main.php Y

# Home 0 - Active run: Default - Current user: klh5b Logout

K0 5 =2

~ Climate Scenario

[Historic scenario [<]
] (=] (el (&)

Data available from:
1901-01-01 -
2009-12-01

Scenario containing historical
data from 1901-2010.

» Development Scenario
» Run
» Analysis

» Help

Active run set: Default

() 2011-2012 Péyry Enerey GmbH

Figure 1-83:  Upper Luangwa River basin in the DSS.

250 ~
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e Precip
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Figure 1-84:  Seasonal water balance of the upper Luangwa River. Period 1961-1990.
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Inflow/Outflow analysis of reservoirs and lakes

The DSS offers the user to query inflow and outflow fluxes of reservoirs. These fluxes include:
= upstream inflow (discharge at upstream computation points)
= |ateral inflow (runoff from intermediate sub-catchment)
= precipitation on water body
= evaporation from water body
= diversion from reservoir (net-consumption)
=  outflow (release)

As an example, the inflow and outflow fluxes of Cahora Bassa reservoir are analyzed for the
period 1980 to 1990. In the current set-up of the DSS there are two upstream computation
points (CP 17 Zambezi downstream Luangwa confluence and CP 18 Panhane River, see Figure 1-
85) and there were no diversions during 1980-1990. The mean inflow and outflow fluxes of
Cahora Bassa simulated by the DSS for 1980-1990 are given below:

= 1869 m3/s upstream inflow

= 32 m3/s lateral inflow

= 64 m3/s precipitation on water body

= 122 m3/s evaporation from water body

= 1835 m3/s outflow

These numbers are completely different when e.g. analyzing the much larger Lake Malawi
(Figure 1-86). Here the precipitation on and evaporation from the water body are larger than the
lateral inflow and outflow. The mean inflow and outflow fluxes of Lake Malawi simulated by the
DSS for 1980-1990 are as follows:

= 0 m3/s upstream inflow (there is no upstream sub-basin)

= 773 m3/s lateral inflow

= 1132 m3/s precipitation on water body

= 1577 m3/s evaporation from water body

= 416 m3/s outflow
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I T T TR S ——— o O ]|
€« C' | ® atvil-vsr-moz/mrdb/main.php w oA
# Home Active climate scenario: Historic scenario - Active development scenario: Historic scenario - Active run: Default - Current user: klh5b Logout

= : = = ” 7 P WBP- o e
» Climate Scenario & A = - O S Al
| ~ Development scenario ‘
[ Historic scenario [+]
just a description
» Run
» Analysis
» Help
Computation Point: 36
Name: ID_36
Description: Cahora Bassa
Type: Controlied Reservoir
(Coogle 7 i 3 i o =
A S 2 ” ® s = G - A
Kartendaten ©2012 Google -flluizunasbedingunger /. B J o, P L st o
(c) 2011-2012 Péyry Energy GmbH

Figure 1-85:  Cahora Bassa reservoir in the DSS.
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Figure 1-86:

Climate change impact study

Lake Malawi in the DSS.

The DSS offers three pre-defined climate change scenarios that are based on data of the WATCH
GCMs (see Table 1-4, page 35). The observed climate, which usually serves as reference in a
climate change assessment, is stored in a separate climate scenario (“historic scenario”). In a
delta change scenario, the observed time series of precipitation and temperature can be altered
by the user (this is not done under the climate scenario options but by defining correction
factors for run, see Figure 1-87). Table 1-9 shows an overview of the available climate scenarios

in the DSS and the data sets they are based on.

Table 1-9: Climate scenarios in the DSS

Climate scenario Data set

Historic scenario

GPCC/CRU observational data

CNRM

CNRM climate model data

ECHAM

ECHAM climate model data

IPSL

IPSL climate model data

Delta change

User defined change in precipitation (%) and/or temperature

(°C)
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For the example study, two climate scenarios are applied. Of the pre-defined GCM-based
scenarios, the IPSL scenario is selected (A2 emission scenario). In addition, a delta change
scenario is defined, with uniform changes in in temperature and precipitation over the entire
Zambesi River basin. The values are based on the analysis of RCM projections under A1B
emission scenario (see Table 1-5): -5% precipitation and +1.5°C temperature for 2021-2050 and -
10% precipitation and +4.5°C temperature for 2071-2100 (Figure 1-87). The two periods are also
used for the analysis of the IPSL scenario.

For both, the IPSL and the delta change climate scenarios, effects on discharge are analysed. For
the discharge of the Zambezi at Tete (Figure 1-88), changes in the 30-year mean of seasonal
discharge and in the resulting flow duration curves are shown in Figure 1-89.

Figure 1-89 reveals the high sensitivity of discharge to changes in precipitation. In the IPSL
scenario, precipitation in the main contributing subbasins increases by 5-10% (see Figure 1-44).
This leads to a drastic increase in discharge, especially in the earlier period of 2021-2050. In the
later period, the higher temperature and related evaporation attenuates the increase in
discharge. Seasonally, the main changes occur in the wet season, from January to April. In the
delta change scenario, the decrease in precipitation of 5% in the earlier and 10% in the later
period result in considerable decreases in discharge. As the same change factors are applied for
all months, the decrease is distributed more uniformly within the year.

The spatial pattern of the impact of both applied climate change scenarios on discharge in the
Zambezi basin is shown in Figure 1-90. The decrease of precipitation in the upper Zambesi basin
in the IPSL scenario (from sb_1 to sb_8) has only minor effects on the — generally lower —
discharge in these areas. Downstream of Victoria Falls, IPSL projects mainly increasing
precipitation, which leads to high increases in discharge, notably in the Shire basin (sb_25 and
sb_26). The delta change for precipitation is applied uniformly over the entire Zambezi basin,
resulting in similar impacts on discharge in the various subbasins. Again, the most pronounced
changes are simulated for the Shire.

|1 MRDB - Main | 71 MRDB - Run Delta change' x[+] ww . = o = an =
= {3 atvilevsr-moz/midb/runEditorphp | |48 Google LIRS
# Home Active climate scenario: Delta change - Active development scenario: Historic scenario - Active run: Delta change - Current user: sph5b Logout
Information Properties Correction factors
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Precipitation correction factor: 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.e 0.9 0.9
Temperature correction factor: 4.5 4.5 45 45 4.5 4.5 45 45 45 4.5 45 4.5
Ready
(c) 2011-2012 Péyry Energy GmbH

Figure 1-87:  User-defined delta change factors for a DSS run.
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Figure 1-88: Tete computation point in the DSS.
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Figure 1-89:  Long-term mean monthly discharge (top) and flow duration curves (bottom) of Zambezi
River at Tete. Impact of two climate scenarios: the IPSL scenario (left) is a selected GCM
projection under A2 emission scenario with increase in precipitation, and the delta change
scenario (right) is a projection based on A1B emission scenario with decrease in
precipitation.
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Figure 1-90:  Change in annual discharge at the outlets of 27 subbasins in the Zambezi basin (the value of
sb_27 represents the entire Zambezi River basin). Reference period 1961-1990 used for
baseline scenario. Future periods 2021-2050 and 2071-2100. Impact of two climate
scenarios: the IPSL scenario (top) is a selected GCM projection under A2 emission scenario
with increase in precipitation, and the delta change scenario (bottom) is a projection based
on A1B emission scenario with a decrease in precipitation.

Development impact assessment

In accordance with the analysis of the World Bank (World Bank 2010), development scenarios
focusing on irrigation development and hydropower development are pre-defined. Two
irrigation development scenarios are defined: one for the near future with a moderate irrigation
development, and one for a more distant future, with substantial irrigation development. The
combination of the two irrigation scenarios and one hydropower scenario leads to two
development scenarios, denominated “Moderate development” and “High development”. With
the development scenarios used for calibration and the baseline scenario for scenario
comparison, this adds up to the four pre-defined development scenarios summarized in Table 1-
10.

Table 1-10: Pre-defined development scenarios in the DSS

Development scenario ‘ Description ‘
Calibration Historic reservoir development, limited irrigation
Baseline Current reservoirs, current irrigation

Moderate

development Irrigation scenario 1 + hydropower scenario

High development Irrigation scenario 2 + hydropower scenario
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Irrigation scenarios

The determination of water abstraction rates for irrigation is closely based on the calculation in
the World Bank (WB) report. The values for countries and subbasins in the WB analysis were
allocated to subbasins and computation points in the DSS. Table 1-11 gives an overview of the
annual irrigation demand in the current situation and the additional water demand in two future
irrigation development scenarios.

The two pre-defined irrigation scenarios in the DSS are related to the “ldentified irrigation
projects” and the “High-level irrigation projects” of the World Bank study. The “ldentified
irrigation projects” in Irrigation Scenario 1 represent specific projects that can be expected to be
implemented in the short term. In the DSS, the additional abstraction for these projects starts in
2020. With this assumption of a rather late implementation, the Irrigation Scenario 1 can be
considered a moderate development path. The “High-level irrigation projects” in Irrigation
Scenario 2 represent ambitious long-term plans, which can also be regarded as the maximum
possible irrigation development. The additional water abstraction in Irrigation Scenario 2 in the
DSS starts in 2050.

The monthly water demand is assigned according to the figures of “Monthly water abstraction
requirements in the Zambesi River basin” in the World Bank report. For each irrigation scenario
and each subbasin and calculation point, the relative portion of monthly abstraction of the
respective figure is applied (see example in Figure 1-91).

Table 1-11:Irrigation demand in the pre-defined irrigation scenarios

Annual irrigation demand (m?3/s)

WB WB DSS
subbasin subbasi subbasin
name n no. no(s).
Upper Zambezi 12 1 1.19 2.74 4.81
Kabompo 13 2 0.15 2.75 4.36
Lungue Bungo 11 3 0.50 0.25 4.97
Luanginga 10 4 0.45 3.09 6.05
Barotse 9 5,6 0.11 3.82 5.45
Cuando / Chobe | o (7r’>a8rts ofg) | 135 15.95 15.75
Kafue 7 12,13, 14 19.45 5.16 10.27
Kariba 6 9,10, 11 19.56 67.96 304.97
Luangwa 5 15, 16 3.82 2.00 8.60
Mupata 4 17 10.18 4.62 0.00
Tete 18, 19, 21,
2 22,23 24 21.21 14.62 83.22
;f]':; Malawi /| 5 25,26 20.57 2431 140.85
Zambezi Delta 1 27 4.03 39.36 51.47
Zambesi River Basin 102.58 186.62 640.75
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" MRDE - Main |} MRDE - Computation Point ‘39" x| + - . - -»
C'H-'lv Google P‘ A

€ [} awvilvsr-moz/mrdb/computationPointEditor.php

# Home Active climate scenario: Historic scenario - Active P scenario: di - Active run: - Current user: sph5b Logout

E Information Properties | Monthly values Geographical Information

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Environmennal flow: 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Diversions: 6.812 8.737 16.067 25.813 40.684 55.75% 77.671 095.590 80.815 64.410 27.915 4.368

Query executed successfully
() 2011-2012 Péyry Enersy GmbH

Figure 1-91: Monthly water abstraction requirements in one exemplary computation point (cp_39 in
sb_27).

Hydropower scenario

Several hydropower projects are planned in the Zambezi River basin, including refurbishment
and extension of existing power plants and the construction of new facilities. 17 projects are
listed in the WB assessment. For the pre-defined hydropower development scenario in the DSS
only two projects with particularly high impact on the hydrology of the river are considered:
Batoka Gorge, upstream of Kariba, and Mphanda Nkuwa, downstream of Cahora Bassa (Figure
1-92). Both facilities are expected to be completed by 2024. In the pre-defined hydropower
scenario, the commissioning date (start year of operation) of the reservoir is set to 2020, in
order to overlap entirely with irrigation scenario 1.
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Figure 1-92:

Computation point network including the planned reservoirs Batoka Gorge and Mphanda

Nkuwa.

For the power plant at Batoka Gorge, an installed capacity of 1600 MW is planned. The 181 m
high dam will generate a reservoir with a storage capacity of 1600 hm?3 and a surface area of 25.6

km? at Full Supply Level. For Mphanda Nkuwa

an installed capacity of up to 2700 MW is

considered. At Full Supply Level, the reservoir is planned to have a storage capacity of 2324 hm?
and a surface area of 96.5 km2. These planned reservoirs are small when compared with the

existing Kariba and Cahora Bassa reservoirs.

Example study

In the example assessment, the development scenarios are combined with the delta change
climate scenarios described above. The moderate development scenario is analysed for the

period of 2021-2050, the high development scena

rio for the period of 2071-2100. The results for

the climate change scenarios without irrigation and hydropower development are shown in the

dashed line in Figure 1-93.

The impact of the development scenario is clearly visible in both periods, with the highest
impact in the high development scenario in low flow months (October to December, Figure 1-93
left) . The duration curve for the high development scenario (Figure 1-93 right) shows that there
is almost no flow in a considerable part of the analysed time period of 2071-2100. This is due to
the fact that the Cahora Bassa reservoir water levels fall below the minimum operation level in
several months and no water can be released downstream. This shows that the operation rules
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(as implemented in the DSS) should be adapted under this scenario of climate change and high
development.

12000 Zambezi at Tete

6000 - Baseline QSIM_21

. Baseline QSIM_21
Zambezi at Tete 10000
- === DELTA 2021-2050

5000 = === DELTA 2021-2050

QsiM_21
——— Mod_Dev 2021-2050 8000 asl Z/I_21
4000 - Qsim_21 Mod_Dev 2021-2050
---- DELTA2071-2100 & QsiM_21
,..E 3000 - QsimM_21 E 6000 = === DELTA 2071-2100
E - ———High Dev 2071-2100 = QsiM_21
- ~==3s.._ QsiM_21 4000 = High Dev 2051-2100

2000 - Qsim_21

1000 - 2000

0 T T T T T T T T T T ) 0 T T T T
1 2 3 4 5 6 7 8 9 0 11 12 0 0.2 0.4 0.6 0.8 1
month pet. [/]

Figure 1-93:  Long-term mean monthly discharge (left) and flow duration curve (right) at Tete, under
impact of climate change only (delta change scenarios — “DELTA” — for 2021-2050 and 2071-
2100) and combined climate change and development impact (Moderate development
scenario — “Mod_Dev” - for 2021-2050 and High development scenario — “High_Dev” — for
2071-2100) .

The strong impact of the high development scenarios on discharge is also shown in Figure 1-94
for the sub-basins of the Zambezi basin. Here, the simulated discharge of the combined climate
change and development scenarios is related to reference simulations under climate change
conditions only (delta change climate scenarios with baseline development scenario) — the
relative change in annual discharge in Figure 1-94 therefore corresponds to the difference
between the dashed line in

Figure 1-93 (climate change only) and the solid line (climate change and development). In
several sub-basins, the impact of irrigation and hydropower development leads to a reduction of
annual discharge of over 40% (07 — Kwando, 11 — Kariba, 26 — Chiromo). The impact of the
moderate development scenario leads only to minor decreases in available discharge of below

10%.
N S A A T A S A A S S IR G RN S N R N B ST w1 BV S, e )
‘1‘0/ ‘;Q/ {_)‘0/ ';Q/ “_)Q/ %Q/ ‘\70/ ‘;0/ ‘;Q/ {1‘0/ ‘;Q/ {_)‘Q/ ';Q/ “’Q/ %Q/ e}o/ ‘;0/ ‘;Q/ {1‘0/ ';Q/ “_)Q/ ';Q/ ‘\70/ %Q/ 2,0/ ‘1‘0/ ‘;Q/
0 4
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DELTA
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Figure 1-94:  Relative change in annual discharge in the 27 subbasins due to development impact
(Moderate development scenario — “Mod_Dev” — for 2021-2050 and High development
scenario — “High_Dev” - for 2071-2100, both compared to the delta change climate scenario
without development for the respective period).
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Table 1-12: Typical runs in the DSS (combinations of a development scenario, a climate scenario and a
simulation period); analyses of coloured runs are presented here, colours correspond to those
in Figure 1-95

Development Climate Simulation
Run denotation Scenario Scenario Period
Calibration Calibration Observations 1961-1990
Baseline Baseline Observations 1961-1990
CC CNRM 2021-
2050 Baseline CNRM 2021-2050
CC ECHAM 2021-
2050 Baseline ECHAM 2021-2050

CC CNRM 2071-

2100 Baseline CNRM 2071-2100
CC ECHAM 2071-
2100 Baseline ECHAM 2071-2100

Moderate

Mod Dev CNRM development CNRM 2021-2050
Moderate

Mod Dev ECHAM development ECHAM 2021-2050
Moderate

Mod Dev IPSL development IPSL 2021-2050
Moderate

Mod Dev DELTA development Delta change 2021-2050

High Dev CNRM High development CNRM 2071-2100

High Dev ECHAM High development ECHAM 2071-2100

High Dev IPSL High development IPSL 2071-2100

6000

5000

4000 -

3000 -

2000 -+

Mean annual dischargeQ (m3/s)

1000 -+

Baseline IPSL IPSL DELTA DELTA Mod Dev High Dev
2021-2050  2071-2100 2021-2050  2071-2100 DELTA DELTA
2021-2050  2071-2100

Figure 1-95:  Mean annual discharge of the Zambezi River (entire basin) under selected climate change

and development scenarios.
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1.6.5 Limitations of DSS

Even though the DSS is a state-of-the-art tool there are also several limitations, as discussed
below.

The DSS uses monthly data for simulation. Therefore, the potential for assessing floods is limited,
as some tributaries (e.g. Luangwa River upstream Cahora Bassa reservoir) show much higher
peak flows on single days than when averaging over a month.

Spatial resolution of the DSS is reflected by rather large sub-basins.. This resolution also applies
to the input data (precipitation and temperature). Therefore, even though the user can insert
new computation points at any location along the river network, accurate simulation results are
only obtained for computation points where the upstream areas are larger than approximately
50,000 km?2. The DSS displays a warning message if the user wants to insert computation points
for smaller areas.

The gridded input data (precipitation, temperature) are based on regionalization from only few
observations at stations, especially in the upstream sections of the basin. This low station density
and poor availability of observations is a source of uncertainty in the input data of the DSS,
especially for observed data before 1950 and after 2005.

Precipitation and evaporation rates to/from water bodies in reservoirs are based on data that
are available only on the much coarser resolution of sub-basins and not for the actual location of
the reservoir. Therefore, these fluxes include some uncertainties.

The hydrological effect of large wetlands and floodplains (Barotse Floodplain, Kwando
Floodplain, Chobe Swamps, Kafue Flats) generally is difficult to assess. Separate, detailed studies
would be required (including site visits) to investigatet this effect, but this would be outside the
scope of the present study. Apart from the Kafue Flats, the wetlands and floodplains are located
in remote areas and only limited information is available. Therefore, the simulation of
wetlands/floodplains with the DSS includes some uncertainties.

The parameters of the hydrological model (water balance model) were calibrated by a
comparison with observed discharge data, with the objective to minimize any difference
between the simulated and observed values. Any biases in the observations therefore corrupt
the calibrated parameter values and affect the simulated discharge. Even though gauges with
apparently biased data were excluded from the calibration, it is likely that some of the used
gauges are still affected by biases, albeit the magnitude of these biases is not known.

The operation rules of large reservoirs (Kariba, Cahora Bassa) in the DSS may deviate from the
actual operation of these reservoirs. In the DSS, operations apply according to fixed rules
(extracted from different reports received), whereas actual operations may also consider
demand, maintenance requirements, inflow forecasts, etc.

Withdrawals of water for irrigation are specified as net-consumptions (the same approach was
also used in the WorldBank study, 2010). However, this does not consider that the actual
amount of required irrigation water also depends on the future climate. Agricultural models
about soil moisture and crop-water requirements would be needed for more detailed
assessments.
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The moderate and high development scenarios included in the DSS are based on the WorldBank
study (WorldBank, 2010). No time horizon is attached to these scenarios and actual
implementation of the projects depend on political and economic decisions.

The available projections of climate models include significant uncertainties. Therefore,
interpretation of these data should be strictly viewed as scenario analysis and not as
deterministic forecasts. These uncertainties stem from various sources, including emission
scenario, natural climate variability, errors in the General Circulation Models, and errors in the
downscaling approach. A large ensemble of climate projections would be required for a full
assessment of these uncertainties.

1.6.6 Security of DSS

The DSS is an online system and might therefore be a potential target for hacking attacks.
Therefore, during development of the DSS an objective was to minimize these potential threats,
as discussed below.

There are different levels of users, with different permissions:

= “Standard user”: start runs, edit own climate scenarios, edit own development
scenarios

=  “Hydrological admin”: all permissions of “Standard user”, plus full access to
hydrological model parameters and data, as well as climate data

=  “User admin”: create new user accounts, set permissions of users, delete user
accounts

= “Developer”: all permissions

User accounts with “Developer” permission are hard-coded and cannot be changed/hacked by
online access. “User admin” can only manage user accounts and cannot access the DSS, whereas
“Hydrological admin” has full access to the Zambezi DSS, but not to management of user
accounts. This ensures that responsibilities and permissions are clearly separated in the DSS.

A separate web-page is available for the “User admin” to manage user accounts. This web-page
has a “hidden” address that is not linked to any other pages and cannot be found with search
engines (e.g. Google). Access to this page is password protected. For security reasons no
screenshot of this page is provided here. For each user several pieces of information are stored,
including tracking of login times, number of failed password entries (which is an indication of
potential hacking attacks), host and IP address of last login failure, etc.

Each user has an account, which is protected by a password. If users forget their password they
can request a new one from the “User admin”. Each user can create their own climate and
development scenarios. By default, these scenarios are not visible to other users, unless the user
actively wishes to make these scenarios public.

If other tools (e.g. GeoNode) are also hosted on the same server as the Zambezi DSS, this will
increase traffic on the server, thereby potentially also increasing the risk of being the target of a
hacking attack.
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Apart from the risk of being the target of a hacking attack, the main risk is that the people who
are “Hydrological admin” and “User admin” do not act responsible. Therefore, great care is
required when assigning people these permissions.

As a general security measure it is recommended to make backups by copying the whole system
to offline storage devices.

1.7 SUMMARY AND CONCLUSIONS

The following list summarizes the results of this project.

A water Decision Support System (DSS) was developed for the whole Zambezi basin,
covering 1.4 Mio km?, which is almost double the size of Mozambique.

The DSS was designed in a flexible way, such that it can be extended in the future with
reasonable effort to other river basins (e.g. Limpopo, Pungwe) or shorter time-steps
(e.g. daily resolution).

The DSS covers the most important rivers and also the large reservoirs, including
Cahora Bassa.

The DSS can be used to analyze current and future water development scenarios. The
system allows different stakeholders in Mozambique (and also in the upstream
countries) to rapidly assess the impacts of any new water resource developments and
climate-induced changes on downstream infrastructure and water supplies.

The DSS is a web-based application that is easy to understand and easy to use and
offers high computational performance.

Components of the DSS include an information management system (IMS) and a river
basin model (RBM).

The IMS includes a web-based graphical user interface, a dynamic database, GIS
components and analytical tools. The map display in the user interface integrates GIS
layers, model elements and dynamic background maps (Open Street Map, Google
maps).

The RBM consists of a water balance module (WBM) and a water allocation module
(WAM). Monthly time-steps are used by both modules.

The WBM uses 27 sub-basins to simulate runoff generation in the Zambezi basin from
precipitation inputs, soil moisture accounting, evapotranspiration and fast and slow
(base) flow components.

The WAM uses 40 elements (computation points), representing river sections,
wetlands/floodplains/lakes and large reservoirs (such as Cahora Bassa or Kariba).
Additional elements can be added interactively to the DSS by the user.

For each element of the WAM water demand can be specified to consider
withdrawals (net-consumption) due to irrigation, domestic water use or industrial
water use.

Simulation of reservoir operation is based on reservoir characteristics and operation
rules.

Analyzed climate scenarios include historic conditions (1950-2005) and climate model
projections (1960-2100) of six different climate models. DSS simulation runs can be
based on pre-existing climate scenarios, the delta-change approach, or uploading of
new climate scenarios (bias correction has to be done by the user with external tools).
DSS simulation runs can be for any time-slice between 1950 and 2100.

The DSS includes an analysis tool for visualization of simulation results, including an
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extensive list of model wvariables (runoff, precipitation, temperature,
evapotranspiration, reservoir water levels, etc.). Changes in frequencies of flows
(droughts, high flows) can be analyzed with monthly or annual flow duration curves.
Export of results in table format enables post-processing with external software (e.g.
Excel).

The DSS is installed on a server that will be delivered to Mozambique. The server
location will be at CENOE in Maputo.

In addition to the tasks defined in the original Terms of Reference (TOR), there are added
benefits for the project including:

The res

Higher number of elements (computation points) in the water allocation module than
originally proposed, i.e. elements included are 40 (DSS) instead of 30 (TOR).

Data of a longer time-period included as historic scenario in the DSS, i.e. historic time-
period covered is 1950-2005 (DSS) instead of 1961-1990 (TOR).

Higher number of analyzed climate scenarios, i.e. six (DSS) instead of three (TOR).
Application examples of the DSS are included in this report (not part of TOR). Such
examples include impact assessment of climate change, irrigation and dam
development.

ults of this project enable some important conclusions:

The Zambezi River basin exhibits a complex hydrology. Along with the low coverage
(and poor quality) of observations this poses a challenging situation for any
hydrological modelling.

Data pre-processing focussed on numerous different data sources. Comparison of the
same type of variables from different sources showed that there are considerable
uncertainties in the reported data (e.g. discharge DNA vs. GRDC, precipitation GPCC
vs. CRU, potential evapotranspiration CLIMWAT vs. CROPWAT vs. CRU).

Runoff is only a small component of the water balance, as approximately 92% of
precipitation is lost via evapotranspiration to the atmosphere and only 8% generates
runoff. Therefore, small errors in estimation of evapotranspiration would result in
large errors in simulated runoff.

Calibration of the hydrological model for runoff simulations focussed on key locations,
whereas data of some gauges were dismissed due to apparent large biases. In general,
obtained model performances are similar or higher than in previous studies in the
Zambezi basin.

As in other studies, there are some (small) deviations between simulated and
observed seasonality in discharge. For example, simulated seasonality in discharge at
Victoria Falls is too early compared to observations. However, there are no significant
impacts downstream due to the strong dampening effect of large reservoirs along the
Zambezi (Kariba, Cahora Bassa).

Reservoir simulations exhibit similar patterns as observed data (water levels,
releases). However, comparisons are complicated by the fact that operation rules
changed over time.

Application examples with the DSS showed the high sensitivity of Zambezi discharge
to changes in climate and irrigation development. Irrigation development will lead to
a certain reduction of discharge, whereas climate change may cause decrease or
increase in discharge (depending on the climate scenario). The sensitivity of discharge
is low with regard to additional upstream dam development.
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The developed DSS is a state-of-the-art, well calibrated, easy to use analysis tool that will serve
Mozambican analysts for rapid assessment of impact of climate change and upstream
developments on discharge. Due to its implementation as an open web-based system, the DSS is
also available to the general public.

1.8 RECOMMENDATIONS

Based upon the work during this project, the following recommendations are made:

The projections of a new generation of climate models will be published in the near
future (probably end of 2012) within the CORDEX Africa framework, which will be a
contribution to the IPCC Fifth Assessment Report (expected in 2014). These new high
resolution climate models will be a major step forward towards better regional
projections for future climate in Africa. These new climate projections could be pre-
processed and imported into the Zambezi DSS for a first impact assessment on future
river discharge.

The DSS could be expanded to other important rivers in Mozambique, such as the
Limpopo, Save and Pungwe basins. The same user interface would be used for these
basins. Therefore, Mozambican analysts who have experience with the Zambezi DSS
should directly be able to also use the DSS in other river basins. Additional services to
be provided by the Consultant for expansion of the system to other rivers would
include data collection, hydrological model set-up, calibration and scenario definition.
Building on the experience and tools of the Zambezi DSS this could be achieved in a
cost-effective way.

The DSS could be expanded to also simulate hydropower generation. This would
enable to directly assess the impact of climate change and water resources
development on energy generation at e.g. Cahora Bassa hydropower plant. The DSS
could then be used to show the trade-offs between different developments, such as
irrigation vs. electricity generation. Further, optimization of downstream flood risk
mitigation and hydropower operations would be possible.

The work of SC2 (flood mapping) could be integrated into the DSS. This would enable
to assess how the flood situation changes under various scenarios, including climate
change and reservoir operation rules. However, as the DSS is currently based on
monthly data, statistical analyses are required to assess the relationship between
monthly discharge and flood peaks.

A pilot study could assess the possibility of expanding the DSS simulations from
monthly to daily time-steps. This includes investigation of input data availability,
spatial resolution, required hydrological model components, and data management
issues (which are important due to the fact that the DSS is an online system). Such a
study would also be an important step towards assessing the potential for upgrading
the DSS to an operational (real-time) runoff forecasting system.

It is recommended to pro-actively invite hydrologists of upstream countries to use the
Zambezi DSS. For this purpose training on the DSS with hydrologists from different
countries is recommended. This would foster regional cooperation and mutual
understanding. A common, open tool like the DSS would also facilitate communication
between stakeholders and open avenues for a better sharing of information between
countries and institutions. As the Zambezi DSS is owned by Mozambique, the
decisions about which information to share will be fully retained.

Communication and knowledge exchange between DSS users could be improved by
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implementing a web-based forum where users can post questions, read solutions
posted by other users and start online discussions. This could be directly integrated
into the Help section of the DSS, as the DSS is already an online system. However, for
this to be successful the group of active users should be sufficiently large and
administration of the forum would be required.

During this project discharge data was collected from many different institutions,
often with the provision that the data may not be published and distributed
(consequently the data was treated confidential) Therefore, any new projects would
need to go through the data acquisition process again, which is not cost-effective. It is
recommended to have better data sharing agreements in the Zambezi basin.
Observed discharge data are only available at few locations in the Mozambican part of
the Zambezi basin. There are several important Mozambican tributaries with no or
incomplete measurements (e.g. Luia River, Luenha River). In addition, existing
measurements appear to have poor quality (e.g. discharge data during low-flow of
Zambezi River near Tete differs by 100% between different data providers). Therefore,
it is highly recommended (a) to assess the quality of measurements by re-evaluating
stage-discharge relationships at existing gauges and (b) to install new gauges at the
most important tributaries.
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SUBCOMPONENT 2: FLOOD MODELLING

2.1 AGREED WORKS (TERMS OF REFERENCE AS REFINED IN ACCEPTED
CONSULTANTS PROPOSAL)

Subcomponent 2 includes flood mapping and flood defence works. Expected output include the
development of relationships between flow and river stage along the main stream channel using
hydraulic modelling with the one-dimensional model HEC-RAS (USACE 2010). The model domain
includes the main channel reach of the Zambezi downstream of Cahora Bassa Dam (604km), the
Pungwe (370km) and the Limpopo (576km) within their Mozambican catchment area. Modelled
flood extents are supplied for a baseline and climate change scenario. A more detailed Flood Risk
Assessment (FRA) using 2D modelling will be shown with restrictions to data availability.

Works for flood defence and resilience were agreed to include recommendations for flood
defence works based on findings from the flood modelling stage. A holistic approach was
proposed to be taken in assessing options to avoid or mitigate flooding considering the risk,
hazard potential and socioeconomic aspects. A “making room for water” concept was suggested
to be preferred over rigid flood defence structures where appropriate in order to tackle and
reduce the flood risk in a sustainable and holistic way for not only isolated locations but where
possible for longer river stretches. Defences that may be seen as necessary will be designed in a
way to have benefits for the local economy and to be low maintenance.

2.2 EXECUTIVE SUMMARY

The Zambezi, Pungwe and Limpopo are amongst Mozambique’s most flood prone rivers. The
current situation of flooding is likely to shift under the pressures of climate change. Hydraulic
modelling is a suitable tool for assessing changes in inundation from the status quo to projected
climate scenarios.

Data have been gathered from previous reports and the public domain for conducting hydraulic
simulations. A digital elevation model (DEM), landuse map, channel width information,
historical flow data and climate change flow projections have been used to setup the 1D
hydraulic model HEC-RAS along the main channel of the three rivers. The model areas visually
cover the estuaries. These sea water level influenced regions are however not dynamically
included in the simulations since high tide levels are set as fixed boundary conditions based on
INGC Phase | results. The DEM was corrected in terms of elevations of cities and forests, the
rivers bathymetry and channel slope using statistical measures and an empirical regime
equation. Roughness values were assigned for unique land cover and channel slope classes
based on literature-defined minimum-, expected- and maximum ranges. Baseline flow data to
depict the current situation were not available in a sufficient quality and resolution to define
distinct return period flood flows. Instead, expected return period flows were taken from former
hydrological analyses and assigned with minimum and maximum thresholds. Climate change
flow scenario data for 2045-2065 are available from the INGC Phase | project, consisting of 2
year and 20 year return period flows. Projected flood frequency and flood flow changes are used
to define scenario flows. Scatter in the dataset was used to assign minimum, expected and
maximum flow changes. All input data ranges are used as an indicator for simulation uncertainty
along the rivers.
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A range of flows has been run to conduct model calibration and validation. Within this process, it
was found that the Zambezi Delta could not be sufficiently modelled using a one dimensional
approach. The two dimensional model AdH was setup for the Zambezi delta to sufficiently
account for lateral flows, changing flow paths, infiltration and evaporation processes and split
flows. The models have been calibrated using channel depth as the target parameter by fitting
the regime equation to bankfull flow scenarios. Model performance was tested using stage
discharge measurements and inundation maps covering historical flood events. Validation
results are good for the Limpopo and Zambezi and sufficient for the Pungwe.

Based on the calibrated and validated models, scenarios covering the current and future status
of 2 year and 20 year return period flood flows have been setup. Inundation mapping has been
carried out to produce maps of the expected flooded areas including uncertainty diagrams
indicating sections of higher and lower confidence. Within this report, results for both return
periods are displayed for selected target regions while the flood maps, covering the total model
domains are attached as additional A0 pdf documents. The maps can be used to identify flood
prone areas but cannot be used to define areas that are not under thread of flooding (i.e. the
maps are designed to identify risk areas but not safe areas) due to the high uncertainties
inherited in the model input data. For planning purposes in terms of development plans,
mitigation strategies or regional disaster management, the results of this report are designed to
be used in conjunction with detailed Flood Risk Assessments (FRAs) to be carried out for the
respective area of interest. Due to lack of available data, it was not possible to carry out a FRA
within any of the three river basins. To give an overview of necessary input data, the general
methodology and results, an example FRA was conducted using two dimensional hydraulic
modelling.

Overall, the flood maps are superior to previously produced maps in that the underlying
hydraulic calculations and inundation mapping have a higher accuracy due to the incorporation
of channel depth estimations and the corrections of the DEM in forest and dense infrastructure
areas. Beyond that, the maps are produced for a baseline and climate change scenario and the
maps contain spatially distributed uncertainty assessments. This was to our knowledge not
available before this study.

For improving the flooding situation, a “making room for water” concept has been proposed.
Findings from a situational analysis and stakeholder discussions show that structural flood
defences and assets will be inevitable on the local scale for high value locations but efforts
should be spent to minimize these and focus on holistic approaches including catchment and
floodplain conservation through the development of suitable policies for which guiding
principles have been provided. It is essential to understand that the increased occurrence of
floods would be increased by large scale construction of defences that would increase flooding
downstream Catchment conservation approaches on the other hand would have strong benefits
not only by reducing flooding but by equalizing the annual flows and increasing agricultural
water availability. For achieving the flood protection goals a variety of protection and mitigation
measures have been discussed, described in detail and cost estimates provided. It has become
clear that from a cost-benefit point of view holistic and long term catchment conservation based
approaches are preferable to structural defences. Respective detailed policy suggestions are
provided. Given the situation in Mozambique, implementing the policy would require efforts on
administrative and enforcement level both for governmental and local administrations.
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With regards to inevitable structural flood defences for areas that have already been built up on
floodplains it has been stressed that investments have to be discussed on a case by case basis
under consideration of a holistic view of the overall catchment situation. The best option for
increasing the flood resilience of communities is seen as a combination of small scale technical
interventions accompanied by large scale increase of retention area through catchment
conservation. Additional multiple-benefits can be achieved by promoting the construction of
weirs and small dams along the tributaries which will lead to an improvement of water supply
and the creation of retention area if operated with the respective operation principles. In detail,
the following combination of interventions would be advisable, following the “living with floods”
concept:

1. Small dikes, wharfs for house and community protection
Upper catchment conservation
Policy development
Weirs and small dams for flood retention purposes
Adapted schedules for large dams
Forecasting and early warning system development in combination with alert systems
Promoting preparedness of the population

NouswN

2.3 AREA DESCRIPTION

A brief overview of each basin and the model domains are shown here. The model extent has
been derived from historical flood maps overlaid with the DEM. Where necessary, the boundary
was delineated along ridges which could not be overtopped by flood waters and along borders
where inundation is influenced by tributaries.

2.3.1 The Zambezi River

The 1,390,000km? Zambezi Basin is the fourth largest river basin in Africa with Zambia, Angola,
Namibia, Botswana, Zimbabwe and Malawi contributing water to Mozambique (World
Bank 2010).

Figure 2-1: Aerial photograph of the Zambezi at junction Namibia, Zambia, Zimbabwe and Botswana
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(Source: Wikimedia Commons)
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Figure 2-2: Digital elevation model, major cities and model domain of the Zambezi River

The construction of Cahora Bassa Dam in 1974 resulted in an alteration of the runoff pattern,
but could not prevent flooding (Beilfuss 1999). Recent severe floods occurred in 2001 and 2008.
Within a detailed hydrological analysis of the Zambezi basin, runoff monitoring in the basin is

criticised, especially the lack of continuous gauging records at stable cross sections (Beilfuss and
DosSantos 2001).

2.3.2 The Pungwe River

The 31,300km? Pungwe Basin is mainly located in Mozambique. The 5% of its area in Zimbabwe
however, contribute considerable flow caused by excessive rainfall in that region (Van der Zaag
2000). The Pungwe has been subject to frequent flooding in recent years. In 2001, 2004, 2008
and 2010 the water level reached flood stage (DFO 2011, BBC 2001). In the Mozambican part of
the Pungwe, no large dams have been constructed. Only 19 small dams for crop irrigation exist
(GRM and GRZ 2006).

Figure 2-3: Flooding at the lower Pungwe River

(Source: GRM and GRZ 2006)
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Figure 2-4: Digital elevation model, major cities and model domain of the Pungwe River

2.3.3 The Limpopo River

The 415,000 km? catchment of the Limpopo River lies in South Africa, Botswana, Zimbabwe and
with one fifth in Mozambique (RCSA and USAID 2002). No major dams are located along the
river (CGIAR 2003). The Limpopo has not been flooded as frequently in the recent past, but

catastrophic: The flood from February 2000 caused almost 1,000 deaths and 700,000 displaced
people (LBPTC 2010).

it

Figure 2-

5: Aerial photograph of the Limpopo in March 2000 after the devastating flooding, southern
Mozambique
(Source: Wikimedia Commons)
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Figure 2-6: Digital elevation model, major cities and model domain of the Limpopo River

24 METHODOLOGY

2.4.1 Data analysis

To enable application, adaptation and usability of the model in the future, to avoid duplication of
previous work and due to budget constraints, data were taken as much as possible from the
public domain, remote sources and from available reports and former studies. In this section,
methods are described how the data were checked for consistency and plausibility. Necessary
data for the model setup are river geometry derived from topographic data, roughness values of
the terrain surface, spatially distributed flow data for the baseline and climate change scenario.

Topographic data

Topographic data are used to derive river channel and floodplain geometry for the hydraulic
conveyance calculations. These are the most important data for a hydraulic model (CASAS et al.
2006) and thus thorough checks and plausibility tests were conducted to find the optimum data
source and to improve data quality. As no budget is available to obtain topographic data, access
is restricted to digital elevation models from the Shuttle Radar Topography Mission (SRTM 2000,
Jarvis et al. 2008) with 90m grid cell size or from the Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER 2011) with 30m grid cell size. An assessment of the SRTM and
ASTER accuracy was carried out using different test methods. A comparison with 678 elevation
points from SPOT data revealed that the SRTM performs slightly better on the national scale.
Both datasets show strong weaknesses in the absolute elevation accuracy with a mean vertical
deviation from all SPOT points of -43.5m and -48.9m for the SRTM and ASTER DEM respectively.
The SRTM also performs better in depicting digitized stream networks and watershed
boundaries and was thus used for the study. In October 2011 an improved ASTER dataset (ASTER
v.2) became available after data assessment had already been finalized. However, ASTER v.2 was
tested in the Zambezi and it was found that catchment and stream delineation performance
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Elevation Pungwe [mASL]

tests led to similar results described above, with the SRTM derived dataset being the superior
elevation model in that case.

However, the uncertainties in the SRTM (10m relative and 16m absolute vertical accuracy) led to
a problematic depiction of the flow centerline and its elevation profile from upstream to
downstream in all three basins. Implausible elevation distributions were improved using a
hydrologically corrected flowpath. Figure 2-7 shows a comparison of the raw and processed
elevation profile along the three rivers.
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Figure 2-7: Corrected and raw elevation profile along the main channel of the Zambezi, Limpopo and
Pungwe (all within Mozambique only), note the unnatural peaks and dents along the
original profile

Any object on the earth’s surface is defined as ground level in the SRTM (and also the ASTER
DEMs). This is of particular importance in densely vegetated areas and settlements with
concentrated, high structures. Also the water surface is not penetrated but defined as ground
level. Those DEM properties are disadvantageous for flood inundation mapping because the true
ground level should be used. Elevations in vegetated areas and cities were analysed in
comparison to adjacent, non vegetated areas and areas without dense infrastructure. In
average, the elevation inside the forest or city boundaries is 2.7m and 2.3m higher than directly
outside. Thus, elevation values inside city and forest areas have been corrected using statistical
methods.

Channel bathymetry was approximated according to the following methodology: Both banks of
the rivers and islands in the flowpath were digitized from Google Earth. For each cross section,
river flow widths were calculated between banks and if present, multiple widths in between
islands. Average river slope was calculated from the SRTM along the stream centerline at each
cross section. Riahi-Madvar et al. 2011 assessed eight empirical regime equations which can be
used to derive channel flow depth based on bed slope and width. Hey and Thorne’s (1986)
methodology performed best in all respects and was used for deriving channel depth. The
equation is applied to each flowpath of each cross section and the resulting depth is subtracted
from the lowest SRTM grid value in between the banks to gain bottom bed elevation. Additional
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information is supplied in Annex A2.1. Channel shape is approximated with sloping banks in an
angle of 45° and a horizontal bed. Figure 2-8 shows a 40km part of a cross section in the
Zambezi, 48km from the mouth at Marromeu, before and after the correction with an island in
between the banks. Hey and Thorne’s equation is an empirical function that requires plausibility
checks and calibration. This iterative process is explained in the HEC-RAS calibration section
(Section 2.4.6).
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Figure 2-8: Google Earth image with cross section (white line) at Marromeu oriented east (top) and the
elevation profile before and after the correction (bottom).
At this station, the water depth estimate left of the island is about three meters, right of the island about two meters, while the islands

elevation remains as is.

Roughness data

Manning’s n values are used as the roughness factor for calculating energy losses in HEC-RAS. A
Manning’s n map was created in the GIS on basis of the land cover map, the digitized channel
banks and the SRTM. Unique roughness values were assigned to vegetated areas, bare soils,
urban areas and the river channels according to CHOW 1959. Roughness values for the channels
were distinguished using three bed slope classes defined by Rosgen (1994). All classes and their
according Manning’s n value with an uncertainty range are displayed in Table 2-1.
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Table 2-1: Roughness classes and their respective Manning’s n value (according to CHOW 1959)

. Mannin Range
Surface properties . -
Channel steep >4% 0.07 0.03
Channel medium
2%-4% 0.04 0.02
Channel flat <2% 0.035 0.02
Dense forest 0.12 0.04
Open forest 0.08 0.02
Water plants 0.10 0.03
Bare areas 0.03 0.01
Settlements 0.05 0.02
Crops 0.04 0.01
Grassland 0.04 0.01
Shrubland 0.05 0.02
Thickets 0.15 0.04

Baseline flow data

All available historical flow data has been screened and thoroughly assessed. The availability and
quality of available discharge data is problematic. Inconsistencies have been found concerning
e.g. significantly different flows at the same locations or downstream gauges having much less
flow than upstream gauges. Other studies reach similar conclusions: Beilfuss and Dos Santos
(2001) state that all discharge gauging data in the Zambezi must be treated as approximate.
SWECO etal. (2004) assessed the 26 stations in the Pungwe and found that only six are
operational, of which only three are in very important locations. One of them is however not
accessible during flooding. Only five stations have relatively stable cross sections. According to
LBPTC (2010) much runoff data is of poor quality due to unstable cross sections at the gauges in
the Limpopo basin. Almost all tributaries to the main channels are ungauged. Beyond that, the
flood scenarios on which the models could be calibrated have even less data coverage as some
gauges have no records during these periods. It is thus not possible to simulate specific historical
floods based on measured discharge.

For the most reliable and longest time series, RMSI (2009) have derived return period flood
flows for the major rivers in Mozambique. Together with additional flow values derived from
literature values and DNA (2011) time series, numerous baseline flow scenarios were defined.
These flow values including minimum, expected and maximum thresholds are summarized in
Annex A2.2 (Table A2.2.1).
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Climate change flow scenarios

Projected flow data for a 2045-2065 climate change scenario were available from the Phase |
report (INGC 2009). The climate scenario used for that analysis was the SRES A2 emission
scenario calculated from seven Global Climate Models (GCM). The data from the GCMs were
downscaled to the regional level and used to run a hydrological model on daily time steps. The
changes between the baseline (1961-2000) and projected period were used to calculate
percentage flow changes. These flow changes are available in shapefile format and cover the
area of Mozambique on a subbasin level, which have an area of 1,280 km? in average. Two flood
flow return periods are included in the dataset: (1) typical flood with a return period of about
two years and (2) maximum flood with a return period of about 20 years.

Two different climate change impacts on these return period flood flows have to be
distinguished: First, the change in flood frequency through more frequent events. A higher
frequency of floods in the future means that the probability of a certain flood to hit in a
particular year increases. The change in flood frequency is included in the Phase | data, albeit not
distinguished for different return periods but for “floods” in general. This one frequency change
value for each basin was used to assign new probabilities to the original return period flows.
Back-calculating to the fixed return period (2 year and 20 year) results in a new flow value which
is higher in case flood frequency increases and lower in case flood frequency decreases. In
general, in the Zambezi a slight decrease of flood frequency is predicted, which amounts to a
decrease in flood flows by 2.8%. In the Pungwe as well as the Limpopo the expected frequency
increase leads to an increase in flows by 8.1% and 5.5%. This information is based on INGC 2009,
where the difference in flood flows between the historical baseline (1961-2000) and the climate
change scenario (2045-2065) is described.

On top of this flow change caused by flood frequency, the second climate change impact on the
flood flows is the direct flow change through more intense events. The spatial distribution of the
flow change values is displayed in Figure 2-9 for the 2 year and 20 year return period. As can be
seen there, even neighbouring subbasins have opposite trends. It is questionable that climate
change has such diverging impacts on a scale of less than 50 km. The standard deviation of the
flow changes, calculated also for each point along the main channels is introduced as a measure
for assessing this scatter in the dataset trends.

Terminology: Return Period

The return period is a statistical measure to define the interval between events, in this case of river flooding.
The associated number in years may infer a regular occurrence of events, but it has to be stressed that it is a
probabilistic value only. The inverse of the return period in years represents a probability of occurrence in
any single year. For example, a 20 year return period flood event occurs with a probability of 0.05 in any
year. Thus, in reality such an event can also take place in two consecutive years or not a single time in 30
years. The longer the historical time series and the better the quality of hydrologic data, the more exact is
the definition of return period flood flows. Statistical probability distributions are used to extrapolate flood
flows from decade-long historical time series to very rare events in the range of 500 or even 1000 year
return periods.
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Water Use and Runoff Generation

Downstream water availability can be influenced by many factors. In most cases downstream water
availability is not so much influenced by upstream water use but rather by changes in runoff generation.
Especially land use change may have strong impacts on runoff.

For the current flood analysis potential future upstream water use or land use change was not considered
due to limited data availability, the uncertainty of future changes and the objective to assess the climate
change driven flooding situation. Results show limited impact under the assessed return periods (2 year and
20 year). The situation may be different for other return periods. These findings point out the importance to
assess these as well as to consider land use change projections for future assessments.

(a) 2yr return period (b) 20yr return period
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Figure 2-9: Change in river flows for individual subbasins under climate change compared to the historical
baseline for the 2year and 20year return period flow (data from INGC 2009).
For the 2year return period an increasing trend is visible in the Pungwe and Limpopo basin, while for the 20year return period
decreasing flood flows are predicted by INGC 2009. Note the high variation over neighbouring subbasins.

The displayed dataset is used to derive flow change values for running the climate scenarios in
the hydraulic models. Along the main stream channel of the Zambezi, Pungwe and Limpopo the
contributing area has been calculated and the flow change values displayed in Figure 2-9 have
been averaged over these areas. This resulted in a projected flow change for each point along
the main channels. These values were set on top of the flow change caused by more frequent
events described above. Figure 2-10 displays the result of this analysis from up- to downstream.
Strong, abrupt changes are caused by tributaries whose change values averaged over their
subbasin area differ from the upstream values. Generally, the larger catchments Zambezi and
Limpopo are more stable due to their size while the Pungwe is strongly influenced by single
subbasins. For the Zambezi, it can be seen that lower floods do not show a distinct change, while
extreme flood flows are expected to decrease. The standard deviation is below 10% in the
upstream reach and is increased by the Shire catchment to 10%. Many parts of the Pungwe
basin, especially the upstream regions will be subject to an increased 2 year return flood flow
but standard deviation is very high with more than 25% at the downstream end. The 20 year
flood flows will increase slightly within a standard deviation of less than 10%. In the Limpopo
basin, 2 year floods are likely to increase in flow by 10-12% while the 20 year flood flows are
probably decreasing by around 8-4%. Also here, standard deviations are within 10%.
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Hydrological background: Non-linearity between rainfall and runoff

The response of natural systems to rainfall is highly non-linear. A single rain event may not cause flooding
during one year but may induce a flood during another year. Similarly, an increase in rainfall intensity by 50%
may cause an increase in runoff by more than 50%. The reasons are different hydrological boundary
conditions, i.e. the antecedent moisture conditions of the soil, vegetation properties being different over the
year or varying climate conditions. Developing a direct relation between rainfall and runoff is thus generally
not possible. Climate change models can give a trend in changing rainfall patterns in the future. For obtaining
plausible changes in runoff based on changes in precipitation, it is useful to depict the hydrological system
with mathematical models that incorporate the hydrological processes and most important boundary
conditions.
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Figure 2-10:  Predicted flow change between baseline to climate change scenario (y-Axis in %) along the
main channels (x-Axis in % distance from the mouth) for the 2 year- and 20 year return
periods; standard deviation range in light colours. The narrower the standard deviation
band, the higher the agreement of the predicted flow change (solid or dashed lines)
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Data shown in Figure 2-10 are used to calculate expected, minimum and maximum climate
change flows along the stream channel by multiplying the changes with the baseline flows (Table
A2.1). The obtained climate change flows at the downstream end of the rivers are summarized
in the Annex (Table A2.2.2).

2.4.2 Uncertainty Assessment

A methodology that incorporates two tiers was designed to objectively assess the main
uncertainties in the modelled inundation extents (Figure 2-11).

Tier 1 considers uncertainties of the physical conditions. Average roughness (Table 2-1) and
average return period flow values (Table A2.1) are considered the most likely and are used to
simulate the expected baseline inundation. Upper and lower roughness thresholds and highest
and lowest flow values for the return periods are used to simulate a high and low baseline
inundation event. The uncertainty is defined as the relative difference between the high,
expected and low event normalized over the highest deviation within each basin.

The expected baseline inundation is employed in Tier 2 for the climate change simulations. The
projected flow changes with their standard deviation (Figure 2-10) lead to a high, likely and low
climate change inundation event. Again, uncertainty is defined as the relative difference
between the high, expected and low event normalized over the highest deviation within each

basin.
inundation
Statistical Expected - _
. baseline . . . xpected climate
Change .
Low climate change
Lowclimate change ncrease G5
i High baseline
Tier 1 -- inundation

Physical Corrected Likel " Expected baseline
Conditions DEM ikely roughness_d Likely flow inundation
inundation

Figure 2-11:  Low, likely and high data input values for simulating baseline (Tier 1) and climate change
(Tier 2) uncertainties

2.4.3 Model description

The model used for the analysis is the hydraulic model HEC-RAS (Hydraulic Engineering Center —
River Analysis System, USACE 2010). HEC-RAS simulates one-dimensional steady and unsteady
open channel flow in river networks along cross sections. For steady flow calculations it applies
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the momentum equation in case of supercritical flow and on hydraulic structures. For basic
profile calculations it solves the energy equation with the standard step method. Unsteady flow
is calculated with the 1D Saint Venant equations. In flood event calculations, HEC-RAS divides
the cross sections in channel and floodplain parts and calculates conveyance separately.

HEC-RAS is widely applied in flood inundation studies world wide. The steady state one-
dimensional hydraulic calculations and the user friendly interface enable relatively quick and
stable simulations of long rivers. However, one-dimensional calculation procedures use
important assumptions as follows. (1) Flow paths have to be defined for the model and are static
throughout the model runs. In reality however, the flow path for a flood with different return
periods may be different. Complex flow paths in multifaceted environments such as urban areas
can not be depicted. (2) The water level is horizontal at all times in a cross section which leads to
erroneous water surface calculations, especially in bends. (3) Floodplain inundation mapping
using water surface elevations on cross sections produces uncertain results in between the cross
sections as water surface elevations are linearly interpolated. (4) Floodplain inundation mapping
using 1D model results leads to inundation of all areas of the cross section lying below the actual
water level because lateral water flows and the true hydraulic connection between low-lying
sections of the floodplain cannot be depicted. This leads to difficulties especially when mapping
wide plains.

Two-dimensional models can overcome most of these disadvantages (Tayefi et al. 2007) while
other studies found that these disadvantages are not severe (Hicks and Peacock 2005). Available
computing power however still limits the application as cell sizes in the channel need to be
sufficiently small to depict bathymetry. This leads to hundred thousands of cells for long rivers
and an excessive or even impossible computation load. A simulation with both 1D and 2D
models would be preferable, as steep, long and topographically distinct river sections are
suitable for HEC-RAS. The wide floodplains can then be depicted by a 2D model. The Zambezi
from Cahora Bassa to the Shire confluence and the Zambezi Delta would be an example for such
a joint 1D-2D application. During the projects modelling phase, problems arose when modelling
the Zambezi Delta one-dimensionally with HEC-RAS as the limitations described above led to
unreasonable results in the delta. It was decided to split the Zambezi HEC-RAS domain and to
depict the Zambezi Delta with a two-dimensional model. The model Adaptive Hydraulics (AdH)
developed by the USACE Engineering Research and Development Center (Berger et al. 2011) is
an ideal tool for that task. It will be dynamically linked to HEC-RAS in the next HEC-RAS version
(Brunner 2011). AdH solves the two dimensional shallow water equations on a finite triangular
element mesh. The uniqueness of AdH is its automatic adaptation of mesh resolution and time
steps during model runs to account for user defined accuracy thresholds. Pre- and post
processing is conducted with the Surface Water Modelling System (SMS) or ArcADH, an AdH
user interface for ArcGIS9 (Kiesel et al. 2011). Within this report, AdH and ArcADH is used for the
Zambezi Delta and the Flood Risk Assessment.

2.4.4 Model setup

This section explains the modelling methodology and processing of input and output data. Three
individual HEC-RAS models have been setup for the Zambezi, Pungwe and Limpopo main river
reach. Two different types of data have to be entered to these HEC-RAS models for the
simulations: geometry and flow boundary condition information. A summary of the input files
and data necessary for the simulations with HEC-RAS and how they are generated is given in
Table 2-2.

October 2012, p 129




RESPONDING TO CLIMATE CHANGE THEME 5

IN MOZAMBIQUE Water

Table 2-2: Summary of data used for setting up the HEC-RAS models

HEC-RAS data requirements Type Source
Bank lines Geometry Digitized from Google Earth
Flow centreline Geometry Derived from bank lines
XS cut lines Geometry Automatic generation algorithm
Elevation Geometry Corrected SRTM elevation data
Roughness Geometry Land use map with values from Chow 1959
Baseline flow Flow RMSI calculated return periods, regionalization
Climate scenario flow Flow INGC Phase | predicted flow changes
Upstream boundary conditions Flow Normal depth calculations based on bed slope
Downstream boundary conditions | Flow INGC Phase | current and predicted sea level
Date of below bankfull flow Calibration/Validation Google Earth image time stamp
Date of flooding and flows Calibration/Validation Historical news reports, DNA, other reports
Stage- discharge relationships Calibration/Validation DNA
Flood inundation maps Calibration/Validation Dartmouth Flood Observatory

For the AdH model in the Zambezi Delta, the topography was interpolated from the HEC-RAS
geometry file and the SRTM to a 45m cell size DEM. Surface properties are approximated from
the land use map to account for spatially distributed roughness, infiltration and evaporation
parameters. Upstream flow boundaries and water inflow extents are taken from HEC-RAS.

Geometry data

HEC-RAS requires the definition of the hydraulic model domain. These data are combined in the
geometry file. The bank lines are digitized from Google Earth images. The cross sections should
be oriented perpendicular to the flow centerline and have to fully cover the model areas with
the floodplains described above. The length of the rivers and the size of the floodplains result in
a high number of long cross sections. Especially in bends, overlapping lines are usually difficult to
avoid and have to be drawn by hand. For automatizing that procedure, a routine has been
developed for drawing the cross sections in ArcGIS in user defined spacing and assign elevation,
roughness and ineffective flow areas to the cross section lines. The different roughness value
ranges result in three geometry files for each river. Further information on the procedure is
supplied in Annex A2.

Flow data

Due to lack of available flood hydrographs for the main channel and tributaries, no flood waves
can be routed using unsteady flow calculations. Instead, steady state runs are conducted using
the maximum peak flows. Tributary flows are approximated using regionalization and HEC-RAS's
possibility of running different flow values along the stream channel with downstream cross
sections having higher flow values than upstream cross sections. Baseline and climate change
flows (Table A2.1 and A2.2) are entered to HEC-RAS. For the climate change scenarios, flow
changes are calculated for each cross section individually depending on the spatial distribution of
the predicted flow changes (Figure 2-10). Upstream boundary conditions are normal depths
calculated from the energy slope, which is approximated from ground slope for the Zambeazi
(0.002), Pungwe (0.003) and Limpopo (0.0006). Downstream boundaries for the respective
scenario are given in Table A2.1 and A2.2. The necessary assumption is that river floods with a
certain return period coincide with sea floods of the same return period. Naturally, this might
not always be the case, but as river flood models cannot simulate coastal flooding, this
assumption is more reasonable than assuming zero sea level only.
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2.4.5 Floodplain mapping methodology

Version 4.1 of HEC-RAS has an own mapping software, the RAS-Mapper. It overlays the
calculated water surface elevations along the cross sections with a digital elevation model and
assigns lower elevations than the water surface as wet and higher elevations as dry.
Interpolation is carried out between the cross sections and the result is exported to a shapefile.
The resulting shapefile has to be checked for plausibility which is done using ArcGIS. All areas of
the cross section that lie below the water surface elevation are shown as inundated regardless of
the true hydraulic connection to the main channel. Inundation of areas that are only poorly
hydraulically connected to the main channel depends on the distance to the channel, local
conditions regarding groundwater, soil and land use properties, rainfall and small scale
topographic characteristics. Flooding in these areas can be caused by river waters, but also by
prolonged rainfall. If soil moisture is close to field capacity, surface runoff can cause ponding of
water. This phenomena is observed in Mozambican catchments where parts of floodplains
become inundated through surface runoff ponding (Gosnell et al. 2001). During the 2001
Zambezi flood this was observed by depths of up to 2m (Beilfuss and Dos Santos 2001). As an
example, Figure 2-12 shows a representative cross section from the Pungwe floodplain. It can be
seen that the channel (at distance 13km) lies on a slightly higher elevated region. The
surrounding depressional areas are shown as inundated. From a topographical viewpoint, such
areas are likely prone to surface water ponding.
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Figure 2-12: Cross section from Pungwe River, 116km from mouth. Note the channel at 13km, the elevated
area at 20km and the inundated region indicated by the blue line.

2.4.6 Model calibration and validation

Channel depth calibrations

The bankfull flow values (Table A2.1) are used to calibrate channel depths calculated through
equation [2.1] (Annex A2.1). Bankfull flow is defined as the point where flow fills the channel to
the top of the banks just before water flows into the floodplain. Channel depth was adapted in
an iterative process to match bankfull discharge reasonably well along the three rivers.
Generally, Hey and Thorne’s equation overestimated flow depths in the Zambezi which seems to
be shallower than predicted. The river was divided into 14 sections for which depths were
adapted individually. In average they had to be reduced by 53%. The original depth values for
the Pungwe matched best, with adaptations necessary only in four of the eight sections and an
average reduction by 21%. The Limpopo was divided in 15 sections, for which depths were
reduced by 25% in average.
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Comparison with stage-discharge measurements

Stage and discharge measurements for the Zambezi, Pungwe and Limpopo have been supplied
by DNA (2011) for a range of flows. Unfortunately, only 3.8% of the measurements have been
conducted during the last decade. From these most recent records, the measured discharge
deviates from the used rating curve by 58.4% in average. Figure 2-13 shows the measured data
for all available stations (grey dots). The Figure is read from left to right and from top to bottom.
The order of the respective gauging stations along the main channels is from downstream to
upstream. The number in square brackets is the number of rating curves used over the years
(number in round brackets). The range of flows represented in the measurements have been run
in HEC-RAS and modelled stage-discharge relationships have been plotted in the according
diagram (red squares). Model results are best for the stations in the Limpopo. Considering the
poor quality of the data used for the modelling and the mostly decades-old measurements,
agreement between measured and modelled values also in the Pungwe and Zambezi is
satisfactory. The shape of the curves does not always match with measured data because the
assumed channel geometry of 45° bank slope and a flat river bed in the model cannot match to
all cross sections at different gauges. Deviations for the higher flow and stage values have been
expected as measurements in such conditions are uncertain and very difficult to accomplish.

Comparison with historical flood events

Satellite images from historical flood events are available from Landsat and MODIS as well as
from the Dartmouth Flood Observatory (DFO 2011). The DFO maps show corrected inundation
areas and are the most suitable for comparing modelled with observed flood extents. A range of
flow values is run in the three HEC-RAS models (Table A2.1) and simulated flood extent is
compared with mapped inundated areas. The DFO maps have been digitized to allow for
correction of implausible areas marked as inundated, which are mostly mountain shadows.
Overlapping and non-overlapping areas between modelled and observed flood extents can then
be calculated. Figure 2-14 shows the result of the simulations, the DFO map and the model
domain. The visual comparison indicates good agreement in the upper and middle reach of the
Zambezi for the year 2008 flood modelled with HEC-RAS. Inundations in the Zambezi Delta
modelled with AdH are also depicted well. The model is capable of simulating the split flow
ratios. Overestimations of inundations can be seen on the main channel. The lower part of the
north eastern branch shows some weaknesses in the correct location of the flooding but
generally can also be considered plausible. Apart from overestimations in the upstream 100km
and a 30km long part in the lowlands, HEC-RAS can also reproduce the year 2000 flood in the
Limpopo. According to Table 2-3, performance in the Zambezi (excluding the Zambezi delta) and
Limpopo is also good, as more than 80% of the inundated area is covered by simulated
inundated area and the size of the modelled and observed areas are equal. Some difficulties are
however visible in the Pungwe, where the model overestimates flooding in the middle part. In
total, simulated inundated area has almost twice the size of the observed (Table 2-3). The reason
is, that flat areas which are lower in elevation than the channel bed become assigned as
inundated (as discussed in Section 2.4.5) which are not marked as flooded in the Dartmouth
map.
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Table 2-3: Comparison of modelled (HEC-RAS) to observed (DFO) flood events

Approximate HEC-RAS DFO area HEC-RAS
Return area covered by area
Flow [m3/s] . covered by divided by
Period HEC-RAS
(o DFO area area [%] DFO area
y [%] ° [%]
Zambezi 2008 33343 RP 500 83.3 83.3 99.9
Pungwe 2010 1703 RP 20 45.1 84.6 187.5
Limpopo 2000 9300 RP 500 81.1 80.5 99.3
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Figure 2-13:  Comparison of modelled and measured (DNA 2011) stage and discharge at Zambezi (ZAM),
Pungwe (PUN) and Limpopo (LIM) main channel gauging stations. Deviations are assumed
to be a result of differences between estimated and real cross section geometry
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Figure 2-14:  Mapped and modelled inundation for model calibration (historic) events (2008 Zambezi,
2010 Pungwe, 2000 Limpopo).
Probable reasons for the deviations between predicted and observed are inundations caused by coastal flooding, surface water ponding
(Zambezi) and the designation of lower lying areas as inundated (Pungwe)

2.5 FLOOD MAPPING RESULTS

Four flood inundation layers each have been created for the Zambezi, Pungwe and Limpopo
main channel: The baseline (1961-2000) 2 year and 20 year flood- and the climate change (2045-
2065) 2 year and 20 year flood event. The maps consist of four sheets each for the Zambezi and
Limpopo (upper and lower part of the rivers for baseline and climate change events) and one
sheet for the Pungwe (baseline and climate change). They are designed to be printed on AQ
paper. The inundation shapefiles are overlaid with topographic maps in 1:200,000 scale from the
Soviet Military, the hillshaded SRTM, the digitized channel and English names of the major cities.
Areas outside the model domain which could not be included in the flood modelling are greyed
out. Flooding or non-flooding of those areas can thus not be depicted on the maps. The shown
inundations (blue and red) indicate that those areas are potentially at risk of flooding for the 2
year return period (occurrence probability of 0.5 per year) and for the 20 year return period
(occurrence probability of 0.05 per year). The rivers stationing is shown in 10km intervals,
starting with 0 at the mouth. The same stationing is applied to the uncertainty diagrams included
in the maps. In that way, it is possible to relate the shown inundation along the rivers to the
uncertainty inherited in the results at a particular location. The diagrams are the result of the
uncertainty assessment explained in Figure 2-11 and show a relative uncertainty with the range
between -1 and 1. Highest values (1 or -1) represent stretches with highest uncertainties for the
representative river. Positive values indicate that it is more likely that the shown inundation
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underestimates the flood situation while negative values indicate that it is more likely that the
shown inundation overestimates the flood situation. The baseline uncertainty includes flows and
roughness ranges that show deviations to the expected inundation. The climate change
uncertainty includes the standard deviation of the flow change predictions based on the
expected baseline inundation. The flood maps are in the same projection as the Soviet Military
topographic maps (Transverse Mercator, Gauss Krueger Zone 6, Pulkovo 1942) including a grid in
decimal degrees for orientation. For clarity, the detailed legend description of the Russian
topographic maps is not included but can be viewed in USA-WO (1958).

As per the clients request to focus on the three locations Tete, Caia (both Zambezi) and Chékwe
(Limpopo) for investigating possible flood defences, the following figures show details of the
original flood risk maps for the three regions for both baseline and climate change 2 year and 20
year return period flows.

Figure 2-15 and Figure 2-16 show the city of Chokwe at the Limpopo River. The city and directly
adjacent areas seem not to be affected by 2 year return period flood flows. For the 20 year
floods however, flood waters can reach the city area. The uncertainty diagrams at station 232
indicate that the 2 year flood inundation is relatively certain, meaning that the flow will probably
stay in the river bed for the modelled flow and roughness ranges. Uncertainties between +0.5
and -0.1 for the 20 year event imply, that the expected inundations are on the lower end of the
possible inundation range. For the climate change scenario, projected flows for the 2 year
scenario are projected to increase by 13%, for the 20 year scenario a decrease of 5% is
projected. A significant impact on the modelled inundation in the Chokwé area cannot be
observed. Uncertainties due to scatter in the climate change dataset are also marginal.

Model results show that Tete at the Zambezi (Figure 2-17) seems not affected by 2 year return
period flood flows. It is likely, that 20 year flood flows can inundate the lower lying area south
west of the main city. Due to the distinct terrain, uncertainties at the stations 470-475 are low.
The climate change scenario (Figure 2-18) with unchanged flow for the 2 year return period and
a decrease by 7% for the 20 year flows shows minor changes in inundation of the 20 year event.

Caia lies approximately 5km off the banks of the Zambezi River and is displayed in Figure 2-19
and Figure 2-20. For the 2 year event inundations are marginal with few and small individual
patches of water around the city. For the 20 year event, the model shows connected inundated
areas around the city cutting off transportation infrastructure. Uncertainties for both events at
Caia (at river station 172) show that slightly higher and lower inundation is equally possible.
Climate change uncertainty as well as the change in inundation is negligible at that point.

Climate change impact comparison

Comparing baseline with climate change flows directly in a
single map will not add significantly new information. The
difference between the scenarios will not be very distinct. The
main reason is the coarse elevation steps of the SRTM in 1m
intervals. A representative example is provided from the
Limpopo where it can be seen on the yellow (20 year return
period differences) and green (2 vyear return period
differences) areas, that differences between baseline and
climate change scenarios are relatively small.
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Figure 2-15:  Flood Risk Map for the Limpopo river at Chékwe for the 20 year and 2 year return period
baseline scenario including uncertainty diagrams
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Figure 2-16:  Flood Risk Map for the Limpopo River at Chékwe for the 20 year and 2 year return period
climate change scenario including uncertainty diagrams
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Figure 2-17:  Flood Risk Map for the Zambezi River at Tete for the 20 year and 2 year return period
baseline scenario including uncertainty diagrams
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Figure 2-18:  Flood Risk Map for the Zambezi River at Tete for the 20 year and 2 year return period
climate change scenario including uncertainty diagrams
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Figure 2-19:  Flood Risk Map for the Zambezi River at Caia for the 20 year and 2 year return period
baseline scenario including uncertainty diagrams
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Figure 2-20:  Flood Risk Map for the Zambezi River at Caia for the 20 year and 2 year return period
climate change scenario including uncertainty diagrams
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2.5.1 Flood mapping recommendations

Carrying out the flood modelling and mapping works, shortcomings as well as opportunities have
been observed that have lead to the formulation of these recommendations.

The flood model and mapping results can be used as a basis for a more detailed Flood
Risk Assessment (FRA) as described in Section 2.6. The developed HEC-RAS model can
supply boundary conditions for more detailed localized two dimensional models and the
shown inundation maps can be used to select the approximate areas (the inundation
zones) where additional topographic data has to be recorded, e.g. through LiDAR flights.
Section 2.6 shows an example application of a FRA including the respective data
requirements. Such detailed FRA would also be the base for detailed flood defence
design for which baseline information and recommendations are given in Section 2.7.

A strong recommendation resulting from the flood modelling and mapping would be to
combine the flood model developed under this subcomponent with the Decision
Support System developed under Subcomponent 1 of the water component of INGC
Phase 2. The proposed extension would entail the combination and enhancement of the
Decision Support System for the Zambezi and the flood model developed under the
program for the Zambezi in Mozambique by including the ability to show flooding as a
result of discharge scenarios into the DSS. This was not possible before the SC2 flood
model was developed as no discharge related flood estimates were available. The
enhanced tool would enable the use of the DSS to assess the impact of climate and
anthropogenic changes in the river basin on flooding on the Zambezi. Vice versa, the
enhanced tool would enable decision makers to use the DSS to assess possibilities for
flood control on the Zambezi considering existing and planned dams including their
operation. The flood extension for DSS would provide decision makers in Mozambique
with so far unavailable knowledge about relations between river basin management and
flooding and could be used to directly relief the riparian population on the Zambezi from
floods through development of strategies and measures for flood relief. The DSS could
be used for establishing flood risk zones (e.g. for 100/1000 year return periods) which
could serve as a base for development policies as it is common practice in other
countries. The DSS would allow easy display of these and respective dissemination to
the public. In the same way as the current DSS, the Flood DSS could be accessed
remotely through the internet which would strongly help to disseminate flood risk
information.

Hydrometeorological data availability considering both quality and spatial coverage is an
issue in the basin. It is recommended that an improved hydrometeorological monitoring
and observation network will be designed and implemented through which important
data can be provided. l.e. the detailed flood risk assessments in Recommendation 1. can
not be carried out with sufficient station data in close proximity to the assessed area.
The network should fill the current observation gaps and provide the necessary base for
future detailed hydrometeorological analysis. A tiered approach could be used to ensure
that priority locations would be equipped with monitoring equipment first. Parallel
capacity building would be essential to ensure the sustainability of the network with
regards to data collection, quality assurance and storage. Improved data collection
would be a prerequisite for most detailed future studies and considering the time
needed to build up usable timeseries this recommendation could be considered a
priority.

Topographical data publicly available for Mozambique with good spatial coverage is
restricted to SRTM and ASTER digital elevation models which feature a coarse spatial
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resolution (90m and 30m cell size respectively) and considerable inaccuracies and
uncertainties in their vertical accuracy. There are different commercial possibilities on
the market (e.g. LiDAR, Quickbird) that would allow improving the situation. As these
datasets are expensive a detailed analysis would need to be conducted prior to such
data acquisition to identify hotspot areas or stretches for which such data should be
acquired for further detailed analysis, e.g. the above mentioned detailed flood risk
assessments. Acquisition of the topographical data should go in line with acquisition of
hydrometeorological data in order to ensure comprehensive datasets. Details about
data acquisition are provided in the Annex.

It is recommended that currently available but scattered data from different sources
and data that would be collected from an improved monitoring and observation
network as well as the acquired topographical data would be systematically collected,
quality checked and stored in a data portal to ensure quality and accessibility. A good
example of such a portal has been developed for Somalia and can be visited under
www.faoswalim.org. The benefit of such a portal would be straightforward access to a
comprehensive database which would reduce time for data searching and reduce the
risks for gaps for future studies and educated decision making.

Coastal flooding through extreme metocean conditions is not included in the flood
modelling and mapping where a “normal” tidal level was assumed. Respectively only
one source of flooding — river flooding — has been depicted for the estuaries of the three
assessed rivers while these areas are prone to ocean induced flooding as well. It is
recommended to analyze the estuarine flood risk using a combined river/ocean model
in a 2 dimensional numerical approach. The model developed in this project could
provide the necessary upstream boundary conditions for such an analysis. The estuarine
flood risk assessment would need to include river flow, tidal conditions, waveclimate
and storm surges, also considering backwater effects. The assessment would be possible
with the currently available datasets though more detailed data as described under
Recommendation 3. and 4. would obviously add to the accuracy.

The modelling and mapping carried out in SC2 has resulted in a flood model capable of
depicting the flood situation along the Zambezi. Due to data restrictions resulting from
the INGC Phase 1 work only 2 year and 20 year return periods were modelled while
more extreme events have not been covered. It is recommended to expand the
modelling work to cover additional flood events with e.g. 100 year and 1000 year return
periods. The necessary data is now available through the SC1 DSS work carried out
under this project. The work would be a prerequisite (or part of) to develop the Flood
DSS as described in Recommendation 2.

The flood model and maps developed under SC2 are a result of steady state
considerations based on the existing data. With the current observation systems and
system knowledge, future scenarios for different return periods have been developed
and can be used for flood risk management. To increase early warning and action
capabilities of emergency agencies and in this way directly benefit the riparian
population, operational flood forecasting using real time data would be a logical next
step. Real Time flood forecasting would significantly improve INGC's capability to move
from reacting to acting in prevention of catastrophic events. Real time flood forecasting
including the respective warning measures would significantly alleviate flood impacts,
reduce loss of life and property by 1. warning potentially affected population and 2.
reducing catastrophic flood levels by respective preventive dam operation (i.e.
preventive spilling to increase retention capacity before the flood wave hits). In addition
the potential real time DSS could be used to quickly test choices for flood retention of
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the upcoming flood. Methods suitable for real time flood forecasting have been
described for example in the RIMAX project (Petersen, 2009), where state of the art
remote sensing based monitoring has been and possible methods are described
including their adaptation to conditions in developing countries.

9. Policy guidelines that could potentially be used for development control in flood risk
areas have been proposed in the Annex. It is strongly recommended to further develop
and implement these policy guidelines in order to prevent and control further physical
developments in flood prone areas.

2.6 FLOOD RISK ASSESSMENT (FRA)

It was not possible to carry out a detailed Flood Risk Assessment within Mozambique because of
lack of hydrologic and topographic data. No approximate flood inundation levels for defined
return periods have been available prior to this report which leads to the problem that the exact
location is not known where necessary elevation and bathymetric data would have to be
recorded. As outlined in the proposal, an example FRA is conducted instead to show data
requirements, general procedure and possible results. A similar study could be implemented in
Mozambique if necessary data as described in the Inception Report would become available.

2.6.1 Introduction

Hypothetical scenario for the FRA: A commercial compound in a developing country had been
built in the vicinity of a valley when hydrologic data have not been available. The area consists of
a large factory and numerous small businesses next to the factory hall. The local authorities plan
to refurbish the buildings, along with an extension of two new storage halls. Recently, statistical
time series analysis of discharge measurements indicated, that the area is prone to flooding.
Prior to starting the detailed planning phase, the authorities decided to investigate the hydraulic
status quo and to assess the impact of the two new buildings in case the area would get
inundated through a flood.

It is the scope of this flood risk assessment to (1) derive detailed predictions concerning the
current hydraulic status for a 50 year and 100 year flood with climate change and (2) to assess
the influence of the two structures on water depths and flow velocities in the 4ha compound.
The security of people working in the area is the target parameter on which the assessment is
carried out. Based on two-dimensional hydraulic modelling, recommendations will be given if
the buildings should be constructed as well as if and how mitigation measures and evacuation
procedures should be put in place.

2.6.2 Site description

Figure 2-21 shows the DEM with breaklines, describing the setting of the compound with the
valley flowing from north-west to south-east, the large factory building on the right floodplain
(north-west) with the planned storage halls. The halls have an area of 1500m? each and are 6m
high, located on the eastern side of the factory (blue squares). Other small buildings on the low-
lying floodplain can be seen.
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Figure 2-21:  LiDAR derived DEM with building- and river breaklines (black) and proposed construction
(blue)

2.6.3 Modelling

The simulations are carried out with the two-dimensional AdH model (Berger et al. 2011) and
the GIS interface ArcADH described in Section 2.4.3.

Data input

Surface and river bed elevation are depicted through an elevation dataset generated from LiDAR
with a grid size of 1m (Opentopo 2011), combined with echosounding data to cover the river
bathymetry. The representation of the planned storage halls is accomplished by increasing all
raster cells within the building area by 6m. These two grids are the basis for the baseline and
scenario model runs. Daily discharge and water level data since 1981 are available at a gauge a
few kilometers downstream of the model domain. A one-dimensional hydraulic model was used
to calculate stage-discharge relationships at the downstream border of the model domain.
Topographic data for the 1D model was also taken from the LiDAR and echosounding dataset.
The 31-year time series was used to extrapolate the peak flood flows of a return period of 50
year (180m3/s) and 100 year plus climate change safety factor (300m3/s) using the Gumbel
probability distribution. Due to the short length of the investigation area, the model can be run
in steady state as the impact of the dissipation of the flood wave can be neglected on this scale.
Modelled water surface elevations and flow velocities were matched to measured data through
adapting Manning’s roughness values.
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Model results

The current state and the scenario were modelled by running AdH with the 50 and 100 year
peak discharge. Water depths and flow velocities in the floodplains are used as an indicator for
potential damages and hazards.

Figure 2-22 shows the results for the 50 year flood. For the current state (Figure 2-22a), areas in
the compound around the buildings will become inundated. The water depths around most
buildings range from 0 to 1m. Only five buildings in the south eastern part of the compound will
become surrounded by water more than 1m deep (maximum value 1.5m). Flow velocities in the
compound are mostly below 0.1 m/s with maximum values of 0.11m/s. After the construction of
the storage halls (Figure 2-22b) current patterns of the 50 year flood have been changed as
water gets diverted around the two buildings. To analyse the impact on depths and velocities in
more details, the differences in flow velocity and water depth between the current state and the
scenario are shown in Figure 2-22c¢ and d. Positive numbers indicate higher scenario values,
negative values indicate lower scenario values. Areas around buildings directly south east of the
new storage halls and on the southern side in the middle of the large factory building are
affected by higher flow velocities of up to 0.05m/s. Flow velocities are reduced by 0.001 to
0.05m/s for most of the other buildings. The strongest increase is found on the north-east corner
of the new storage hall (0.06m/s to 0.26m/s) and on the south-western edge of a small shop in
the centre of the buildings (0.11m/s to 0.12m/s). Flow velocities in the main channel are
predicted to increase slightly.

Figure 2-23a shows the simulated current state in case the 100 year flood would occur before
the construction of the buildings. The water depths in the floodplain around the buildings reach
maximum values of 2.50m, all buildings are surrounded by 1.6m of water. Flow velocities in the
compound reach a maximum velocity of 0.56m/s just west of the factory building. Flow
velocities higher than 0.2m/s are found in certain flow paths in between buildings. Figure 2-23b
shows the simulation results in case the buildings would have been constructed. It can be seen
that the currents in the floodplains and the flowpaths have been considerably changed. Water
depths north east of the factory building and just upstream of the new buildings will be
increasing slightly by less than 1cm (Figure 2-23d). Water depths in the rest of the compound are
predicted to decrease slightly by less than 1cm. The highest increase in flow velocity occurs in
between the northern new storage hall and the factory building (0.15m/s). The already fast
velocities west of the factory are increased by 0.02m/s. Apart from that, velocities are reduced,
especially in the area south east of the new buildings.
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Figure 2-22: 50 year return period flow velocities and water depths before (a) and after the construction
of the storage halls; for comparison, differences in velocities and water depths are shown in
(c) and (d)
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Figure 2-23: 100 year return period flow velocities and water depths before (a) and after the construction
of the storage halls; for comparison, differences in velocities and water depths are shown in
(c) and (d)
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2.6.4 Risk analysis

The modelled scenarios have to be analyzed according to the hazard to people. In order to leave
the compound in case of flooding, people have to be able to wade through the floodwaters
during business hours, usually in daylight. Guidance on the depths and velocities that cause risks
to people is given by DEFRA 2006:

Hazard Value = depth x (velocity + 0.5)

So that all people are still able to wade through the floodwaters the Hazard Value may not
exceed 0.7. Danger exists for some from 0.7 to 1.5 and for most people from 1.5 to 2.5. Values
exceeding this limit are dangerous for all people. The model results are analysed according to
these thresholds. Hazard Value maps are shown in Figure 2-18.

It can be seen that for the 50 year flood, all people would be able to safely leave all buildings for
both scenarios (Figure 2-24a and b) to dry land west and south of the compound. Only at the far
eastern building close to the river it is necessary to cross hazard values up to 0.8. After the
construction of the halls, hazard values are predicted to increase slightly there but still a narrow
escape route with values slightly below 0.8 would exists.
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Figure 2-24:  Hazard maps for (a) 50 year event current state and (b) after the construction of the storage
halls; (c) 100 year event current state and (d) after the construction of the storage halls

In case a 100 year flood would strike the area, a safe evacuation of the compound is not possible
for the majority of people. The construction of the storage halls would lead to an increase of the
Hazard Value by up to 5% in the flowpath south of the factory building. It would however also
reduce the Hazard value by up to 10% in the eastern building block. Buildings can also be a place
of refuge during flooding. Generally, light buildings can withstand velocity-times-depth values of
1 (Walsh and Benning 1998, DEFRA 2006). This value, being different to the hazard value
mentioned above, is not exceeded anywhere in the compound for any scenario. In theory,
people would thus be able to seek refuge in the buildings, which of course is highly dependent
on the buildings conditions.
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2.6.5 Recommendations

Model results show that the 50 year flood event does not impose a significant risk to people in
the compound. Also with the construction of the two storage halls flood hazards do not increase
significantly.

The 100 year flood is dangerous for all people residing in the area. Leaving the compound may
be possible for some individuals, but elderly or disabled people and children will not be able to
escape without a high risk of being swept away. Seeking refuge in the buildings would be a
possibility if the buildings meet the standards of at least solid brick walls and a possibility to
enter a second floor or the roof. The shown hazard maps can be used to identify evacuation
paths and should be given to the local emergency authorities.

According to this study, it would theoretically be possible to build the storage halls as the overall
technical risk would not increase (the slightly increased risk for certain parts of the compound is
mitigated by supplying safe shelter in the halls in case a 100 year flood event would occur). In
such a case it would furthermore be recommendable to increase the flood security of the
buildings within the scope of the refurbishment.

Overall it would anyhow not advisable to allow more development in a flood prone area and
construction of additional buildings should not be allowed in order to promote developments in
safer areas elsewhere. In addition, in the long term, it should be aimed for to move the existing
developments out of the floodplain as well. Such decisions would anyhow need to be based on
detailed development codes that regulate utilization of existing developments as well as new
developments in flood prone areas. The British Planning Policy Statement 25 (PPS25) would be
an example for such a policy. The policy should cover both the vulnerability of the object (risk for
people, risk of collapse) as well as the risk the object poses (changed flow characteristic may lead
to higher risk downstream, flooded industry may cause pollution, etc.).

A further point to be addressed in a detailed FRA would be the impact of planned developments
downstream. In the case above no impact is visible. Under different conditions there could
anyhow be significant impacts downstream that would have to be taken into account for a
decision.

2.7 FLOOD DEFENCES AND MITIGATION MEASURES

2.7.1 Introduction to flood defence and mitigation possibilities in Mozambique

Mozambique, in parts, comprise of huge floodplains that can be several kilometres wide. These
plains are periodically flooded which, due to the fact that the floodplains are used for a variety of
purposes, often results in the destruction of crops and assets through floodwaters. Nevertheless
the floodplains fulfil a very important function in retaining floodwater and preventing higher and
more destructive flooding downstream.

The current situation of flood prevention, defence or mitigation measures shows a rather less
developed picture. The situation can be described as follows:
— Upper catchments are strongly deteriorating, promoting increased runoff and more
peaky floods
— Operation rules for large dams are not targeted at flood retention with low operation
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levels but rather on maintaining high supply levels

— Small dams and weirs along the tributaries are not numerous enough and too small to
play a significant role in flood retention

— There are no land development policies in place or enforced that would prevent
settling and construction in flood prone areas

— The data and monitoring situation on local level is not sufficient to conduct detailed
flood risk assessments and gain thorough information of local flood conditions

— A “making room for water” concept with holistic approaches and maintaining the
retention function of the floodplains for basin wide flood prevention is not followed
while preference is given to local approaches

— Structural defences are mostly not in place

— Monitoring and early warning systems are not sufficiently in place

— Preparedness activities and adaptation through flood resilient construction are not
promoted broadly but are only carried out locally by few NGO's

There is a variety of options to improve the existing situation using various measures with short-
and long term effects based on structural interventions, avoidance and mitigation.

Flood protection can be achieved through different means and on different levels.

On a watershed scale, upper catchment conservation and restoration works have significant
beneficial effects in reducing floods. In addition preservation and restoration of wetlands and
floodplains is a powerful tool for flood reduction. Utilizing existing dams in a river basin, these
can be operated with synchronized schedules and flood protection being the priority, while this
obviously means compromising on power output or water availability through reduced reservoir
levels.

On a local level, there are several options available for improving flood resilience. Options can be
low profile through preparing people for the possibilities of flooding and recommended
behavioural actions in flood situations. Options can also include the development of early
warning and alarm systems as well as the promotion of flood resilient designs and the inclusion
of safe havens on household level where people can take refuge or valuables can be stored. Both
options would benefit from development regulations that would include building restrictions
based on flood risk zones as well as flood resilient construction obligations (i.e. suitability of
structural integrity, electrical connections, sewage systems, etc.) at least for public buildings.
Emergency planning of the respective institutional players would be of much advantage as well.

A second option for local improvement of flood resilience includes embankments which can be
constructed to protect larger areas. As a detriment to a preferred holistic approach,
embankments generally restrict floodplains, resulting in reduced retention capacity and leading
to higher flood levels downstream. As an alternative to embankment construction efforts,
properties both on large and on small scale can be constructed in a flood resilient way, either by
building on wharfs or by constructing on stilts. The latter has the least impact in reducing flood
retention capacity along a river but is not applicable for existing solid settlements and also
depends on availability of construction material.

In general the recommendations given in the sections below as much as possible follow the
“making room for water” concept in order to prevent situations where upstream flood
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protection measures worsen the situation downstream. Nevertheless also structural examples
are given.

2.7.2 Catchment conservation

Upper and middle catchments in Mozambique are degrading to different extents. Main reasons
for degradation are expansion of agriculture, unsuitable agricultural practices, uncontrolled
logging and mining activities. The degradation severity for Mozambique is shown in Figure 2-25.
While the map is more than 20 years old and at a coarse scale it provides a good baseline
overview of human induced catchment degradation in Mozambique, showing the full range of
low to very high degradation.
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Figure 2-25:  Degradation severity map for south-eastern Africa including Mozambique (Oldeman et al.,
1992)

Considering the ongoing population growth it can be assumed that the severity of degradation
has increased as experience shows that population growth goes hand in hand with increasing
land utilization, increasing farming, increasing livestock keeping, increasing logging for firewood
and construction material as well as increasing other land consuming activities like e.g. small
scale mining. The main factors contributing to land degradation and related increased flooding
are related to farming activities, mainly agricultural production on grasslands and in wetlands
causing degradation with resulting loss of retention capacity through
= Drainage and grazing of wetlands reducing the “sponge” effect
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= Changed soil and plant composition

= Poor land conservation practices leading to less infiltration and increased runoff

= Deforestation for firewood, charcoal and construction materials resulting in increased
runoff

Catchment conservation, rehabilitation and improvement are main aspects of successful and
sustainable flood risk management with the secondary effect of increasing water availability in
the dry season. If implemented before degradation takes place it is the least costly flood risk
management option so it is a highly advisable solution. Main issues are the maintenance of a
good groundcover in the upstream reaches which increases interception and retention as well as
infiltration. In the middle river reaches wetland- and grassland floodplains are important to be
maintained as they basically act as the rivers “safety valves”. The well vegetated areas with a
good groundcover are very effective at increasing the infiltration of rainwater into the ground.
This reduces surface runoff flowing into rivers and streams during times of high rainfall, and
maximises ground water seepage into these during the dry periods. The effect is most important
in the upstream reaches. When rivers flood in the middle reaches of a river, the wetlands and
grasslands of the floodplains spread out the water, slow it down and absorb it like a sponge,
preventing the dangerously high peaking flood waves from occurring. Effectively the runoff gets
retarded leading to lower waterlevels during the rainy season and higher waterlevels during the
dry season.

For understanding the reasons for the hazard potential associated with floods it is also important
to understand that the increase in hazard significance (considering both frequency and severity)
is a consequence of two aspects. The poor management and overuse of land resources that
result in increased and faster runoff and in addition the increasing population density in the
downstream reaches that encroach floodplains with their settlements and thus create
hazardous conditions.

Actions that are recommended to promote catchment conservation include the following:
=  For the upper catchments:
- Implementation and enforcement of logging regulations
- Implementation and enforcement of land use regulations aiming at
groundcover
- Implementation and enforcement of land management regulations, i.e.
agricultural practices aiming at contour ploughing, terracing, improved tillage
and similar retention promoting methods
- Promotion of reforestation
- Introduction and enforcement of grazing limits
- Introduction and enforcement of regulations for e.g. mining activities
- Introduction and enforcement of regulations for development activities
- Protection of altitude swamps and wetlands
=  For the middle and lower catchments
- Implementation and enforcement of building regulations to keep
development out of floodplains
- Implementation and enforcement of drainage regulations
- Protection of wetlands
- Implementation and enforcement of grazing and other land use regulations
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Next to the necessary studies and planning activities to put the regulations in place, training and
especially enforcement over a long period of time are very important aspects for successful
implementation of activities. The activities would need to be planned in several steps, starting
from detailed surveys and planning for the activities, the training of administrative staff in the
respective administrations, the setup of administrative departments including outreach and
enforcement sections and the actual implementation potentially with the help of local NGO’s or
small enterprises.

Pricing the activities is difficult and would require detailed studies of which catchment areas to
be dealt with, the conditions within these catchments, the situation within the local
administration regarding manpower and capacity, and the suitable ways for implementation.
The cost for such a study for preparation of catchment conservation activities for assumed three
pilot subcatchments could range in the order of 70,000 USD.

2.7.3 Flood preparedness

In conditions where floods present a problem to a population, flood preparedness is a
straightforward solution to decrease not the flood risk but the hazard potential connected to it.
Studies have shown (Petersen, 2009) that injuries and the loss of life can significantly be reduced
if populations are aware of the flood risk and are prepared for the occurrence of floods including
suitable ways of reaction. Awareness can be created to public notification and/or community
workers that conduct group trainings. Good practice examples also include the training of
neighbourhood focal point persons who, after their training, can further disseminate the
information within their neighbourhoods. Information that needs to be provided during such
training includes correct ways of reaction when floods occur, identification of safe locations,
possibilities to obtain help and information about preparing houses to make them more flood
resilient but also information how to mobilize and conduct the community trainings. A baseline
training for focal point persons (including the identification, etc.) carried out by a Mozambican
small company or NGO could cost in the order of 3000 USD. Costs would reduce if a larger
number of trainings would be carried out.

As an improvement to awareness raising activities, early warning and alerting mechanisms can
be put in place. There are a variety of solutions in this regard. Simple possibilities include simple
monitoring of water levels at upstream gauges based on which, when exceeding a certain
threshold, flood warnings will be sent to downstream communities. More complex solutions
include hydrometeorological observations and flood routing for detailed forecasting of flood
levels. While the simple possibilities can be put in place fast and efficiently with limited efforts,
the modelling options require severe data collection and development work. As the simple
possibilities can already improve the situation significantly by providing early warning especially
along long rivers, they would be the preferred solution for Mozambique in the short term. Costs
for such undertaking much depend on how they would be set up. Most cost benefits could be
achieved if attached to existing administrative structures in centers along the river courses for
which an alerting and responsibility plan would have to be established.

As a third point, flood preparedness also includes infrastructure and building regulations for
flood resilient construction and use of assets. The topic is described in more detail in Section
2.7.7.
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As a last point, emergency planning is an important point for flood preparedness. While it is
possible to raise awareness in the population, to forecast and to warn, floods, depending on
their severity, have an impact on the population and require emergency intervention. INGC
(National Institute for Disaster management) and CENOE (Central Emergency Operations Centre)
are the public bodies in Mozambique who are responsible for flood emergency intervention and
the related liaison with response agencies. The setup is well developed on top level (including
information collection, dissemination and responsibilities) while on grassroot level response
mechanism and assets are stressed when disaster strikes. It is suggested to make these agencies
responsible for the above described flood preparedness activities.

2.7.4 Flood resilient design

Floods are natural phenomenons that repeatedly occur along river courses as part of the yearly
hydrological cycles. Different aspects have over the recent years increased the flood risk (man-
made catchment degradation and climate change) as well as increased the flood hazard
potential (growing populations settling in flood plains). If there are no plans to move people and
developments out of flood plains it is important to, at least in the medium term, accept to live
with floods and adapt to the problems they bring. Flood resilient design is the way forward to
ensure structures are better equipped to cope with floods, to avoid collapse and to allow
protection of property and life. There are different levels and possibilities of flood resilient

design:
1. Improvement of structural stability of existing houses to avoid collapse and to protect
property
2. Improvement of flood resilience of existing or new houses by planning for flooding
through

a. Respective placement and safeguarding of e.g. power, water and sewage lines
above or sealed off from flood waters
b. Construction of safe havens to safely accommodate inhabitants and some
property during floods
3. Improved design of newly planned houses by
a. Building on stilts
b. Building on wharfs

As Item 1. and 2. are dealt with by NGO’s on ground in Mozambique (e.g. Concern, Safe the
Children), This study has focused on Item 3. the improved design for newly planned houses.
Basically two options would be suitable for Mozambique, construction on stilts or construction
on wharfs. While the former option is restricted to areas where suitable timber is available in
sufficient quantities and to affordable prices, the latter option is suitable basically everywhere.
While stilts are more capital intensive, the construction of wharfs would be more labour
intensive and requiring slightly more space. Stilts have the advantage of not restricting flood
waters while having the disadvantage that their lifespan is limited.

Stilt structures for single storey local houses (light structures) should be constructed from timber
with minimum size 10cm diameter and anchored into the ground by a minimum of one meter. In
average, one stilt per square meter house should be used and the stilts crowned by a wooden
base frame of the same diameter and reinforced by cross members in triangular orientation
along all axis plains (x/y/z) of the house. If larger diameter stilts are available the distance
between the stilts can be increased respective to the increased diameter. Timber stilt structures
can generally be built to up to 2 meter platform height. Larger heights are possible but require
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deeper foundation depths and more elaborate design calculations. The actual height would
depend on the flood levels expected for the construction site. Impact resistance is not
considered for this typical design. A typical structure is shown in Figure 2-26.

Based on information obtained from NGO’s that work in rural areas of Mozambique obtaining a
cost estimate for a typical structure is not possible as prices strongly depend on local availability
of timber and expertise of local craftsmen. While in some areas the structures are actually built,
in other areas it would be very difficult to implement them.

Figure 2-26:  Typical design of a stilt house

Wharfs are earthen mounds that form an elevated base for a house. The wharfs are more
durable than stilt structures and require significant earthmoving by more numerous but less
skilled labour. Wharfs have the effect of decreasing floodwater retention area though to a lesser
extent than dikes. Wharfs should be designed to a height that reflects safe levels above locally
known flood levels. There is no restriction to the height of wharfs though their footprint
increases with height as the slopes should be shaped with minimum 45° slope angle. The wharf
should be built up in layers which are placed subsequently and compacted. Layer thickness
depends on material and compaction equipment. Assuming clayey sand and hand compaction,
layer thickness should be 5-7 cm. A minimum two meter fringe should be allowed around the
house. Access to the house should be by a staircase built into the slope. All other areas of the
slope should be prevented from access in order to minimize erosion. A typical design is shown in
Figure 2-27. Due to the footprint area required for a wharf, they are more suitable to be
constructed in scattered settlements or for isolated houses. As an alternative, wharfs can be
enlarged to accommodate several houses or constructed as a village refuge separate from the
normal houses to provide retreat in times of flooding. To allow for shelter, and at the same time
raise awareness for floods, new school buildings could be constructed on such community
wharfs. In addition, emergency supplies for the community could be stored here.

October 2012, p 158




RESPONDING TO CLIMATE CHANGE THEME 5
IN MOZAMBIQUE Water

Figure 2-27:  Typical design of a wharf house

Also combinations of stilts and wharfs are possible where a basement can be included in the
wharf that would allow for cool storage. Depending on construction techniques used for the
basement it is likely that the basement gets inundated by seepage water during floods so it can
not be considered a safe storage.

Costs for wharfs differ much depending on local circumstances and the way they can be erected.
Options range between promoting of community work to use of commercial contractors.
Respectively costs can range between zero or incentives for community works to up to 10
USD/m? if material has to be transported from a distance by heavy equipment. As examples:
= Earth wharf for a single house with assumed 70 m? surface area (7x10m) and
elevation of 2.0 m results in a volume of approximately 210 m>. If constructed by a
commercial contractor costs could be up to approximately 2,000 USD
= Earth wharf as a community refuge with assumed 10,000 m” surface area (100x100m)
and elevation of 2.0m resulting in a volume of approximately 20,800 m’. If
constructed by a commercial contractor costs could be up to 200,000 USD

Prices strongly depend on the number of wharfs to be constructed and hauling distances for
material and availability of contractors in the area. Quotes are based on quotations of a larger
regional contractor; local contractors can be cheaper but this strongly depends on
circumstances.

2.7.5 Improvement of existing flood retention structures

Flood retention structures already exist in Mozambique in form of large and small dams and
weirs along the main streams as well as their tributaries. Both dams and weirs are generally not
operated for flood retention purposes but for water storage and therefore are mostly kept at
maximum supply levels as long as possible. In order to utilize dams and weirs for flood retention,
storage capacity needs to be available during flood events. This can be achieved through three
mechanisms.

1. A general low level of impounding that can be controlled through discharges that relate
to average streamflows, i.e. water is discharged at the rate of average inflow so that
under average flow conditions water is basically discharged directly and not retained.
Only if the inflow exceeds the outlet capacity water is retained. This type of setup does
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not need any control once the design parameters are established. No water is stored
during average flow conditions.

2. A normal utilization of the reservoirs, with high impounding levels, but with an
operation scheme that can react to flood warnings. In the case of floods warnings water
would be released from the filled reservoirs before the arrival of the flood wave in order
to create retention space. The operation has to be well scheduled and is highly control
intensive and dependent on good weather- and flood forecasts in order to achieve an
effect. Towards the end of the floodwave, reservoir discharge could be reduced to
maintain a filed reservoir at the end of the flood.

3. Flood retentions also include floodplain areas, i.e. areas that get flooded once floods
occur. In some locations the passageways for water into these areas have been
restricted and floodplains have been cut off. Opening up these floodplains and thereby
creating retention space would significantly reduce flooding downstream. It is therefore
important to holistically view a catchment to decide which stretches along the river
courses should be protected and where flooding should be allowed in order to protect
downstream areas.

2.7.6 Structural flood defences

Flood defences are structural means to prevent water from a watercourse to flood an adjacent
area by physically barring the water from entering this space. It needs to be understood that
with these actions floodplains are cut off from the river resulting in decreased retention area
and a stronger floodwave propagating downstream, leading to increased flood levels and
resulting damages downstream. Talking of flood defences it is therefore very important to
understand that building a flood defence in one location is likely to increase the flood risk and
threat downstream. Flood defence measures therefore have to be planned with a holistic view,
considering the whole catchment, and as much as possible limiting the protected or rather cut
off areas.

Protection against structural failure is important for flood defences. Areas that are protected are
generally considered as “safe” so that a failure of the defence could have serious consequences
for the property and life of people living behind these defences. Earth dikes form the most
practical and low tech solution to build defences also in light of failure risk. As dikes can not be
designed to withstand “any” event, it is important to build them in a way that they are resistant
against internal erosion and overtopping. Typical cross sections of dikes are shown in Figure 2-
28. The cross sectional profile to be selected depends on material type and availability as well as
space availability. Gentler slopes (1:3) are the preferred solution from a durability and stability
point of view as maintenance needs are low and the gentle slopes provide good erosion stability
from toe seepage and overtopping. Nevertheless, material requirements and footprint space are
highest for this type of cross section making it the more costly solution. Dikes with steeper
slopes (1:1) occupy less space with the same height and are less material demanding but require
careful maintenance and are problematic during longer inundation times. As an example, over
1000m of dike length, with 3.0 m top width and 2.0 m dike height, a 1:1 slope would result in
10,000 m® of soil needed while with a 1:3 slope 18,000 m?> would be needed.
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Slope 1 : 2

Figure 2-28:  Typical dike cross sections.

A good solution for dikes is a 1:2 slope. In order to resist overtopping erosion, the slopes need to
be protected by a dense grass cover and should be protected from access. Any bare soil on the
slopes would be prone to erosion in case of overtopping leading to risk of breaching with
resulting fast flooding of the protected areas. In order to reduce the risk, sections of dike can be
constructed with lower elevation where spilling would concentrate. These sections could be
prepared with gentler slopes and particular surface protection.

The height of flood protection dikes would need to be established through a detailed Flood Risk
Assessment (FRA) based on which dike heights would be established. The sloping nature of the
waterlevels along the riverdike will need to be considered. The design should be model tested as
part of the FRA. The bottom width of a dike is depending on its height in combination with the
slope. For the top width a minimum width of 3.0 m should be used to allow accessibility and
sufficient overtopping- and seepage resistance. In cases where the dike can serve multiple
purposes, e.g. as a road dam, wider sections can be used.

Toe drains are an important feature of soil dikes that need to be considered in the design. As a
standard design a filter prism of about 0.5 m height, made from well graded sand should be
included in the dike cross section.

Construction of the embankment dikes needs to be carried out with suitable soil that has
sufficient clay content. The dike body has to be built up in layers which are placed subsequently
and are well compacted. Bonding between the layers needs to be ensured through scarifying the
surface of the previous layer before placing the next layer. To achieve proper compaction the
moisture content of the fill material needs to be adjusted in most cases. Before placing the first
layer the foundation for the dike needs to be stripped from vegetation and topsoil and the same
method applied (scarifying, adjusting moisture content) as for the subsequent layers. The exact
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procedure will have to be established depending on actual soil properties and construction
equipment found on site.

2.7.7 Development policies

Development policies with regards to infrastructure and building regulations for flood resilient
construction and use of assets are proven tools for reducing flood impacts. By providing
regulations about where (and where not) and how structures and assets shall be constructed
and who shall (or shall not) use them, the risk associated with floods can be reduced by ensuring
structural stability and suitable use. The British Planning Policy Statement 25 (PPS 25), issued by
the UK Government (2010) is a good example for a planning policy focusing on flood resilience.
The document describes key planning objectives, decision making principles, a risk based
assessment approach and responsibilities as part of physical development planning.

A development planning guideline suitable for Mozambique would need to take account of the
local circumstances and especially focus on the baseline data situation and the implementation
and enforcement of the planning guidelines. The main challenges would be to conduct baseline
data acquisition including setting up and running of respective monitoring stations as well as the
setup of competent regional and local departments to deal with the tasks on site.

Proposed policy principles for rural areas and smaller towns in Mozambique (applicable both for
new developments as well as changes to existing developments) have been prepared based on
PPS25, adapted from UK Government (2010), considering practicability in Mozambique. The
policy principles are shown in Annex A2.6.

Developing a full and accepted policy with stakeholders and government agencies in
Mozambique would require significant efforts and capacity of the involved governmental and
local administrations. In addition commitments would need to be made in order to sustainably
fund the implementation and enforcement of the new policy.

2.7.8 Case studies

Three locations in Mozambique, Caia, Tete and Chockwe where flooding is a problem due to
frequency and impact of flooding have been chosen for detailed studies of possibilities to
alleviate flood risk. Lengthy consultations have been held before the three sites were identified.
Feedback regarding the topic has been rather vague which actually reflects the overall situation
in Mozambique with flooding in many locations. Eleven individuals and stakeholders who could
possibly provide information regarding suitable flood defence locations as well as suitable
construction methods and in addition construction costs were contacted in January 2012. Due to
the fact that flooding is a rather generic problem in Mozambique results were not explicit and
the only locations specifically pointed out was around Chokwe, Lionde and Guija on the Limpopo
as well as Tete and Caia areas on the Zambezi.

The locations are representative for Mozambique in that they:
1. lack data in order to carry out detailed flood risk assessments and assess real threat
levels
2. lack upstream hydrometeorological monitoring that would allow for forecasting and
warning
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3. face worsening flooding situations due to upper catchment degradation
4. could be better protected from flooding through improved flow control assets upstream

There are anyhow chances for the locations which include
1. awareness creation in the population
2. upper catchment consercation activities
3. improvement of flow control asset scheduling for flood retention purposes
4. improvement of defences

A general recommendation given in many replies included that due to the widespread flooding
issues and limited resources the priority solution should be to keep people out of flood prone
areas through respective development rules. Resettlements on the other hand were reported as
difficult as people tend to return.

Regarding suitable construction methods replies differed. Wharfs were overall seen as good
solutions for central retreat areas in villages. Dikes were seen partly positive, partly with
concerns due to the potential for breaching and flooding of areas that would be considered
protected. Construction on stilts was mostly ruled out due to the limited timber or other
material availability and high costs. In addition the reinforcement of existing buildings and the
construction of elevated platforms inside such buildings to store valuables were proposed for
areas where only shallow flooding is expected.

Regarding construction costs the strong dependence of prices depending on the site location
was stressed which have a significant influence on costs.

For the first three points listed above generic recommendations have already been given in the
previous sections. Regarding improvement of defences detailed information has been acquired
and will be given below. Considering the local situation in the selected pilot locations, Caia, Tete
and Chockwe, homogeneous soil dikes are the preferred structural intervention for flood
protection. For the purpose of this study the interventions have been seen in isolation and
downstream effects have not been studied due to data restrictions. Before any form of
construction starts, a detailed Flood Risk Assessment with the respective input data acquisition
needs to be carried out in order to assess the design parameters and the impacts of the
construction works. For coming up with a quote, the following assumptions have been made:

Dikes will be constructed with a homogenous dike body, crest width 3.0 m and side slopes of 1:2.
Regarding the required height two cases are assessed, with 3.0 m (Case 1) and 5.0 m (Case 2)
dike height leading to cross section areas of 27 m” and 65 m” respectively. For both cases hauling
distances of 4 km were assumed. Costs for such dikes including cost breakdown is shown in
Table 2-4 and Table 2-5. Free access to suitable soil material assumed was assumed for the
calculations, the cost estimates are based on quotes from regional contractors. Depending on
circumstances local contractors may be able to offer much cheaper quotes though reliability
would need to be assessed thoroughly.
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Table 2-4: Cost breakdown for Case 2 dike section (3m dike height)

Cross Length | Volume Cut to Haul Overhaul Shaping | Shaping | Grassing Total
sect fill dist area slopes

m’ usD/m’ | km SD/m /km | m® uUsD/m® | USD/m® | USD

27 1,000** 27,000 8.67 4 0.44 16.4 1.73 0.87 218,563
 Overhead cost (incl. mob, demob, supervision, etc)* 20% 56,313

subtotal 337,875

VAT 17% 57,439

Total 395,314

Table 2-5: Cost breakdown for Case 2 dike section (5m dike height)

Cross Length | Volume | Cut to | Haul | Overhaul Shaping | Shaping | Grassing | Total
sect. fill dist ETE] slopes

m’ M m’ usD/m’ | km usbD/m’/km | m’ uUsD/m® | USD/m® | USD

65 1,000** | 65,000 6.5 4 0.33 25.4 1.3 0.65 677,799
20% 135,560

subtotal 813,359

VAT 17% 138,271

Total 951,630

*Overhead costs will much depend on the location of the site with reference to the contractors’ base. l.e. local
contractors may be able to offer reduced mobilization and demobilization costs.

** For comparison reasons a dike length of 1 km has been assumed. The percentage of overhead costs may reduce
with increasing structure length

2.7.9 Recommendations

A variety of flood protection and mitigation options have been discussed in the above sections
highlighting their benefits as well as detriments and providing cost estimates. While on a short
timescale and considering the persisting problems some structural flood protection measures
may be unavoidable, strong efforts should be spent to sustainably improve the flooding situation
with a longer term time horizon by rehabilitating the upper catchments and providing
floodwater retention areas through policy development and enforcement. A pure focus on
structural flood protection by constructing of dikes should be avoided as the negative effects
through a changed hydrology downstream as well as within the diked areas themselves are
immense and would increase problems elsewhere. While investments have to be discussed on a
case by case basis with consideration of the catchment situation, the best option for increasing
the flood resilience of communities is seen as a combination of small scale technical
interventions accompanied by large scale increase of retention area through catchment
conservation. Additional multiple-benefits can be achieved by promoting the construction of
weirs and small dams along the tributaries which will lead to an improvement of water supply
and the creation of retention area. As space will be needed for such efforts, policies need to be
implemented to regulate space consumption in areas allocated for water. In detail, the following
combination of interventions would be advisable, following the “living with floods” concept:
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Small dikes, wharfs for house and community protection

Upper catchment conservation

Policy development

Weirs and small dams for flood retention purposes

Adapted schedules for large dams

Forecasting and early warning system development in combination with alert systems
Promoting preparedness of the population

NoupsrwNe

The measures would aim at the prevention of floods through a holistic and catchment wide
approach and would require detailed catchment assessments and analysis of upper catchment
conservation and -rehabilitation as well as retention potential. Potential future population
growth and respective land use change and expected degradation trends would need to be
considered. It can be expected that upper catchment measures would have a significant
influence on flood retention and therefore alleviating flooding at hotspots with direct benefits
for the riparian population

2.8 CONCLUSIONS

Current state and climate change flood maps have been produced for the main channels of the
Zambezi, Pungwe and Limpopo for 2 year and 20 year return period flows. The maps are
restricted to these flows since the climate change flows from INGC Phase | are only available for
these two events. Available data were very limited and of poor quality for setting up 1D and 2D
hydraulic models. A number of approaches were undertaken to improve topographic data
quality, to find the most plausible data ranges and to consider and display the uncertainties.
These efforts lead to a higher accuracy of the simulated inundation compared to using raw data.
The spatially distributed uncertainty assessment is valuable for identifying areas along each
channel where model results are less and more certain. Generally, it has to be emphasized that
inundation mapping using the available database causes immense uncertainties in the results. It
thus has to be stressed that the results should be treated with caution and should not be used in
final decision making or for infrastructure design purposes. When using the maps for planning of
mitigation and management strategies is it important to keep the following limitations in mind:

1) Due to lacking accuracy in flow and topographic data it is not possible to give indications
of depth of flooding. The results of this study can thus not be used to derive detailed
flood defence heights. The maps can only be employed to distinguish areas that are
potentially under the risk of flooding from areas that are potentially not under the risk
of flooding.

2) The produced inundation layers are overlaid with topographic maps from the Soviet
Military Mapping as no other topographic data were available. Their accuracy is not
standardized and objects and borders on the map may or may not reflect the true
location. In addition towns and cities may have grown over the recent years.

3) The models are calibrated and validated to the Dartmouth Flood Observatory (DFO)
maps derived from satellite images. It should be kept in mind that dense and high
vegetation can mask flooded areas on such images. Thus, modelled inundation,
especially in the Zambezi Delta could be underestimated due to this condition.

4) The high regional differences in the climate change flow projections, the likelihood of
the A2 scenario to occur and the uncertainties involved in climate impact modelling in
general (Quiggin 2008) have to be stressed here. Continuous actualizations of the flood
maps towards new climate change research results should be carried out.
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5) Small changes in flood flows, e.g. from baseline to climate change flows, show only very
little impact on inundation. This is due to the fact that the SRTM vertical resolution is
restricted to full meters. Thus, if an increase or decrease in flows does not push water
depths over a meter threshold, inundation extents can be similar for different flows.

6) Weaknesses of the one-dimensional approach (see Section 2.4.3) are apparent in the
wide floodplains of the rivers. Means to overcome this problem are 1D-2D hydraulic
modelling together with gathering adequate datasets.

7) The shown detailed results for the cities Tete, Caia and Chokwe are based on the same
data sources and model approaches as discussed above and thus have the same
limitations as the river-wide flood maps.

8) The maps could only be produced for the 2 year and 20 year return period due to the
limitations in the climate change flow change predictions. It is recommended to obtain
climate change impact assessments on higher return flows to drive the models with
more forceful events. Such climate change flows could potentially be produced by the
DSS, developed in Subcomponent 1. A coupling of the hydraulic model with the DSS
would thus be a meaningful step.

The supplied maps can however be used for finding promising areas/regions for development or
flood defences. Those areas have to be assessed in depth individually using a local Flood Risk
Assessment (FRA) after proper data gathering. The shown FRA is an example for such a detailed
investigation. However, high resolution topographic and hydrologic data need to be available
before similar studies can be carried out.

Overall, the flood maps are superior to previously produced maps in that the underlying
hydraulic calculations and inundation mapping have a higher accuracy due to the incorporation
of channel depth estimations and the corrections of the DEM in forest and dense infrastructure
areas. Beyond that, the maps are produced for a baseline and climate change scenario and the
maps contain spatially distributed uncertainty assessments. This was to our knowledge not
available before this study.

For improving the flooding situation, a “making room for water” concept has been proposed.
Structural flood defences and assets will be inevitable on the local scale for high value locations
but efforts should be spent to minimize these and focus on holistic approaches including
catchment and floodplain conservation through the development of suitable policies for which
guiding principles have been provided. It is essential to understand that the increased
occurrence of floods would be increased by large scale construction of defences that would
increase flooding downstream while catchment conservation approaches have strong benefits
not only by reducing flooding but by equalizing the annual flows and increasing agricultural
water availability.

2.9 TRAINING IN FLOOD MODELLING

A five day training for flood modelling was conducted at Eduardo Mondlane University, Maputo
from the 16th to the 20th of April 2012. Table 2-4 lists the trainees, identified and nominated by
INGC, that participated in the course. The course objectives included the understanding of the
flood modelling methodology, to gain basic HEC-RAS modelling knowledge, complete flood
mapping with RAS Mapper, generate and layout a flood map with ArcGIS and understand the
capabilities, uncertainties and limitations of the maps. The training was conducted in an
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interactive and flexible manner to encourage knowledge exchange, discussions and give
opportunities to ask questions during the whole course.

Table 2-6: Participants of Flood modelling training

First
Name Surname Employer

Agnaldo Bila INGC/CENOE
Anastacio Magumane
Brazao Mendes INGC
Elias Barros INGC
Elidio Massuanganhe EMU
Felisberto Afonso EMU
Igor Honwana INGC
Isac Filimone DNA
Isaias Raiva INAM
Isaias Vilanculo EMU
do Céu Ricardo da
Luisa Conceigdo DNA
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SUBCOMPONENT 3: Urban Drainage

3.1 SCOPE OF WORK

The scope of work as defined by the Terms of Reference published in the tender documents for
this assignment had been commented on by the Consultant in the Technical Proposal (TP) of this
assignment and in the Inception Report, where a change of methodology as compared to the TP
was suggested by the Consultant and approved by the Client.

3.1.1 Original terms of reference

Urban areas are especially susceptible to flooding. The high percentage of impervious surfaces in
urban areas prevents rainfall from being absorbed by the soil, resulting in the generation of high
volumes of rainwater runoff. Excess rainwater tends to concentrate in low areas or poor
drainage resulting in adverse impacts such as roads impassable, houses flooded and blocked
sewers. Some of these problems will intensify if climate change results in more intense rainfall,
such as projected for Maputo in Phase | of the INGC project. The consultant is to conduct studies
to identify the location of these problems with regards to storm water in the city of Maputo,
making recommendations for structural and non-structural measures to solve or alleviate the
problems.

Next to problems, excess rainwater will also mean new opportunities to reduce reliance on
water supplies, particularly through its capture and reuse. The Consultant shall investigate and
propose appropriate technologies to capture, process and distribute rainwater for reuse in
Maputo.

It is intended that the present study to include at least the following elements:
e Urban storm water analysis to identify potential points of water concentration under the

scenarios of current and future climate;

e Field surveys to verify independently the bottlenecks of rainwater and to identify
potential users of rainwater partially processed;

e Recommendations for new infrastructure to solve problems with rainwater;

e Recommendations to implement systems for reuse of storm water.

The recommendations on infrastructure bottlenecks and to rainwater can be incorporated into
development plans of the city and be used to manage traffic and the repair and rebuilding after
major storms. !

! In Section I1IC of the Technical Proposal the Consultant remarked that “On the accuracy of outputs:

The TORs for Subtopic 3 require the Consultant to “identify the location of ... storm water runoff problems within the city
of Maputo using a combination of computer-based modelling and field surveys, and recommendations will be made
(infrastructural and non-infrastructural) to alleviate the problem.” The Consultant would like to point out that the accuracy
of outputs including any recommendation heavily depends on the data availability on the ground. Hence, it is possible that
the information content of outputs (e.g. change of storm water runoff over time, effect of infrastructural and non-
infrastructural measures on storm water runoff) will rather be qualitative than absolute at the end of the consultancy. In
any case, the Consultant will ensure with the model design that additional data that might lead to improved output
accuracy and that are not available at the time of this consultancy can easily input in the future.
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Systems for the reuse of rainwater may provide new business opportunities for private investors
to capture and provide adequate water for reuse. The Consultant shall work to the level of
project proposal and budget of at least three of the recommendations so that when the funding
of the implementation is found, the Government could proceed directly to implementation
(procurement or other appropriate solution).

It is intended that the study of Maputo may serve as a model for adaptation to other urban
centers.

3.1.2 Methodology and workplan revised after inception phase

Based on the agreed Contract (Terms of Reference and Technical Proposal of the Consultant),
the outcome of the stakeholder workshop held in Maputo on 21 September 2011, the
continuous contacts with the relevant institutions of Maputo, and the resulting availability of
data and information, the Consultant proposed in the Inception Report an adaptation of the
methodology and workplan as described in the following sections. After the approval by the
Client, the adapted workplan was consecutively pursued by the Consultant in the main phase of
the project.

3.1.2.1 Adapted workplan as approved by the Client

Based on the availability of data, as it could be judged by the end of the inception phase, and
based on the stakeholder consultations during the inception phase, the modelling approach was
adapted as follows in coordination with the client:
= With data availability being on the low side of the consultants’ expectations, the
project area was reduced and detailed field surveys were carried out to collect the
missing data and verify old or low resolution datasets.
= As during the inception phase it became clear that neither the Client nor the other
identified stakeholders show considerable modelling experience, the Consultant was
not successful inviting a “Client’s modelling specialist” to accompany the Consultant
during the modelling process throughout Phase three. It was therefore proposed that
the Consultant would rather provide basic literature about the model and the
technical prerequisites (hydrology, hydraulics, data requirements) to the Client and
the stakeholders during project phase three, so the future participants for the final
handover workshop and training could acquire the basic knowledge about the model
principles and functionalities before the training actually took place on 21 and 22
March 2012. After some administrative delays in the project, the preparative tutorial
for the identified modelling personnel started in early March 2011 with the provision

On recommendations for implementing storm water reuse systems: The TORs require that for storm water reuse systems
“At least three recommendations must be worked out to project proposal and budget level, so that when funding is
secured, the government can proceed to immediate implementation (through tendering as appropriate)”. Due to the
available budget, the Consultant assumes that “project proposal and budget level” means feasibility study level and that
the output will not be projects ready for implementation”

% On recommendations for implementing storm water reuse systems: The TORs require that for storm water reuse systems
“At least three recommendations must be worked out to project proposal and budget level, so that when funding is
secured, the government can proceed to immediate implementation (through tendering as appropriate)”. Due to the
available budget, the Consultant assumes that “project proposal and budget level” means feasibility study level and that
the output will not be projects ready for implementation”
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of reading material and was continued with the above mentioned first simple training
task on a case study level.

= As already of data scarcity as anticipated in the Inception Report, technical details of
the proposed interventions and measures could be elaborated only very roughly, as
reliable information on the ongoing urban planning and investment schemes
regarding urban drainage of Maputo is not existing or could not be obtained from the
respective authorities in Maputo and could also not be measured in the limited time
and budget that was available (e.g. no comprehensive underground sewer maps exist
and the system is clogged with solid waste, i.e. can not even be assessed physically at
the current stage.

= Not much interest for storm water reuse systems was observed. Instead of
elaborating further on various opportunities, SuDS were focussed on as a good means
to recharge groundwater.

The adapted workplan for the project phases two to four of Subcomponent 3 is displayed Table
3-1.

3.1.2.2  Final implementation of adapted workplan

The workplan as suggested in the Inception Report was implemented accordingly during the
main project phase.

Table 3-1: Adapted workplan for the main project phase (Phases2-4) as defined during the inception phase

(Phase 1)
Phase 2 - Data Collection and Field Survey Phase
No. Activity Deliverables/Milestones
Continued acquisition of current and future (predicted)
2.1 | hydrological data, spatial data, and storm water completed
infrastructure data
29 Detailed on site investigations on Maputo catchment ]
’ area and of selected urban drainage bottlenecks
2.3 | Definition of catchment and subcatchment boundaries completed
Phase 3 — Modelling and Analysis Phase
No. Activity Deliverables/Milestones
31 Set-up of a general urban drainage system model (input | General urban drainage o]
from Phase 1 and Phase 2) system model set-up
First model runs and validation with past bottle-neck
3.2 completed
events
33 Improvement of the model within the selected T
’ subcatchments (input from 2.2)
3.4 | General documentation of urban drainage bottle-necks | Upon  written request
(input from 3.2) from the Client: Interim
Report including ovel.'wew il
of urban drainage
bottlenecks including
model Setup Scheme.
3.5 | Sensitivity analysis regarding uncertainty of input data completed
Development of different scenarios for selected
3.6 . . completed
subcatchments (current and future climate scenarios)
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Phase 4 — Wrap-Up Phase
No. Activity Deliverables/Milestones
4.1 Elaboration of recommendations for (non)structural
measures for storm water flooding relief and for storm completed
water reuse systems
4.2 Elaboration of recommendations for an Integrated
Urban Water Management in Maputo based on the completed
consultations with the stakeholders
43 Preparation of draft Final Report Draft Final Report completed
4.4 Model handover and hands-on training with the | Model handover completed
modelling experts nominated by the Client.
4.5 | Final Workshop if requested by the Client (optional) n/a
4.6 | Preparation of Final Report Final Report

3.2 EXECUTIVE SUMMARY

Subcomponent 3 deals with the assessment of the urban drainage situation in Maputo which
has proved to be very problematic with several neighbourhoods of Maputo experiencing
frequent flooding subsequent to high intensity rainfall events. The key objective of this study
was to investigate the actual urban drainage situation under current as well as climate change
conditions, to identify problem areas and to elaborate suggestions to improve the urban
drainage situation, including the consideration of stormwater re-use options.

The methodology for the implementation of the project consisted of an inception phase in which
data was collected and analyzed, sites visited and meetings with institutional stakeholders
conducted. These initial works were followed by an elaboration and adaptation of the workplan,
based on the findings of the inception phase. The implementation phase started with the
selection of Maxaquene A and Mavalane A as a catchment suitable for the planned assessments.
Fieldworks then included topographic field surveys and interviews with residents, followed by
the hydraulic modelling of the storm water runoff in the chosen catchment with SWMMD5 open-
source software. The project was concluded with a basic training for interested stakeholders and
the presentation of the findings and recommendations in this final report.

During the inception phase the data availability for the foreseen hydraulic modelling was found
to be weak. As a result of the data scarcity and to allow for collection of sufficient data it was
agreed between consultant and client (in consultation with various stakeholders) that efforts in
the main phase would focus on a selected subcatchment of the city, comprising the Bairros
Maxaquene A and Mavalane A which experience frequent and heavy flooding. Detailed field
surveys were carried out for these Bairros for the required topographic and structural data
collection. In addition interviews with the residents regarding the flooding frequency in their
respective neighbourhoods were conducted.

A detailed hydraulic model was setup and calibrated for the selected subcatchment using
SWMMS5 software. The model was used to simulate and assess different possible future
scenarios and possible flood mitigation measures. In order to disseminate the findings and build
capacity, a two day basic training on the SWMMS5 model has been held in Maputo. As a result,
interested stakeholders are enabled to work with the model subsequent to the finalisation of
the project. Additionally a short user manual has been elaborated providing information about
the use of the SWMM5 model in the project and providing the stakeholders with the necessary
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background information to be able to use the model on other subcatchments in Maputo and
also in other cities in Mozambique.

The results of the model assessments were used to develop specific recommendations that can
be used to improve the urban flooding situation in the assessed Bairros as well as, when
generalized, for the overall city area. Results of the assessed scenarios are summarized as
follows:

Results for Scenario 2: “Culverts cleared from solids but channels remain unchanged” indicate
that the mere clearing of the culverts from solids would not have a substantial impact. The main
problem, leading to flooding in the upstream areas of the study catchment is rather the partly
considerable blocking of the storm water drainage channels with solids and vegetation, as this
blocking leads to reduced cross sections on the one hand and to reduced flow velocities on the
other hand. It could be shown that if only the culverts are cleaned and the channels not, then
the total flooding would not be reduced much, only the duration of the flooding would be
reduced and consequently also the water quantities inundating the study catchment.

Results for Scenario 3: “Channels and culverts cleared from vegetation and solids” show that, if
the main drainage channel is cleared from vegetation and solids, the discharge capacity of the
storm water channel will increase and flooding will concentrate more towards the outlet of the
subcatchment because the runoff reaches the downstream part faster and with higher
amplitudes. Due to the box culvert at the outlet of the subcatchment, flooding will nevertheless
occur, as the capacity of the culvert is too small to discharge the whole storm water runoff. This
culvert could definitely be confirmed to be a hydraulic bottleneck within the subcatchment.

Results for Scenario 4: “Opening/widening the culverts” show that depending on the structural
increase of cross section area of the culverts flooding can be well avoided. Good results already
occur at 50% widening of the culverts, at 100% no flooding occurs within the assessed area.
Based on the two modelled scenarios with increased culvert capacity, it can be concluded that
clearing the culverts from solid depositions and solid waste would already improve the situation
considerably. In how far the cross sections of the individual culverts would need to be widened
through either larger or increased numbers of culverts would need to be calculated based on a
holistic approach considering the overall drainage system from upper catchments to its outlet in
order to improve overall system performance

Results for Scenario 5: “Increased discharge in the receiving storm water channel show that
flooding occurs again at the subcatchment outlet node because of the high water level in the
receiving channel, which in turn is caused by backlogging from the downstream culvert in the
receiving channel, which is now the hydraulic bottleneck. This situation shows that it is of utmost
importance to plan interventions in a holistic way, considering the overall drainage network.

Results for Scenario 6: “Climate scenario with higher rainfall intensity” indicate that flooding
increases linearly with increasing rainfall intensity. This result may appear to be rather obvious as
the main factor for urban flooding is the very limited infiltration capacity of the sealed surfaces
which lead to imminent runoff during a storm event.

Results from Scenario 7: “SuDS measures implemented in Maputo” show the different aspects
and effects of the different potential measures.
= Storage Ponds were considered highly as very space consuming which would be
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difficult to implement in such a densely populated area as Maxaquene A as massive
resettlement of residents would be necessary.

= [Infiltration trenches would have a potential effect on groundwater levels. While
recharging the groundwater is generally considered a positive effect, on local level
also possible negative effects have to be taken into consideration. Groundwater levels
are reported to be shallow already in the case study area so that the infiltration
capacity and hydraulic conductivity of the subsoil will have to be quantified and the
possible consequences of rising groundwater levels (i.e. when groundwater levels
reach the bottoms of pit latrines and septic tanks in the area) on the hygienic
conditions and on the structural integrity of adjacent buildings investigated. Space
requirements can generally be better considered as the linear structures can follow
roads. Landscape interventions are anyhow necessary. These aspects need to be
decided upon based on technical and political requirements (achievable effect vs.
size).

=  Pervious Pavements only have an effect if implemented on a very large scale, i.e. a
high percentage on the paced areas. Only a minor part of the storm water collected
during a storm event can infiltrate considering the subsoil conditions and other sealed
areas. While therefore not suitable as a standalone solution, the use of permeable
pavements can be a valuable supplement to other measures,

= |nlet and source control are interesting from a water resources management point of
view, but its quantitative effect on storm water drainage is negligible considering the
enormous rainfall intensities as they are common in Maputo.

The general finding of the assessment was that the design and maintenance shortcomings of the
drainage system have the largest negative effect on the urban drainage situation, and that the
more extreme weather events expected from climate change will further worsen the conditions.
The shortcomings in structural bottlenecks as well as maintenance are the main problems that
have to be tackled to improve the situation, whereby bottleneck improvement should take
downstream drainage network conditions as well as climate change impacts into consideration.
Groundwater recharge through infiltration was the only accepted and sensible storm water
reuse mechanism that was found.

In detail, the recommended measures include the elaboration of integrated maintenance
schemes for the existing urban drainage system, the re-calculation and re-design of the existing
urban drainage infrastructure, and structural measures for immediate implementation as
summarized in Box 3.1.

Box 3.1: Measures to address urban flooding — Maputo case study

1. Improved maintenance of existing urban drainage system (est. cost $640,000):
Elaboration of a digital urban drainage infrastructure inventory
City wide cleaning campaign of all urban drainage and sanitation infrastructure;
City-wide information campaign to raise awareness on urban drainage and solid waste management
and avoiding blocking drains;
Elaboration and implementation of a detailed Operation & Maintenance (O&M) plan for urban
drainage and sanitation infrastructure.

2. Re-calculation and re-design of the urban drainage system (est. cost $520,000 - $820,000):
- New hydrological calculation of relevant design storms, incorporating climate change impacts, ideally
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based on information of newly installed hydrometric precipitation measurement devices;

1-dimensional and/or 2-dimensional steady-state and non steady-state flow calculation of open
channels;

Steady-state and non steady-state hydraulic calculation of the piped storm water and wastewater sewers;
Detailed citywide network calculation of the entire sewer and drainage network (e.g. with SWMM5
model).

3. Structural Measures (est. cost $50,000-$500,000):
- Extension / reconstruction of culverts, based on the results of a citywide hydraulic model;
- Concept, design and implementation of Low Impact Measures;
- Finalisation of the storm water retention basin in northern Sommerschield.

4. Further recommendations:

- Integrated land use and settlement masterplan for the whole city of Maputo (including Matola and
suburbs), with a re-design of existing informal settlements in a more structured manner to allow for the
installation of basic infrastructure;

Concentration of ownership and O&M responsibility for the urban drainage infrastructure with one
institution.

The choice of which recommendation will be implemented in the future will depend on budget
availability and final stakeholder agreements on political level. It is recommended that the
options as well as their related benefits and implications be discussed with the identified
stakeholders before implementation, also considering the wider initiatives currently being
carried out in the urban drainage sector. Stakeholders, including INGC, Ara-Sul, DNA — National
Directorate of Water, UNHabitat, Universidade Eduado Mondlane, AIAS and the Municipal
Directorate for Urban Planning and Environment have been involved throughout the project and
are well informed. As an additional aspect, any changes to the system should be done with a
holistic consideration of the overall drainage system in order to solve and not to relocate
flooding problems (downstream impacts).

Based on the described results the highest priority for immediate action that would lead to
instant alleviation of flooding is the cleaning of drains and culverts as well as the implementation
of a respective maintenance plan. This intervention could be followed by structural
improvements of the main identified bottlenecks. For any further interventions more detailed
planning with regards to SuDS and further drainage network improvement would be necessary.
These conclusions are likely valid for other subcatchments in Maputo as well as other cities as
well. Where channels and culverts are clogged by solids and waste cleaning would be a first step.
For structural interventions first a detailed inventory of the existing structures followed by a
hydraulic assessment is necessary.

It should further be considered, that for a comprehensive approach to improving the capacity of
the drainage system to absorb flooding from increasingly extreme events, a subcatchment-by-
subcatchment approach is too fragmented and may lead to unwanted results and increased
costs. A more comprehensive approach as outlined in Box A2.6.5 (see annex) is more
appropriate for city-wide results, if sufficient funds can be made available. A main
recommendation would therefore be not to replicate the approach of this study to other
subcatchments of Maputo but to expand it to a city wide assessment. The approach used in the
current assessment has been designed to facilitate such an expansion through the selected
modelling approach.

October 2012, p 176




RESPONDING TO CLIMATE CHANGE THEME 5

IN MOZAMBIQUE Water

3.3 AREA DESCRIPTION (MAPUTO AND SELECTED CATCHMENT)

3.3.1 General description

Maputo City is surrounded in the east and south by the sea. In the west the “small river”
Infulene builds the frontier to the city of Matola. The area of Maputo City is generally divided
through a ridge shaped hill from the north to the south in a coastal storm water runoff area and
an inland storm water runoff area. The eastern coastal area is starting quite flat from the sea and
rises sharply to the hill. Storm water running towards the flat area is reported to create flooding
in several parts which are mainly used by agriculture. The southern coastal area, “cement city” is
drained by an old storm water sewer system, the efficiency (and exact functionality) of which is
unknown. Figure 3-1 shows the case study area (orange) within the city boundaries of Maputo
(red line).

AT / -‘-\
Figure 3-1: Maputo and the position of the selected subcatchment within Maputo
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3.3.2 Selection of catchment

The western inland area can be divided in different basins discharging storm water by an open
channel system into the Infulene River. The most southward basin with the main channel in Av.
Joaquim Chissano, and in more detail the contributing area to the channel along Av. Acordos de
Lusaka, was selected as the case study area for several reasons. A first case study for the area
was presented to the participants of a stakeholder workshop during the inception mission in
September 2012 during which the potential and the limitations of the chosen modelling
approach was illustrated.

For this first rough case study a clearly identifiable subcatchment in the neighbourhood of
Maxaquene A and Mavalane A was chosen for mainly technical reasons. Nevertheless, first
interviews, which were conducted with residents in the neighbourhood during the inception
mission, resulted in estimations that flooding occurs twice a year in the northern part of the
study area and nearly 5 times per year in the southern part along the primary channel (Ertl,
2011). Subsequently the subcatchment was further investigated and based on all available data
and on the findings of the site visits in August and September 2011, the Consultant suggested in
the Inception Report to intensify the modelling efforts with the SWMM model for this
subcatchment (for detailed description please refer to the Inception Report).

There were several reasons for suggesting this subcatchment for detailed modelling,
summarized as follows:

1. For this subcatchment literature was already available due to a master thesis conducted
for the University of Lund (PALALANE J. 2010: Comparative analysis of sub-surface
drainage solutions in Maxaquene “A”. Master Thesis. Lund University. Lund, Sweden). In
this thesis not only flooding in the subcatchment is being described, but also problems
with the groundwater aquifer underneath Maxaquene. This subcatchment was thus
especially well suited for a joint field survey in order to collect data on all topics relevant
for SC3.

2. During the site visit during the inception phase of the project it was confirmed by the
local population in Maxaquene that flooding is frequent in their neighbourhood, with
considerable flooding occurring almost regularly twice a year.

3. Although the available digital elevation model gave only a very rough overview of the
topography of Maputo, a subcatchment with relatively clear borders could be identified
in the Maxaquene A and Mavalane A neighbourhood. For many other neighbourhoods
in Maputo this was not possible.

4. The size of the chosen subcatchment is well suited for the given task. The subcatchment
is big enough to be subdivided in several secondary subcatchments, but is not too large
to conduct a meaningful area-wide field survey in order to find out more about the
properties of the subcatchment (like runoff coefficients, percentage of paved surfaces,
existence of open drains and sewers, possible blocking of open drains and sewers,
inclination of secondary subcatchments, etc.)

5. The housing structure of the neighbourhood is typical for many other neighbourhoods
in Maputo, thus representing a good prime example for the application of the model to
other neighbourhoods.

6. So far no or only a marginal sewer system is existing in the subcatchment. Construction
works to construct sewers and open drains are ongoing in the subcatchment at the
moment. It was thus possible to include in the model some before/after scenarios,
showing the effectiveness of the measures that are currently being implemented.
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7. Three major bottlenecks could be identified in the subcatchment and at the outlet of
the subcatchment at the crossing of the Av. Joaquim Chissano / Av. Acordos de Lusaka
respectively. It is considered crucial by the Consultant that such culverts are being
included in the model in order to be able to explain the modelling of such bottlenecks
with possibly transient conditions during the training course.

The selected study area (Figure 3-2) is located in the centre of Maputo, around the Praca dos
Herdis. It includes the barrios Maxaquene A and Mavalane A and is surrounded by the barrios
Maxaquene C and D in the east, Mavalane B in the southeast, the international airport in the
west and Urbanizacao in the south.

® Minister

Agricultura

Figure 3-2: Case study area in the bairros Maxaquene A and Mavalane A

The characteristics of Maxaquene A and Mavalane A were taken from Palalane (2010). The
subcatchment can be characterized as sub-urban with a high population density, with partially
unplanned and informal infrastructure, with no wastewater sewer system and an incomplete
storm water drainage system. The study area has an open storm water drainage channel
(parallel to Av. Acordos de Lusaka, Figure 3-3) collecting all the storm water from the secondary
storm water system in the neighbourhood. The drainage channel on Av. Acordos de Lusaka has a
slope of 0.4 %.
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At the junction of Av. Joaquim Chissano and Av. Acordos de Lusaka the study catchment delivers
all storm water through a culvert into the primary channel (Figure 3-3). As the outlet of another
southbound subcatchment is also located at this crossing, the confluence of storm water from
three directions and several districts in this one point may be responsible for considerable
backflow into all three contributories, thereby causing regular flooding in Maputo. As mentioned
above, it is unclear, why these culverts have been constructed with a hydraulic capacity that is so
much smaller than the capacity of the respective upstream channel. It was attempted to clarify
this question with the Maputo Municipal Water and Sanitation Department during the main
project phase but the respective design information was not available in the department.

At the time being, it is assumed that the under-dimensioned culverts together with the general
poor condition of the some storm water drainage channels which are partly overgrown with
vegetation and partly impaired through solid waste and sediment depositions are responsible
for the frequent flooding in these neighbourhoods. This assumption is supported by the results
of hydraulic modelling with the urban drainage model SWMMB5. In the Scenarios 1-4 it could be
shown that only a clearing of all culverts and storm water drainage channels will lead to a
considerable increase of the hydraulic capacity of the existing storm water drainage system
(refer to Section 3.4.5).

The modelling has also shown that clearing, which would be very effective to reduce the risk of
inundation in the upstream part of the study catchment, would lead to a translocation of the
problem towards the downstream area of the catchment as the under-dimensioned system can
not discharge the flows quick enough. The bottleneck is an under-dimensioned culvert (see
Figure 3-3 marked with a yellow circle) at the Maxaquene A / Mavalane A catchment outlet from
which backlogging would occur.
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Figure 3-3: Junction of 3 main open channels at the street crossing of Av. Joaquim Chissano / Av. Acordos de
Lusaka (yellow circle: outlet of modelled subcatchment; red circles: adjacent culverts with
influence on modelled outlet)

Groundwater Situation in Maputo

Although ground water quality is reported to be good in some areas of Maputo, the
groundwater pollution in Maputo is still considerable from an overall perspective. Maputo has
an exposed aquifer due to its phreatic character. Some parts of Maputo show high chloride
concentrations due to their historical geology (Vicente et al., 2006; cited to Dimande et al.,
2001). According to another study in Moamba district of Maputo (neighbourhood of Sabie River)
high concentrations of sodium and chloride, high salinity and also fluoride are encountered, with
values exceeding the limits for human use for Mozambique (DNA, 2011).

The sources of groundwater pollution are given below (Vicente et al. 2006):
= Industrial activities
=  Pit latrines in informal settlements due to absence of good sanitation systems
= Leachate from waste-dumping site receiving all kind of waste (commercial, hospital
and industrial)
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3.4 METHODOLOGY

3.4.1 Methodology of inception work
3.4.1.1  Preparatory work (data and info collection, subcatchment decision)

Due to the fact that the ongoing work is part of Phase 2 of the large scale project “Responding to
Climate Change in Mozambique”, a large database of files and documents was available to the
Consultant right from the beginning of his work, provided by the Client in the online database
“Dropbox”.

During the inception phase the Dropbox database has been carefully screened for respective
relevant files. Additionally a thorough internet search of all relevant topics was conducted
before the inception mission of the Consultant to Maputo in August 2011. The inception mission
itself was supported very professionally by Mr. Antonio Queface who is acting as a liaison officer
of INGC to the Subcomponent 3 consulting team.

The single steps taken in preparation for the work in Subcomponent 3 can be briefly summarized
as follows:
Home office work:
= Screening of Dropbox: screening of all directories and subdirectories for relevant data,
reports, articles, GIS-files, photos, maps, digital elevation models,
= Detailed search in Dropbox for all files containing the terms “water”, “sanitation”,
“storm”, “Maputo”, “flood”, “bottleneck”, “DEM”, “elevation”, “sewer”, “drain”.
= Internet search for relevant information regarding
- Storm water in Maputo
- Rainwater harvesting in Maputo and other African cities
- Integrated Urban Water Management in African cities
- Reuse of storm water in Maputo and other African cities

3.4.2 Stakeholder consultations

As Subcomponent 3 of the present project shall provide preparative results for the
implementation of recommended works, the relevant stakeholders were identified mainly on
the institutional side. The following institutional stakeholders were consulted during the entire
project implementation phase in order to find out about their awareness about the reasons and
consequences of the urban drainage problems, their priorities, their capacities and their ideas
about how the respective problems can be tackled:
= Ara-Sul: Mr. Belarmino Chivambo, Mrs. Lizete Dias, Mr. Agostinho Vilanculos
=  DNA — National Directorate of Water: Mrs. Rute Nhamuche, Mr. Raul Mutivuiu, Mr.
Daudo Carimo
= FIPAG: Mrs. Judite Renoldo Manhique
=  UNHabitat: Mr. Paulo Conceicao Junior, Mr. Silva Magaia
=  Universidade Eduado Mondlane: Mr. Jose Rafael, Mr. Antonio Queface
= AIAS: Mr. Valdemiro Matavela
®= Municipal Directorate for Urban Planning and Environment: Mr. Hecralito Mucavele,
Mrs. Theresa Chissequere
®= Municipal Department for Urban Drainage and Sanitation: Mrs. Circe Chaly
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The results of these stakeholder consultations are summarized as follows:

1.

a)

c)

All the above listed stakeholders were approached with a request for provision of
relevant data and other respective information. While everyone was quite supportive,
the results of the request showed that very little actual data (i.e. drawings or
spreadsheets) is available about the exact layout and state of the existing drainage
system, its total extent, the foreseen extension and rehabilitation works, or the
implementation of the recommendations brought forward by DNA (2005).

The “Strategic Sanitation Plans for 7 Municipalities Maputo, Matola, Beira, Dondo,
Nampula, Pemba and Quelimane” published by DNA (2005) was acknowledged by all
stakeholders as a crucial document for the improvement of the storm water drainage
and sanitation situation in Maputo. A final version of this document was not available
with any of the stakeholders despite the project being concluded but a draft version was
obtained by the Consultant. It was noted that none of the Consultant’s counterparts in
all stakeholder consultations was able to provide information about the degree of
implementation of the recommendations as given in the 2005 DNA Strategic Plans.

The priorities as given by the different stakeholders are differing, according to the actual
strategic purpose of the respective institution:

Ara-Sul’s priority in the context of the project was on groundwater protection. The
Consultant’s suggestions regarding groundwater recharge via SuDS measures were
welcomed and supported by the Ara-Sul representatives in the stakeholder workshop
held in Maputo in September 2011. Ara-Sul played an active role during the project,
provided data and documents on request and participated in the stakeholder workshop
as well as in the basic SWMM training.

DNA also played an active role during the project, provided data and documents on
request and participated in the stakeholder workshop as well as in the basic SWMM
training. DNA’s priority in the context of the subject project was twofold: During the
stakeholder workshop DNA showed on interest on groundwater issues. The
Consultant’s suggestions regarding groundwater recharge via SuDS measures were
welcomed and supported by the DNA representatives in the stakeholder workshop. On
the other hand DNA showed no direct interest in the urban drainage agenda of the
project. DNA representatives are less informed about the actual state of the urban
drainage infrastructure and about ongoing activities regarding the extension and
rehabilitation of this infrastructure.

FIPAG’s main interest as demonstrated in the course of the project is to increase their
water supply coverage of Maputo with piped water. FIPAG showed no intention to use
the groundwater below Mapouto and rather intends to supply an increasing
percentage of the population of Maputo with water brought from surface water
reservoirs further inland. Therefore FIPAG showed no considerable interest in the
groundwater situation in Maputo.

UNHABITAT was very helpful and interested and participated also in the stakeholder
workshop. UNHABITAT was concerned that the choice of subcatchment and the
suggested urban drainage measures would be influenced politically. After clarifying that
the selection had been made based solely on technical criteria, the choice of Mafalala A
and Mavalane A was welcomed and confirmed to be plausible. The priorities of
UNHABITAT regarding the project were mainly to raise awareness with the Consultant
about ongoing urban planning projects in Maputo, to raise awareness about the
problems with the local housing market and the resulting problems of informal
settlements, corruption issues and lack of capacity with the municipal institutions.
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e) A representative from AIAS was planning to participate in the basic SWMM training but
finally could not attend. The general priority of AIAS is on the implementation of
structural measures in the field of urban drainage and sanitation. However, AIAS is not
the institution concerned with conceptualisation and planning of the measures, nor is
AIAS concerned with the maintenance of existing urban drainage and sanitation
infrastructure. The priorities of AIAS in the context of the project were mainly on the
theoretical side, i.e. the exchange of expertise with the Consultant. During the
meetings it turned out that AIAS was still not fully equipped and many resources still
are to be transferred from DNA. Like DNA, representatives were less informed about
the actual state of the urban drainage infrastructure and about ongoing activities
regarding their extension and rehabilitation.

f)  The Municipal Directorate for Urban Planning and Environment provided available GIS-
and CAD files from Maputo and played an active role during the project, participating in
the stakeholder workshop as well as in the basic SWMM training.

g) Although being a key stakeholder in the field of work and expertise that was touched in
the project, the Municipal Department for Urban Drainage and Sanitation could not be
consulted. Despite several attempts by the Consultant, no meeting with
representatives of this department could be arranged. Their respective priorities in the
context of the project are thus unknown.

Non-institutional stakeholders were contacted mainly in the course of the field survey in
Maxaquene A and Mavalane A, as a city wide stakeholder campaign was not foreseen in the
scope of the project. In the course of the survey interviews were conducted in which the
residents of the chosen subcatchment were consulted regarding their perception of the
problem, their priorities and their ideas on how to solve the urban drainage problem and the
respective other problems related to urban drainage and water resources management in
general. The results of this field survey are being summarized in Section 3.4.3 with the actual
interview templates and survey results being provided in the Annex of this report.

Overall, it was noted that the local population of Maxaquene A and Mavalane A believes that the
best solution for the urban drainage problem would be the construction of more urban drainage
channels; Improved maintenance of the existing infrastructure and reduced disposal of solid
waste in the streets. The existing urban drainage channels are not perceived as effective means
of handling the drainage situation.

3.4.3 Delineation of catchment area

To delineate the catchment area, two alternatives have been used. One of them is manually (via
Google Earth), and the other automatically (using ArcGIS).

Delineation of catchment area via Google Earth

At first, to see the situation better, the catchment boundaries were drawn manually using
Google Earth. Google Earth is a free software to view the satellite imagery, maps, terrain, 3D
buildings, oceans and galaxies, based on a geographical information system.

To delineate the catchment, contour lines from GIS files provided in the Dropbox database
(original source unknown) were converted to ‘kml’ format, which is necessary to open the data
in Google Earth. This file illustrates the runoff flow paths, existing and proposed drainage
channels and sewer system. After adding the contour lines to Google Earth, a few trials were
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done to obtain the best result of study area. The catchment is delineated by using the highest
elevations surrounding the actual catchment.

TatukGIS Viewer - www.TatukGIS.com

The free TatukGIS Viewer is a slimmed down version of TatukGIS Editor (see below), without the
data creation, scripting/customization, and 3D display capabilities. Both Editor and free Viewer
open most ArcView, ArcExplorer, and Maplinfo projects and map projects exported from
ArcGIS/ArcMap (v.9x) using the free Arc2TatukGIS plug-in.

The TatukGIS Editor is a general purpose GIS desktop application and development platform
with its powerful built-in Pascal/Basic scripting tools exposing an extensive object API. Features
include comprehensive visual layer property, legend, and scale controls, 3,000 pre-defined
coordinate systems, on-the-fly reprojection of vector/raster map layers, database joining, and
native support for most GIS/CAD vector, raster, and SQL based map data formats, including
advanced 3rd party spatial database formats: Microsoft Spatial, Oracle Spatial & Oracle
GeoRaster, ArcSDE & ArcSDE Raster, PostGIS, Mapinfo SpatialWare, SQLite Spatial..., and much
more. For example, the recent version 3 upgrade added 3D viewing capabilities including DTM
(digital terrain model) presentation, 3D vector rendering, automatic draping of image and 2D
vector layers over a DTM, flood simulation, light/shadow control, and camera/scene control.
Figure 3-4 provides an example for the visualisation of topography, showing the case study
catchment area and the results of the hydrological analysis, while Figure 3-5 shows a
visualisation of the mentioned contour lines shapefile with TatukGlIS.

VSN 6y
\ \ r:’z\}) /' P).l, "\
A

Figure 3-4: Visualisation of topography with TatukGIS software
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Figure 3-5: Visualisation of contour lines with TatukGIS software

3.4.3.1 Delineation of Watershed for Study Area with ArcGIS Desktop 10

ArcGlIS is a group of geographic information system (GIS) software developed and distributed by
the Environmental Systems Research Institute (ESRI). Basically a GIS is a tool for digital mapping
and spatial analyses. Using a GIS provides, amongst others, the possibility of capture, storage,
query, analysis, display and output of any kind of geographic information. For this study, to
delineate the watershed accurately, the newest version “ArcGIS Desktop 10” was used on
Arcinfo licensing level.

Geographic data can be represented digitally in two methods; raster and vector data structure.
In this project a raster data structure was used, representing the geography of the subcatchment
via grid cells. In a raster representation, every location is referenced by a grid cell in a square
array. Each cell expresses a geographic attribute or property by assigning a value to them,
therefore each cell has a single value. This method is stressed as the best way for representation
of elevation features (Longley et al., 2005).

Before the delineation of a watershed with ArcGIS, some pre-processes must be completed with
spatial analyst toolbox with the first step being the creation of a digital elevation model (DEM).
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A digital elevation model can be created in ArcGIS Desktop 10 with an interpolation toolset and
different interpolation techniques. In this study, a DEM is created using “topo to raster
interpolation” technique. For the creation of any DEM some input parameters should be given.
There are six types of possible input data: point elevation, contour, stream, sink, boundary and
lake. For the setup of a model for the chosen subcatchment two types of them were used;
contour lines as point elevation and polygon as the boundary of Maputo. Open drainage
channels were integrated in a next step.

For the present project, DEM creation has been tried for different cell sizes (50, 30, 10 and 5 m).
The best resolution was achieved with 5 m cell size. Thus a DEM with 5m grid size was generated
taking into account that a higher spatial resolution would result in longer calculation time of the
model.

Open drainage channels were not considered in the DEM generation. In a second step Reclass
and Raster math toolsets were used to integrate the channels to DEM. In the flow chart below
(Figure 3-6) all steps in the course of a DEM creation with open drainage channels integrated are
shown.

Topo to Raster

\Z

DEM for 5m

\Z

Reclass-> Reclassify-> channels raster reclassified

\Z

Raster Math

\Z

DEM with integrated channels

Figure 3-6: Steps while creating DEM

After a DEM with a grid size of 5 m had been generated, the open drainage channels were
integrated to the model. With the DEM obtained as described above, the watershed was
delineated using pour points, flow direction and flow accumulation raster layers.

A sink is a cell with an undefined drainage direction and any cell around that is not lower than
this cell. Because the surrounding cells have higher elevation, water stays in this lower cell and
cannot flow in any direction. Sinks can be real depressions in landscape such as reservoir, levees,
groundwater recharge areas and vernal pools. If there is no clear explanation about real
depressions, sinks can occur by reason of data errors. To eliminate the error problems, sinks
should be filled by using fill tool in the ArcGIS spatial analyst toolbox. If a sink is filled, it is filled to
its pour point, which is the minimum elevation along its watershed boundary (Joseph, 2007).
Once all sinks are filled, a filled DEM raster file for 5 m can be obtained.
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After raising the elevation of the sinks, the general direction of water flow is determined using
‘flow direction tool bar’ within ArcGIS. This tool finds the flow direction of ea cell, querying the 8
cells (pixels) surrounded this cell. There are always eight values (1, 2, 4, 8, 16, 32, 64 and 128) for
eight adjacent cells in this method. Each cell takes a number and each number indicates a
direction. Flow directions with their codes are illustrated in Figure 3-7 and Figure 3-8. This
approach was presented in Jenson and Dominigue (1988) and named eight-direction flow model
(ArcGIS Resource Centre, 2011). When each cell or direction is given with different colour, it is
easier to visualize in which direction water would flow.

Figure 3-8: Flow directions calculated for the case study area

In the next step, a flow accumulation grid is calculated using flow direction raster layer. A flow
accumulation layer represents the amount of water that would flow into each cell. The
accumulated flow is based on the number of cells draining into each cell in the output raster
(ArcGIS Resource Centre, 2011). The cells which receive the greatest amount of water flow are
lighter colours and less amount of flow is represented with darker colours. Figure 3-9 illustrates
that water is accumulated in open drainage channels in study area.
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Figure 3-9: Existing channels within the study area (red arrow: outlet of modelled catchment)

The next step was the placement of pour (outlet) points in ArcGIS. The location of pour points is
the most important step in a comprehensive modelling of a watershed, as pour points
essentially represent the end of sub-basins (Figure 3-10).

Figure 3-10:  Placement of pour points for the case study area
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As a watershed or catchment is the upslope area from which the water flows to a common
outlet (pour point) any catchment can be delineated automatically from a suitable DEM by using
the flow direction and pour points raster data (ArcGIS Resource Centre, 2011). In order to get a
good catchment result, the correct positions of the pour points have been chosen with special
care. Therefore, a few trials with different pour point sets have been completed before the
actual delineation of the watershed was accomplished. The obtained watershed is illustrated in
Figure 3-11. Subcatchments as modelled in SWMM are shown in different colours.

Maputo
/” International
' ;A Airport
34259

Junction Avenida Acordpd'de.L-u_saka,/,‘_. e
Avanida Joaquim'Chissano < -

Figure 3-11: Watershed delineated via ArcGlS.

3.5 DATA ANALYSIS AND MODELLING

3.5.1 Data analysis

During three missions to Mozambique in the project implementation phase the collection of
data and information was pursued. The following steps were taken:
=  Meeting with Client
= Meeting with other Consultants (McKinsey, Consultec) to discuss earlier modelling
results and ongoing projects in the urban drainage sector
= Visits to relevant Institutions in Maputo in order to meet with relevant experts in the
field of storm water management and water resources management and to officially
request the handover of relevant reports, policy outlines, masterplans, and strategy
papers to the Consultant:
- Ara-Sul: Mr. Belarmino Chivambo, Mrs. Lizete Dias, Mr. Agostinho Vilanculos
-  DNA - National Directorate of Water: Mrs. Rute Nhamuche, Mr. Raul
Mutivuiu, Mrs. Luisa Conceicao, Mr. Armando Pedro Cuinhane, Mr. Daudo
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Carimo
- FIPAG: Mrs. Judite Renoldo Manhique
- UNHabitat: Mr. Paulo Conceicao Junior, Mr. Silva Magaia
- Universidade Eduado Mondlane: Mr. Jose Rafael, Mr. Antonio Queface
- AIAS: Mr. Valdemiro Matavela
- Municipal Directorate for Urban Planning and Environment: Mr. Hecrdlito
Mucavele, Mrs Theresa Chissequere
Other organisations were contacted by telephone and email, but could not be visited due to
limited availability of the respective relevant experts in these institutions. It must be especially
pointed out that, despite several attempts, no consultation was possible with the Municipal
Department for Urban Drainage and Sanitation

Also, despite many attempts by the Consultant, supported by the Client, the acquisition of
relevant data and documents proved to be very difficult and time consuming (please refer to the
Inception Report for more details). Unfortunately the Consultant could not obtain (or confirming
the existence of) GIS data of the urban sewerage and drainage system from any of the involved
institutions which would have formed a crucial fundament for the setup of a city wide storm
water drainage model for Maputo®.

Received data until end of March 2012:
= Rainfall: Daily rainfall (1960 — 2010)
— Design Storm equation (DNA report)
= Topography:
— Contour lines (shapefile, used as DEM)
— DEM provided by INGC in March 2012
= [nfrastructure files
— Road and street network shapefile
— Housing shapefile (for definition of runoff coefficient)
— Study of Rainwater harvesting potential with shapefiles of buildings and roads
of the southeastern part of Maputo
— AutoCAD (.dwg) files of existing areas of sanitary sewers and storm water
drainage
= Reports describing:
— Subcatchment boundaries (without maps)
— Districts with sewer and open channel system (no files)

In total the received data match the situation which was described as Case 2: “Weak data
availability” in the Technical Proposal for this assignment: “... no data are readily available. Data
including runoff coefficients land use, main drains and surface runoff waterways can only be
derived from satellite images or maps and by comparison with similar climatic settings. The
Consultant will strongly depend on local expert knowledge.”

As some data could be acquired during the main project phase, especially by means of a field
survey, the available data for hydraulic modelling has improved considerably (Table 3-2):

3 While the actual existence of these files was mentioned to the Consultant several times, it could never be finally
confirmed.
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Table 3-2: Data availability for storm water runoff modelling in Maputo

“ Unit Possibilities by received data

Rainfall data [mm] | Daily rainfall data of last 50 years show variance of
rainfall.

Contributing areas and connecting | [ha] By means of the newly received DEM a clear

points to drainage system catchment delineation was possible

Runoff coefficient [/1 By means of the newly received housing shapefiles a
sufficiently exact definition of runoff coefficients was
possible

Cross-section, slope and length of | [m] Good database for the chosen subcatchment based on

drains, conduits and natural waterways survey data generated by the Consultant

Storage / Treatment facilities [m3] No data available.

Topography (Elevation) [m] New DEM available

Summarizing data availability it can be stated that through the additional onsite survey the
minimum standard for the catchment delineation and the modelling parameters has been
fulfilled. As data or information about storage and treatment facilities in the catchment is
lacking, such facilities have not been included in the modelled subcatchment.

Upon finalisation of the field survey, the available data were sufficient for the modelling of
different scenarios within the subcatchment under realistic topographic conditions.

3.5.2 Model setup
3.5.2.1 Short description of modelling software SWMM5

= Storm Water Management Model (SWMM)
= Version 5/ PC/ Available for free (in English language)
= Developed since 1971 by US Environmental Protection Agency (EPA)

The EPA Storm Water Management Model (SWMM) is a dynamic rainfall-runoff simulation
model that computes runoff quantity and quality from primarily urban areas. It can be used,
among others, to model some of the most common types of stormwater management and
design problems encountered in practice. These include: computing runoff for both pre- and
post development conditions; analyzing the hydraulics of simple collection systems; designing a
multi-purpose detention pond; modelling distributed low impact runoff controls; simulating the
buildup, washoff, transport and treatment of stormwater pollutants; analyzing both dual
drainage and combined sewer systems; and running long-term continuous simulations.

The runoff component of SWMM operates on a collection of subcatchment areas that receive
precipitation and generate runoff and pollutant loads. The routing portion of SWMM transports
this runoff through a system of pipes, channels, storage/treatment devices, pumps, and
regulators.

As SWMMS5 is not an inundation model, the inundation of the subcatchment cannot be
simulated in the model directly, rather the exact location where flooding occurs and the exact
amount of water which is spilling from the modelled drainage system is being calculated.

Setup files, manuals and all other information is available for free at
http://www.epa.gov/nrmrl/wswrd/wg/models/swmm
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The purpose of using SWMMS5 in this project is to create a dynamic rainfall-runoff simulation
model which can be used for single event or long-term (continuous) simulation of runoff
quantity and quality from primarily urban areas of Maputo.

3.5.2.2  Study area characteristics

The study area, i.e. catchment, is located in the northeast of Maputo, which includes the barrios
of Maxaquene and Mavalane. Rainwater is partly collected by channels and transferred to
junction Av. Joaquim Chissano and Av. Acordos de Lusaka, where the main channel of the study
area (parallel to Av. Acordos de Lusaka) discharges into the primary storm water sewer (parallel
to Av. Joaquim Chissano).

The catchment area sized is approx. 277 ha and is divided in 5 subcatchments for a better
understanding and examining of the area (see also Figure 3-11). The main channel of the study
area is enclosed by all the subcatchments. Table 3-3 lists the geometric properties of the 5
subcatchments and Figure 3-12 shows an overview of the case study area with labelled
subcatchments (S1, S2, ...) and labelled nodes (= junctions) along the main channel. The red line
in Figure 3-12 denominates a new secondary storm water sewer channel crossing through
Maxaquene A along Avanida Milagre Mabote. This new channel drains about the half of
Subcatchment S5 directly into the receiving primary storm water sewer, thereby reducing the
inflow into the a.m. main channel of the study area (parallel to Av. Acordos de Lusaka).

Table 3-3: Geometric properties of subcatchments in study area

Sub-catchment Area (ha) Flow Length Width (m) Slope (%) Imperviousness
(m) (%)
S1 51.49 944 545 0.58 80
S2 6.58 434 152 1.3 75
S3 68.20 1108 616 1.5 75
sS4 12.12 520 233 0.9 85
S5 138.61 1460 949 1.4 77

* Italic printed terms denominate terms as they are named in the SWMMS5 model
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Figure 3-12:  Overview of Case study with labelled subcatchments (S1, S2, ...) and labelled Nodes of main
channels
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Figure 3-13:  Typical view of Case study area

In General, the width of an area is calculated through the area divided by flow length. Flow
length is the longest overland flow path that water can travel through the subcatchment
(Gironas, 2009). The slope of each subcatchment is determined by means of a GIS (in our case
ArcGIS). Ideally, the imperviousness of an area, i.e. the surface runoff coefficient, should be
measured directly in the field or estimated from orthophotos by determining the land use
(Gironas, 2009). In the present study area, the runoff coefficient is estimated based on satellite
images and GIS files on the land use in the sub catchment.

Due to intensive housing in the catchment area, the imperviousness is estimated to be 75-85 %.
That means that the infiltration rate in the entire subcatchment is very low. For infiltration, the
Horton model was chosen and the routing model was set to dynamic wave routing in order to
handle possible back flow effects.

For definition of the conveyance systems, calculation nodes are added. Nodes represent the
location where the runoff enters the drainage system, wherever two or more channels are
joined, and where slope or cross section of a channel are changing significantly (Gironas, 2009).
With respect to this definition, the location of these nodes and their elevations are determined
by means of a GIS. In the modelled subcatchment the maximum depths of nodes were defined
according to the results of the field survey. The outlet of study area is referred to as Out1.

In SWMMS5 the channels in which the storm water is collected and discharged are represented
by links (conduits) in which the runoff is being routed to the catchment outlet. For the modelling
exercise in the present project the shapes of the channels could be represented exactly in the
model (e.g. trapezoidal primary open drainage channels, rectangular secondary open channels).
Two of the conduits, located near the outlet, were designated as culverts.

Storm Water Drainage from Maxaquene A and Mavalane A

The open channel on the Av. Joaquim Chissano conveys water from Maxaquene A and Mavalane
A and several other districts of Maputo towards the Infulene River and finally to the sea. In order
to consider the storm water runoff from other parts of Maputo in the model, a constant flow of
4 m*/ s has been assumed for this channel. The Manning roughness coefficient of all open
channels was estimated to be 0.01 for trapezoidal and rectangular open channels and culverts.
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Culverts were considered rectangular closed pipes. However, they have 45° inclined wing walls
and a 90° headwall. For the entry and exit losses in culverts, coefficients were assumed to be 0.4
and 1.0.

Rainfall data

As flooding risk, being a function of possible damage and probability of occurrence, is always
strongly connected to the return period of rain events, the statistical results of rainfall analysis
are one of the main inputs in runoff modelling. The Consultant has received daily rainfall data
from 1960 to 2010 of 1 monitoring station in Maputo. During the inception phase it was stated
by Ara-Sul (and confirmed by INGC) that no other rainfall data (i.e. no higher temporal
resolution) exist for the area of Maputo. Nevertheless, Intensity-Duration-Frequency Curves (IDF
Curves) for Design Storms from 15 — 180 minutes have been found in a report by the National
Directorate of Water (DNA 2005). For the derivation of a suitable design storm, these rainfall
design storms published by the DNA were used. Storm return periods of 2 and 5 years were
considered. Rainfall intensities were derived at a 10 minutes time interval. Table 3-4 shows an
overview of rainfall intensity and duration for 2 and 5-years storm events.

Table 3-4: Intensity (cumulative) and duration for rainfall (DNA, 2005)*

Duration Precipitation with Precipitation Precipitation
(hours) 2 years return period 5 years return period 2 years return period + 20%’
(mm) (mm) (mm)

9:00 0 0 0

9:10 9,47 12,95 11,36

9:20 18,94 25,90 22,73

9:30 28,41 38,85 34,09

9:40 37,88 51,80 45,46
* The table is showing design parameters for current conditions. Design data under climate change conditions do not yet exist for
Maputo.

For the first modelling attempt the rainfall data published for Maputo by Palalane (2010) were
chosen, with the amounts of rainfall given in Table 3-5 for a return period of 2 years (according
to EN 752 (1996, for housing areas) as published by DNA (2005)). A design storm with duration
of 40 minutes was chosen for the first modelling attempt.

Table 3-5: Design rainfall

t (h:min) 9:00 9:10 9:20 9:30 9:40
P2a (mm) 0 9.47 18.94 28.41 37.88
source: Palalane, 2010

® Assumed “realistic worst case” climate change effect. Please note that this is just an assumed value, therefore also the
return period is neither recalculated nor otherwise adapted.
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3.5.3 Field survey

A field survey with detailed site investigations was conducted in the districts of Maxaquene A
and Mavalane A in March 2012. The survey also included a set of interviews with a
representative number (187) of residents in both districts. Six students were involved in the field
survey over a period of three weeks of which two weeks were spent in the field and 1 week in
the office for reporting. The field work included a topographic survey as well as interviews with
residents of the neighbourhoods Maxaquene A and Mavalane A. For the latter, please refer to
the Annex for the used questionnaires and the respective results.

Scope of services for site investigations

The agenda of the site investigations was twofold:

1. Detailed investigation on drainage structures like open channels and waterways
(geographical positioning, measurement of profile and slope, documentation of
operational status), also needed for detailed definition of catchment boundaries.
Methods of measurement: Level surveys, photos with GPS coordinates, etc.

2. Interviews with residents of houses being flooded due to storm water. Method:
Questionnaire and documentation (Photos with GPS coordinates)

Area of interest

Figure 3-14 shows the subcatchment boundaries delineated in the aerial view picture (Google
Earth).
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Figure 3-14:  Delineation of case study catchment. The “subcatchments” as defined in the SWMM model
are shown in different colours.

Detailed investigation on drainage structures like open channels and waterways

The topographic investigations started from the hydraulic outlet of the catchment, which is the
main bottleneck at the end of the main channel of the catchment, see Figure 3-15 and Figure 3-
16. From there the survey moved to the North along the main channel beside Av. Acordos de

Lusaka.
Methods of measurement

= GPS measurements

= Measurement with measuring tape
Channels

The following measures were taken every 100 meters along the channel, as the respective data
were needed for hydraulic calculations and modelling:
1) Width at the upper edge of the channel
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2) Width at the lower edge of the channel (bottom width)
3) Depth of the channel

For 2) and 3): 2 different measures were taken:
a) Actual width/depth as it is at present, i.e. with vegetation
b) Theoretical width/depth as it would be if there was no vegetation. For this purpose the
vegetation may have to be removed at one point in the channel.

Comment: As there are lots of deposited solids in the invert of the open channels, the aim of the
survey was, amongst others, to compare the original constructed profile and the actual status
with the depth of solids respectively vegetation (for defining the hydraulic roughness
coefficients).

Figure 3-15:  Measurements taken in the channel

Culverts

The following measures were taken at every culvert inside the subcatchment or at the boundary
of the subcatchment (Figure 3-14). The respective data was needed for hydraulic calculations
and modelling:

1) Width of the culvert

2) Clear height of the culvert

3) Depth of the channel at the culvert

For 2) and 3) two different measures were taken:
a) Actual depth asitis at present, i.e. with vegetation or deposited waste or solids
b) Theoretical depth as it would be if there was no waste or solids. For this purpose the
solids may have to be removed at one point in the culvert.

As there is a substantial amount of deposited solids also in the culverts, partly reducing their
clear cross section by more than 50%, the aim of the survey was, amongst others, to compare
the original constructed profile and the actual status with the depth of solids (for defining the
clear cross sections and the hydraulic roughness coefficients).
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Figure 3-16:  Culvert at crossing Av. Joaquim Chissano / Av. Acordos de Lusaka

Secondary channels

The following information was collected from every secondary channel inside the subcatchment
or at the rim of the subcatchment:

1) Location of channels: Photo with GPS and/or location on map

2) Type of channel, i.e. earth channel or concrete channel

3) Shape of profile, i.e. rectangular, trapezoid

4) Width at the upper edge of the channel

5) Width at the lower edge of the channel (bottom width)

6) Depth of the channel

7) Documentation of operational status, i.e.: “fully operational” or “not operational

because blocked with stones, waste etc.” or “partly operational because of vegetation”
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Figure 3-17:  Secondary channel in Bairro Maxaquene

3.5.3.1 Investigation in the area of interest regarding possible measures of Integrated Urban
Watershed Management

Questionnaires were elaborated and residents of the subcatchment area were interviewed in
the course of the field survey. The questionnaires were answered by the inhabitants of
Maxaquene A and Mavalene A in personal interviews conducted by the Consultant with support
from the Universidade Eduardo Mondlane. It was taken care that the interviewees were
distributed approximately equally within the subcatchment.

These investigations tried to cover a representative share of the population of Maxaquene A and
Mavalane A.

The following questions were asked to a total of 187 households:

PART 1: URBAN FLOODING

= Question 1: How often do you experience flooding in your immediate neighbourhood?

= Question 2: How high above ground does the water level usually rise and how long
does the flooding usually last?

= Question 3: In which year occurred the worst flooding you have ever experienced in
this neighbourhood? How high was the water? How long did the flooding last?

= Question 4: What do you think is the main reason for the flooding in your
neighbourhood?

= Question 5: Which measures would help to prevent flooding or to enforce faster
runoff of the rainwater from your neighbourhood?

= Question 6: Are you informed about the ongoing construction works in your
neighbourhood in order to improve the rainwater drainage situation? (i.e.
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construction of new channels)

Question 7: Do you think that the construction of new drains will help to solve the
flooding problems? If no: why not?

Question 8: Do you think that there is any space in the neighbourhood where
rainwater could be collected (i.e. a retention basin) and then be released to the sea
after the rainfall event?

Do you have other suggestions about how the urban flooding problem could be
solved?

— INTEGRATED URBAN WATER MANAGEMENT

Question 9: Where / how do you receive your drinking water? House connection to
public network? Public tap? Public well? Private well? Other (if other, please specify)?
Question 10: How reliable is your water supply? 24h per day? A few hours per day? A
few days per week? Please describe:

Question 11: Is lack of clean drinking water sometimes a problem in your
neighbourhood?

Question 12: What happens to the wastewater from your household? Is it a problem
to remove the wastewater from your house/yard?

Question 13: Is wastewater from toilets (blackwater) separated from other
wastewater (greywater)?

Question 14: Does wastewater cause hygienic problems in your neighbourhood?
Question 15: Do you collect rainwater in your house/yard?

Question 16: How is the solid waste collection organized in your neighbourhood?
Question 17: Is the collection/removal of solid waste working properly? If not: which
problems are there and how could they be solved?

The main findings of the interviews are summarized as listed below. For detailed results please
refer to the Annex.

Regarding urban flooding:

1.

2.

Both neighbourhoods are being flooded for more than 2 days in a row approx. 1-2 times
per year, with the respective inundation level between 0 and 0.5 meters. The largest
flood which can be remembered by the residents was in 2000 where the neighbourhood
remained inundated for more than 2 months.

The main reason for flooding, as perceived by the interviewees, was saturated soil and
lack of drainage channels, together with unspecified other reasons. Lack of maintenance
of the channels and blocking of the channels by e.g. solid waste were not considered
reasons for flooding by the majority of the interviewed residents. Consequently the
construction of new channels is considered the most appropriate and effective measure
to improve the drainage situation.

The level of information regarding ongoing construction measures for new stormwater
drainage channels in the neighbourhoods was low.

The interviewed residents could not imagine that there could be sufficient space to
construct a storm water detention basin / pond within Maxaguene A or Mavalane A.

Regarding possible measures of integrated urban water management:

1.

About 50% of the interviewees in Maxaquene A and 70% in Mavalane A are connected
to the public water supply network with 24h water availability. The rest of the
interviewed residents retrieve their water from public taps. Nevertheless, a majority of
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residents claimed that there were frequent problems with water quality in the
neighbourhood.

A vast majority of interviewees stated that there are hygienic problems in their
neighbourhood caused by wastewater. While in Maxaquene A approx. 50% of the
interviewees release their wastewater to adjacent channels, only 30% of the residents in
Mavalane A have the chance to do so, whereas the respective rest disposes of their
wastewater directly adjacent to their premises.

Only about 20-25% of the interviewees collect rainwater for private use, mainly by
means of so-called 8-buckets (i.e. 8 x 20ltr). Such collected water is used mainly for
washing (Maxaquene A) and for cooking (Mavalane A).

While those who do not collect rainwater gave “lack of habit” as a main reason, only
approx. 5% of the interviewees claimed not to be able to afford the respective needed
collection and storage equipment for rainwater harvesting.

A majority of interviewees is satisfied with the 2-3 times per week collection of solid
waste as it is organized now, even though there is no collection directly in their
neighbourhood.

3.5.4 Final modelling results

The results of the field survey (Figure 3-18) were used to improve the preliminary model and to
carry out a plausibility check of all assumptions made so far. Additional culverts could be defined
along the main channel running parallel to the Av. Acordos de Lusaka. Finally 29 nodes or
junctions were defined in the improved model as compared to 9 junctions in the preliminary

model.

Another improvement could be achieved by adapting the cross sections of the open channel
conduits and of the culverts. Also the invert elevations of the conduits and of the culverts have
been modified including plausibility checks by using the new DEM. Nevertheless, some details
still remain unclear where the field survey and the new DEM differ significantly from each other
(e.g. Node J24). Also the lack of any slope in the section J8-J10 seems would have to be re-
checked with more accurate surveying equipment.
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Table 3-6: Invert elevations of nodes/junctions in improved model according to the field survey results

Invert Name Invert Max
Elev. Elev. Depth

J1 22.20 2.7 J16 26.20 2.1
12 23.10 2.7 117 26.70 2.1
13 23.80 2.7 J18 27.00 1.98
J4 23.80 1.95 J19 27.70 1.98
J5 24.10 1.95 J20 27.90 1.9
16 24.30 191 21 28.00 1.9
17 24.60 191 122 28.00 1.9
18 24.90 2 123 28.00 1.9
19 24.90 2 124 28.20 1.2
J10 24.90 2 125 28.40 1.2
J11 25.20 2 126 29.40 1.9
J12 25.30 2 127 29.90 1.9
J13 26.10 2 MC1 25.30 2.7
J14 26.20 2.1 MC2 22.20 2.7
J15 26.20 2.1

The subcatchments in the study area have been modified according to the field survey as well.
Thus the area size of subcatchment 5 was reduced considering a new main channel along the Av.
Milagre Mabote which leads the contributing surface runoff directly to the main channel of Av.
Chissano.

Figure 3-18 gives an overview about the investigated storm water drainage infrastructure and
their position within the case study area. In the following, Figure 3-19 to Figure 3-22 provide
more detailed information about the results of the field survey.
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Field survey results (secondary channels)
Field survey results (channels)
Field survey results (culverts)

Modelling manholes
Channels
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Figure 3-20:  Field survey results, section B
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Figure 3-21:  Field survey results, section C
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Figure 3-22:  Field survey results, section D
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Relating to the newly surveyed culverts, the subcatchment 5 was divided into 4 parts with 4
inlets into the main channel of Av. Lusaka instead of only 1 inlet in the preliminary model which
brings more accuracy to the results. The new model setup is shown in Figure 3-23 with the exact
invert elevations as measured in the field survey displayed in Table 3-7.

Figure 3-23:  Overview of improved model with new structure of subcatchments

Table 3-7: Invert geometric properties of subcatchments in improved model according to field survey

Subcatchment Imperviousness
(%)
S1 51.49 944 545 0.58 80
S2 6.58 434 152 1.3 75
S3 68.20 1108 616 1.5 75
sS4 12.12 520 233 0.9 85
S5.1 30.6 ?? 650 14 77
S5.2 20 ?? 530 14 77
S5.3 15 ?? 420 1.4 77
S5.4 11.8 ?? 330 1.4 77

The boundary conditions for all scenarios described below were:
= 2 years design storm according to EN 752 (1996, for housing areas) as published by
DNA (2005)
= Continuous discharge in the receiving main Channel of Av. Chissano: 4 m3/s
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As a remark on the remaining model uncertainties after implementing the results of the field
survey, all modelling results have to be seen under the following restrictions:

1. The case study area has been investigated without dynamic interaction to the
neighbouring and downstream catchments of Maputo. It has been the right decision
according to restrictions in time and budget. But for final decisions concerning the
measures to be taken it must be strongly recommended that all interacting catchments
have to be modelled in an integrated way.

2. The subcatchments in the model are still relatively large and thus the overland flow
routing is still a theoretical one because of the long flow paths with more than hundred
meters. It can be improved by further investigation in the various flow paths like
secondary and tertiary channels and implementing them into the model along with
further discretisation by further subdividing the subcatchments.

3. A special hydraulic phenomenon cannot be calculated within the model. It is to be
considered quite likely that at the bridges over the modelled main channel an overflow
into the downstream channel could happen in real flooding situation but not in the
model. These could lead to an overestimation of flooding upstream and
underestimation of flooding downstream. This problem can be solved by inserting
special overflow structures into the model but makes sense only in a much more
detailed model than the one used in this study.

4. The last restriction is the remaining uncertainty about certain surface and invert levels of
the channels which leads to uncertainties in slopes of certain channels:

a) Node J24 Elevation unclear: this means that still after the field survey and the new DEM
data the elevation of this node seems to be too low in regard to the neighbouring
nodes, which can be seen in the cross-section along the main channel (see longitudinal
cross section in scenarios below)

b) Nodes J9-J10 and nodes J15-J16: the slope of the downstream channel sections is
apparently too low and produces backwater effects that may not happen in real. These
data have to be cleared with the local agents.

SCENARIO 1: “THE CURRENT SITUATION”

The first modelled scenario was an application of SWMMS5 to the current situation, i.e. with
vegetation and solids in the channels and culverts, as found during the field survey. Table 3-8
provides an overview about the actual state of the culverts as they were also modelled in this
scenario. The modelling results are displayed in Table 3-9 and Figure 3-24, which is a
visualisation of the maximum water levels in the single storm water channel sections (conduits).
In Figure 3-24 it is shown that the maximum water level is being reached in several sections
along the channel, thus visualizing the areas where flooding occurs. The respective locations,
where flooding occurs, are shown in Figure 3-25.
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Table 3-8: Modelled culverts, their hydraulically available diameter and their actual state

A Width of the Clear helght of Clear height of | % of culvert % of
No. of Point | Inlet Node |Outlet Node culvert without A .
culvert . culvert with solids blocked culvert free
solids
P1 J20 J19 2,5m 1,34m 90cm 25 75
p2 2,14m 1,20m 90cm 75 25
P3 J18 J17 2,10m 1,30m 90cm 50 50
P4 J14 J13 2,80m 1,95m 1,55m 25 75
P5 J12 J11 3,66m 1,70m 1,20m 20 80
P6 J8 J7 2,0m 1,31m 94cm 75 25
P7 Ja J3 2,0m 1,15m 70cm 0 100
P8 J1 MC2 2,0m 1,25m 65cm 50 50
P9 2,0m 1,25m 65cm 85 15
P10 2,5m 1,45m 2,05m 35 65
P11 3,60m 1,45m 1,0m 50 50
P12 3,60m 1,50m 1,0m 50 50
P13 1,13m 60cm 40cm 90 10
P14 3,07m 85cm 60cm 60 40
P15 2,40m 80cm 40cm 50 50
P16 3,0m 60cm 40cm 50 50
P17 J22 J21 3,0m 1,30m 90cm 70 30
P18 2,50m 1,00m 70cm 60 40
P19 2,0m 2,10m 2,0m 50 50
P20 2,0m 1,50m 1,00m 65 35
P21 J26 J25 2,0m 1,20m 60cm 50 50
P22 2,15m 1,35m 1,10m 65 35
*1 J16 J15 Crossing bridge
*2 Culvert state
*3 Channel state
*4 J10 J9 Crossing bridge
*5 Culvert state (J. Chissano avenue across A. de Lusaka avenue)
*6 Crossing bridge
*7 J6 J5 Crossing bridge
*8 Channel state
*9 Crossing bridge
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Table 3-9: Node flooding summary for Scenario 1: “current situation” and 2 year / 40 minutes design storm

B

Node Fleooding Summary

ko ke ke ek

Flooding refers to all water that overflows a node, whether it ponds or not.

Total Matimam
Maximam Time of Max Flood Ponded
Hours Bate Occurrence Velums Depth
Hode Flooded s days hr:imin 10~8 ltr Meters
JZ4 1.38 9.101 0 00D:58 22.Ble 1.20
JZ23 0.53 7.01e 0 0D:5%3 B.130 1.30
J20 0.40 1.857 0 0D:4% 1.821 1.30
J1 1.80 2.853 0 0l1l:00 T.058 2.70
J4 1.08 2.701 0 0l:00 .73 1.85
J10 0.87 2.905 0 01:00 4.428 2.00
J18 0.30 1.170 0 01:00 o.s%gs 1.38
J13 0.22 1.174 0 01:00 0.732 2.00
J1E 0.24 0.828 0 ©0l:02 0.474 1.3
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Figure 3-24:  Longitudinal section through model representation of storm water channel — scenario 1:
“current situation” showing water level elevations.

Result: Flooding volumes and duration are quite equally distributed along the channel. In
comparison to the scenario “cleared channels and culverts” the discharge peaks are transferred
from the end of the subcatchment (J1) upstream into the catchment (J24), resulting in rather
equally distributed flooding in the whole subcatchment (see Figure 3-27: Flooding occurred,
among others, at the junctions J1, J4, and J24.
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Flooding at J24

Figure 3-25:  Flooding occurred, among others, at the junctions J1, J4, and J24 in the current situation
scenario

(see overview map for spatial reference)

The modelling results fit with the results of the interviews with the residents in the
subcatchment. Figure 3-26 shows that flooding is equally distributed along the main channel of
the case study area. On the other hand flooding was also reported in a certain distance from the
main channel. The large blue dots in the red circle show that flooding does not only occur due to
backlogging close to culverts, but likely also due to lacking urban drainage infrastructure
(collection of water at low points).

To understand the model results, the model characteristics of SWMMS5 need to be understood.
SWMMS is a robust one-dimensional flow routing model that can deal with low data availability
and shows at which nodes spill occurs from the drainage system. It is not a spatially distributed
inundation model that would simulate inundation depth and two-dimensional flood spreading.
l.e. the field survey results could be used for verification (with regards to where spill occurs) but
not for detailed validation (inundation extent and depth) of the model results
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Figure 3-26:  Results of survey interviews regarding flooding occurrence
(small blue points 0-0.5m inundation height, big blue points 0.5 -1.0 m)
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Terminology in this report:
“Inundation” means that water flows out of the channel and submerges land to a specific extent
and depth.

“Flooding” is defined as overflow water from rivers, drains or sewers
“Ponding” is a term that refers to the unwanted pooling of water, especially after inundation or

flooding has occurred. Overflow water may stay in local depressions even when floods retreat. In
order to model these effects a 2-dimensional model would be required.

SCENARIO 2: “CULVERTS CLEARED FROM SOLIDS BUT CHANNELS REMAIN UNCHANGED”

In order to simulate the scenario with cleared storm water channels, the roughness coefficient
for the discharge in the conduits was adapted accordingly. Modelling results are displayed in
Table 3-10 and Figure 3-27.

Table 3-10: Node flooding summary for scenario 2: “cleared culverts”

LA LD E LS EEEELE LR

Node Flooding Summary

e e ol e ol ok ol e e e e e o e ol e e ol ol e e

Flooding refers to all water that overflows a node, whether it ponds or not.

Total Maximam

Maximim Time of Max Flood Ponded

Hours Bate Occurrence Volume Depth

Hode Flooded CMS days hr:min 10~& ltr Heters
JZ4 1.28 5.105 0 00:58 21_8z21 1.Z20
JZ3 0.48 g.188 0 01:00 §.91% 1.30
JZ0 0.40 1.457 0 01:00 1.&835 1.30
J1 1.03 Z.448 0 01:00 4_Z18 Z.70
J4 0.73 1.220 0 00:55 2.220 1.85
J7 0.30 1.173 0 00:5% 0.37¢ 1.51
J10 0.5% 1.%553 0 01:05 2.714 2.00
J1ls 0.38 Z2.008 0 01:00 Z2.148 1.38
J13 0.31 1.758 0 01:00 1_300 Z.00

Result: The modelling results indicate that the mere clearing of the culverts from solids would
not have a substantial impact. The main problem, leading to flooding in the upstream areas of
the study catchment is rather the partly considerable blocking of the storm water drainage
channels with solids and vegetation, as this blocking leads to reduced cross sections on the one
hand and to reduced flow velocities on the other hand. It could be shown that if only the culverts
are cleaned and the channels not, then the total flooding would not be reduced much, only the
duration of the flooding would be reduced and consequently also the water quantities
inundating the study catchment.
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Figure 3-27:  In the longitudinal cross section there is no apparent difference between Scenario 2:
“Cleared culverts” and Scenario 1: “Current situation” at the time of peak flooding.

SCENARIO 3: “CHANNELS AND CULVERTS CLEARED FROM VEGETATION AND SOLIDS”

In order to simulate the scenario with cleared storm water channels, the roughness coefficient
for the discharge in the conduits was adapted accordingly. Modelling results are displayed in
Table 3-11 and Figure 3-28.

Table 3-11 : Node flooding summary for scenario 3: “cleared channels and culverts”

LA R R R R R R R R

Node Flooding Summary

LA R R R R L R R R R L R R LR

Flooding refers to all water that overflows a node, whether it ponds or not.

Maximum Time of Max Flood Ponded

Hours Rate Cccurrence Velume Depth

Node Flooded Qs days hr:min 106 lcx Meters
Jz24 0.05 0.597 0 01:00 0.071 1.20
Ji 0.3% 195.5¢¢ 0 00:58 12.85% 2.70
Js 0.01 11.081 0 01:01 0.074 2.00
J10 0.08 15.852 0 00:49 2.108 2.00
Jis 0.03 15.918 0 00:59 0.811 2.10
J1€ 0.1% 14.354 0 01:00 3.452 2.10
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Figure 3-28:  Longitudinal section for scenario 3: “cleared channels AND culverts” showing that flooding
occurs mainly at the outlet of the model catchment (i.e. at the right end of the section)

Result: Main flooding occurs at J1 (culvert to main channel Av. Chissano). It could be shown that,
if the main drainage channel is cleared from vegetation and solids, the discharge capacity of the
storm water channel will increase and flooding will concentrate more towards the outlet of the
subcatchment because the runoff reaches the downstream part faster and with higher
amplitudes. Due to the box culvert at the outlet of the subcatchment, flooding will nevertheless
occur, as the capacity of the culvert is too small to discharge the whole storm water runoff. This
culvert could definitely be confirmed to be a hydraulic bottleneck within the subcatchment.

SCENARIO 4: “OPENING/WIDENING THE CULVERTS”
Two different scenarios were calculated, one with an extension of the clear culvert diameter
about 50% and another one with an extension about 100%.

Scenario 4a: “50% widening of culverts (3 instead of 2 barrels at each culvert)”

Like Scenario 1 but with 3 instead of 2 barrels at each culvert increasing culvert area by 50%.
Please note that these calculations have been conducted under the assumption that the culverts
have been cleared from solid depositions and their full hydraulic capacity is available.
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Table 3-12:  Node flooding summary for Scenario 4a: “50% widening of culverts”

e e o e e e e o e e e o e e o o

Node Flooding Summary

e o e e o e e ok ol o e ol e ol e e o e ol e o

Flooding refers to a2ll water that overflows & node, whether it ponds or not.

Total Maximim

Maximam Time of Max Flood Ponded

Hours Rate Ooccurrence Volums Depth

Hode Flooded CMS days hr:min 10~ ltr Meters
J3 0.01 13.15% 0 00:52 0.08% Z.00
J10 0.08 17.485 0 01:00 1.B22 Z2_00
J11 0.01 11.013 0 00:5% 0.035 Z.00
J15 0.05 17.677 0 01:01 1.222 Z2.10
Jla 0.22 15.127 0 01:01 4.445 Z2.10

Result: It could be shown that no flooding occurs at the subcatchment outlet node J1 (culvert to
main channel Av. Chissano), if the clear diameter of the box culverts is increased by 50%.
Flooding still occurs at the nodes J9 to J 16. It is assumed that the latter is due to the fact that the
GPS survey at the culverts was inaccurate due to restricted accessibility (refer also to Table 3-7).
Unfortunately the invert levels which were measured on site during the filed survey could not be
re-confirmed once more on site after modelling.

Scenario 4b: “100% widening of culverts (with 4 instead of 2 barrels at each culvert)”

Like scenario 1 but with 4 instead of 2 barrels at each culvert. The clear diameter would thus
increase about 100%. Results are displayed in Table 3-13 Please note that these calculations
have been conducted under the assumption that the culverts have been cleared from solid
depositions and their full hydraulic capacity is available.
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Table 3-13: Node flooding summary for scenario “100% widening of culverts”

A AR AAARSTRARARRRR R

Node Flooding Summary

B

Flooding refers to all water that overflows a node, whether it ponds or not.

Total Maximum

Maximum Time of Max Flood Ponded

Hours Rate Cccurrence Velume Depth

Nede Flocded QMs days hr:min 106 1lcx Meters
J9 0.01 7.253 0 01:12 0.018 2.00
J10 0.08 14.282 0 00:56 1.389 2.00
Jii 0.01 7.567 0 00:585 0.014 2.00
Jis 0.04 16.712 0 00:89 0.724 2.10
J16€ 0.20 14.937 0 01:01 3.927 2.10

Result: It could be shown that no flooding occurs at the subcatchment outlet node J1 (culvert to
main channel Av. Chissano), if the clear diameter of the box culverts is increased by 100%.
Nevertheless, the reduction of flooding in the upstream nodes J9 to J 16 was inconsiderable.
Again it is assumed that the latter is due to the fact that the GPS survey at the culverts was
inaccurate due to restricted accessibility (refer also to Section 3.4.4.).

Based on the two modelled scenarios with increased culvert capacity, it can be concluded that
clearing the culverts from solid depositions and solid waste would already improve the situation
considerably. In how far the cross sections of the individual culverts would need to be widened
through either larger or increased numbers of culverts would need to be calculated based on a
holistic approach considering the overall drainage system from upper catchments to its outlet in
order to improve overall system performance also considering SuDS. It is important to solve the
overall situation considering the reduction of flood flows through SuDS if possible from a
political/ownership point of view and without just reducing flooding in one place and as a result
increasing flooding further downstream. In order to do this a political guideline regarding SuDS
would first be needed together with a suggested budget estimate and/or a level of accepted
flooding (and for which return period) to establish the level and therefore price to which the
flooding problem should be solved. It would be essential to plan and build the improved
drainage system in this holistic way as only individual measures or part implementation would
not have the planned overall positive effect. For such detailed calculations more field
measurements beyond of what has bee collected in the current study would be necessary (e.g.
location, type, dimension of possible SuDS, more detailed channel and hydraulic structure
dimensions, etc.). It would also be important to consider the constructive measures that are
already planned or in implementation for which information has not been available for this
study.

SCENARIO 5: “INCREASED DISCHARGE IN THE RECEIVING STORM WATER CHANNEL

A scenario with 4 instead of 2 barrels at each culvert was calculated, but with a considerably
increased discharge in the receiving channel (Av. Chissano) of 30 m3/s instead of the only 4 m3/s
as assumed in the previous scenarios.
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Result: Flooding occurs again at the subcatchment outlet node J1 because of the high water level
in the receiving channel, which in turn is caused by backlogging from the downstream culvert in
the receiving channel, which is now the hydraulic bottleneck.

Conclusion: Widening the culvert at the subcatchment outlet node J1 makes only sense, when
the following culverts in the main storm water channel along Av. Joaquin Chissano will also be
widened.

SCENARIO 6: “CLIMATE SCENARIO WITH HIGHER RAINFALL INTENSITY”

The same scenario as Scenario 3 was modelled with an assumed higher rainfall intensity in 10%
steps (compare Table 3-4), simulating a possible climate change effect. The assumption of a
10%-50% higher rainfall intensity was made mainly for modelling purposes, based on practical
considerations and in the absence of solid data. An increase of the rainfall intensity by 10-20%
can be considered a realistic worst-case-scenario. Referring to the INGC Climate Change Report
(INGC 2009) only a minor increase in annual rainfall amounts is to be assumed according to the
most Global Climate Models (GCM), except for the prediction as calculated by the CSIRO GCM.
Nevertheless, as not total rainfall amounts are relevant for urban drainage problems but rather
the intensity of events with a certain return period, a 20% increase of rainfall intensity for a two
year design storm was given the most attention, given that rainfall variability will remain to be
high in Southern Mozambique also in the future and the fact that climate change in the future is
expected to lead to an increase in the intensity of tropical cyclones. There may also be an
increase in their frequency of occurrence (INGC 2009). The two year 40 min design storm as
published by DNA (2006) is considered international state-of-the-art and thus also
acknowledged to be the relevant design event for the modelling/dimensioning of urban drainage
infrastructure in Maputo.

Table 3-14: Node flooding summary for 20% higher rainfall intensity

Neode Fleooding Summary

R

Flooding zefers to all water that overflows a ncode, whether it ponds or not.

Total Maximum

Maximum Time of Max Flood Ponded

Hours Rate Cccurrence Volume Depth

Node Flooded Q™S days hr:min 10~€ icx Meters
J24 0.31 g.220 0 00:56 5.339 1.20
Ji 0.49 20.568 0 00:56 16.65%0 2.70
J9 0.01 12.919%9 0 00:82 0.134 2.00
Ji0 0.12 16.01¢ 0 00:562 2.€3%0 2.00
J156 0.07 17.183 0 01:00 1.58%2 2.10
J16 0.27 16.213 0 00:53 5.114 2.10

Result: For a rainfall intensity increased by 20% main flooding at J1, but also in the other
calculated junctions, rises by about 20 % (i.e. from 12.859 m*to 16.690 m3.
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This result may appear to be rather obvious and straightforward. This is actually true due to the
fact that
1. The modelled subcatchment is rather small
2. The infiltration capacity within the subcatchment is very low and almost the entire
storm water during the design storm event is contributing to the surface runoff and
subsequently to the channel discharge.

The calculated 20% larger runoff upon the 20% more intense rainfall can be ascribed mainly to 2
facts:

1. The modelling of urban drainage problems concentrated on extreme events which
cause rapid runoff upon high intensity rainfall events. Small scale effects such as
interception and micro retention on the one hand, and slower processes such as
infiltration and evapotranspiration thus play a minor role in the modelling of storm
water runoff after extreme events. An increase in rainfall intensity will therefore in
almost any cases result in an equivalent reaction in the storm water runoff response,
with linear relationships being not uncommon.

2. Due to the short distances from the spot where the actual raindrop is falling to the point
where it enters the next storm water drainage channel, routing effects can be
neglected, especially when modelling a catchment of the size as it has been modelled
here

Respectively, it can be considered that the calculated effect of any climate change scenario will
be in a quite direct relation to the assumed increase (or decrease, if applicable) of rainfall
intensity. Rainfall intensity increases of +10%, +30%, +40% and +50% as compared to Scenario 3
were modelled to confirm this assumption and to demonstrate the model behaviour under such
conditions. Table 3-15 shows the results of these scenarios as compared to the standard design
storm. All other settings are the same as in Scenario 3.

It can be assumed that the calculated effect is similar for all modelled scenarios, as long as the
other relevant boundary conditions and model settings remain unchanged.

Table 3-15: Comparison of different increases of rainfall intensities as compared to Scenario 3

Junction / Node Flood Volumes
Scenario 3 +10% +20% +30% +40% +50%
J24 0 2,07 5,34 9,86 12,2 17,97
100% 258% 476% 589% 868%
Ji 12,859 14,06 16,69 18,65 21,13 22,82
109% 130% 145% 164% 177%
J9 0 0,07 0,13 0,19 0,13 0,18
100% 186% 271% 186% 257%
J10 2,1 3,03 2,69 4,27 3,84 5,49
144% 128% 203% 183% 261%
Ji5 0,81 1,13 1,592 1,7 1,41 1,91
140% 197% 210% 174% 236%
J16 3,45 4,98 5,11 5,46 6,03 7,04
144% 148% 158% 175% 204%
Total Flood Volume [*1000m3] 19,219 25,34 31,552 40,13 44,74 55,41
1 132% 164% 209% 233% 288%)
Flood volume difference between Scenarios 6,12 6,21 8,58 4,61 10,67
32% 64% 109% 133% 188%)

October 2012, p 222




RESPONDING TO CLIMATE CHANGE THEME 5

IN MOZAMBIQUE Water

SCENARIO 7: “SUDS MEASURES IMPLEMENTED IN MAPUTO“

Methods of Sustainable Urban Drainage Systems are called SuDS. As the application of SuDS in
the study area is considered one possibility to reduce the urban flooding problem, it was decided
to include some possible scenarios in the modelling exercise.

For the application of suitable SuDS in Maputo, rather local measures would have to be
preferred. It has been thought that the decentralized measures, such as large detention basins,
are not adequate for the actual situation in Maputo. Therefore a storm water detention pond,
infiltration trenches and pervious pavement were considered as useful measures for the
subcatchment and thus also considered as a scenario in the model.

The aim of applying SuDS in the study area is to achieve additional measures against flooding
and to diminish the burden to the drainage system downstream of the catchment. The measures
should be chosen so that they should attenuate the storm water flow, increase the storm water
runoff quality and provide groundwater recharge in a good quality.

As SuDS are generally applied in industrialized countries the selected measures would have to be
adapted to Maputo’s local conditions, especially as it is known, that Maputo city has no
experience in the field of sustainable urban drainage systems.

The case study area Maxaquene A and Mavalane A is a former swampy area and has a high
groundwater level (Palalane, 2007). This must be considered when selecting possible control
measures, especially as the infiltration of storm water for ground water recharge may not be
applicable in this area. Nevertheless also groundwater recharging systems were analysed for 2
main reasons:

1. Because during the stakeholder consultation process it became clear that in some
districts of Maputo the groundwater level has been recorded to be falling in recent
years due to overuse of groundwater resources. Groundwater recharge measures may
be a suitable means to stop this negative development in these areas.

2. To show their implementation in the model in principal.

For the final selection of measures it is obligatory to consider the interactions with the
groundwater system in detail. As already mentioned above and discussed with stakeholders, the
following measures were considered to be the most suitable centralized systems and were thus
considered in the modelling exercise:

= Storage ponds

= Infiltration trenches

= Pervious pavement

Storage Ponds

Storm water ponds can be created by excavating sinks or through the construction of
embankments. Contrary to storm water detention basins, storage ponds are not supposed to be
held completely empty at all times in order to be able to store a maximum volume of storm
water. Instead, a storage pond is used not only for storm water retention, but also for enhancing
water quality, channel protection, overbank and extreme flood protection. Additional positive
effects could be the possibility of recreational use of the pond or the provision of fire fighting
water. Problems may occur through mosquito breeding and rubbish disposal in the ponds and of
course caused by the space requirements which are still considerable. In any case, neither a
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detention basin, nor a storage pond can be implemented without a very comprehensive
involvement of the local population.

Ponds should be constructed so that they capture the runoff at maximum levels and minimum
excavation costs (AMEC, 2001, CIRIA 2007). A storage pond should be located at a suitable point
near the outlet of the catchment so they can receive the major part of the runoff from the
catchment. In the case study area, a pond could theoretically be located in the southern part of
study area close to the outfall at the lowest point of the study area, thereby warranting minimal
excavation and construction cost and allowing easy connection to the existing drainage
channels. The possible location of the pond is illustrated in Figure 3-29
O e

-
’

“Mavalane A
AN

Figure 3-29:  Possible location of a storm water retention pond. Subcatchments as modelled in SWMM
are shown in different colours.

As the suggested area is already being densely populated, it is quite unlikely that the respective
necessary land could be made available for such a radical measure. The aim of the modelling
exercise in this case was rather to calculate and demonstrate which size of detention pond
would be necessary in the case that no other measures would turn out to be sufficient. The
detention pond was assumed to be located near the outlet of the study area to receive the
storm water that could be diverted upstream of the most critical node J4.

Considering the need for space and construction costs, the dimensioning of the pond must be
considered an optimisation exercise. Thus, to provide the best result for the detention pond, an
iterative process was used, resulting in an optimum depth of 2.5 m. The required area for a
detention pond of this depth was calculated to be 30,000 m2. After running the simulation, it
was seen that such a detention pond could prevent the flooding in node J4 and can store 66,905
m?3 of storm water runoff volume.

The technical (geotechnical conditions) and administrative (ownership) feasibility of constructing
a detention pond at the mentioned location was not investigated. Possible discharge scenarios,
emptying times, the location and capacity of a necessary discharge channel/sewer, the
possibility to infiltrate water from the pond and the respective implications on the groundwater
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situation can be defined only upon a further topographic surveys which would have to deal with
the specific questions as relevant for the construction of a detention pond.

In any case it can be considered highly unlikely that such a measure can be implemented in such
a densely populated area as Maxaquene A, as massive resettlement of residents would be
necessary additionally to the considerable construction cost, which in turn depends on the exact
size of the detention pond.

Infiltration Trenches

Infiltration trenches can not only serve for reducing the surface runoff rate and volume, they can
also contribute to necessary groundwater recharge (AMEC, 2001, CIRIA 2007). They should be
implemented close to impervious areas such as at backsides of roads. Infiltration trenches fulfil
three main functions; infiltration, depression storage, and water flow along the trench with the
infiltration capacity of the trench depending mainly on the underground soil properties. A
schematic view of an infiltration trench is shown in Figure 3-30.
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Figure 3-30:  Schematic of an infiltration trench (AMEC, 2001)

Since the infiltration trenches are at risk of clogging, the installation of a pre-treatment system is
strongly recommended. Pre-treatment systems can be either vegetated filter strips or vegetated
buffer strips around the entire trench (CIRIA, 2007). In the study area the infiltration trenches
could be implemented along roadsides. These possible locations are indicated in Figure 3-31..
The length/width of these trenches can be variably adapted to the available space, reducing
them would obviously reduce their benefit. In general trenches are positioned such that as little
as possible other structures, trees, and similar are impaired or have to be removed.

Please note that the red lines given in Figure 3-31 show only possible positions of infiltration
trenches. These possible positions were not investigated for actual implementability of such a
measure, as this can be evaluated only in close cooperation and consultation with the local
authorities and the local residents — a process for which enough time should be reserved. Please
note that the modelled areas of e.g. 5 ha in a total 67 ha of subcatchment 5 represent a
considerable percentage (~7%) of the respective area.
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Exact dimensions have respectively to be based on geotechnical conditions, space availability,
political priorities and desired retention potential
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Figure 3-31:

Possible locations for infiltration trench (red outlines).

For an effective infiltration, the soil must be suitable to infiltrate the runoff. Hence, the most
important parameter to be considered in the first place is the soil type (CIRIA, 2007) and its
infiltration capacity. Palalane (2010) measured the infiltration rates in three different locations in
the same study area and concluded that the maximum infiltration rate in the area is about
66mm/h and the minimum rate 30 mm/h. The decay constant was calculated to be 3mm/h, with
a drying time of 7 days.

Details of modelled trenches:

In the study area, infiltration trenches with a total area of 6 ha have been modelled, 1 ha of total
67.2 ha in subcatchment S3. 1 ha of total 11.1 ha in $4, and 5 ha of total 67 ha in S5. The
parameters chosen are: depression storage 360 mm, infiltration rates maximum 66 mm/h and
minimum 30mm/h (used from the study of Palalane, 2010).

The trenches were modelled as rectangular, 100 % pervious subcatchment area within the
subcatchments S3, S4 and S5. Depression storage of the infiltration trench was set to 360 mm as
effective pore volume depth of the trench. The duration of the simulation was 14 hours. The
Manning coefficient was chosen to be 0.24 for all trenches (McCuen et al. 1996). General
properties of the trenches are given in Table 3-16
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Table 3-16: Infiltration trench summary

Total runoff from Total Total surface runoff
Infiltration Trench drainage subcatchment infiltration depth from infiltration
(mm) (mm) trench (mm)
IT 1 2384 427 1857
IT_2 412 412 0
IT_3 974 427 392

After modelling the 3 infiltration trenches, it was seen that the flooding rate was decreased by
over 70%. A comparison between flooding rates before and after implementing infiltration
trenches under otherwise current but cleaned conditions is given in Table 3-17

Table 3-17: Comparison of flooding rates at junction J7 (near the catchment outlet) under current
conditions with and without infiltration trench

Flooding rate (m3/s)

17 31.48 8.57

The considerable impact of the infiltration trenches on the modelling results make it an
interesting possibility to improve the urban drainage situation in the investigated
neighbourhoods. With estimated cost of USD 80 /m? they represent an affordable alternative to
large detention structures where large amounts of water have to be stored.

The infiltration trenches would have a potential effect on groundwater levels. While recharging
the groundwater is generally considered a positive effect, on local level also possible negative
effects have to be taken into consideration. Groundwater levels are reported to be shallow
already in the case study area so that the infiltration capacity and hydraulic conductivity of the
subsoil will have to be quantified and the possible consequences of rising groundwater levels
(i.e. when groundwater levels reach the bottoms of pit latrines and septic tanks in the area) on
the hygienic conditions and on the structural integrity of adjacent buildings investigated.

In addition space requirements for the infiltration trenches will need political decisions regarding
their location and size including the resulting needs for potential landscape interventions,
infrastructure interventions and housing interventions /resettlement needs. These aspects need
to be decided upon based on the above technical and political requirements (achievable effect
vs. size).

Pervious Pavement

Pervious pavements accept the water that falls directly on its surface (AMEC, 2001). Pervious
pavement systems are used where underlying sub-soils have an infiltration rate of between
approximately 13 to 75 mm/h and should be adequate to support the drawdown of runoff
within 24-48 hours. The slope of the area should not exceed 2 % (AMEC, 2001, CIRIA 2007). A
schematic view of a pervious pavement is shown in Figure 3-32
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Figure 3-32:  Pervious pavement (AMEC, 2001).

The general properties of the three above described SuDS are summarized in Table 3-18

Table 3-18: Matrix of selected SuDS objectives (adapted from; AMEC, 2001; CIRIA, 2007).

Recommended

maximum Runoff o Suitability for Mainte-
SuDS Group water . s
catchment area treatment tropical climate nance
recharge
(ha)

Ponds ca. 10 v X v Medium Medium
Infiltration <3 v v v Low Low
Trenches
Pervious

4 v 4 Medium Medium
pavement

For the modelling of the pervious pavement a new subcatchment was discretized on S4. It has
been estimated that the area for pervious pavement could be 20% of the total area of the
subcatchment which results in 2 ha. Because the pervious area is considered as part of the
subcatchment S4 within which that was placed, no rain should fall on subcatchment
representing the pervious pavement. Pervious pavement was modelled as having a depression
storage depth of 360 mm (below this depth water is infiltrated). Imperviousness percentage was
set to 35% with considering the imperviousness before implementing the pervious pavement.
The results are summarized in Table 3-19. For the used model accuracy it is no use to define the
pervious pavement in more geometric details.

Table 3-19: Runoff summary of pervious pavement

Area of Area of Total runoff from
Pervious pervious

Contributing Total

. contributing drainage . g .
drainage sub- . infiltration
Pavement pavement drainage sub- subcatchment

catchment (mm)

(ha) catchment (mm)

S4_Pervious 2 S4 10 184.27 119.7
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It could be shown that, if the pervious area is implemented only on an area of 2 ha contributing
10 ha drainage area, only a minor part of the storm water collected during the rain event can
infiltrate under the current subsoil conditions. The storm water discharge in the open channels
can be reduced only by 10 % or 3 m3/s.

While not being suitable as a standalone solution, the use of permeable pavements can be a
valuable supplement to other measures, especially as the slow infiltration on large areas (as
compared to the linear infiltration from infiltration trenches) represents a more natural way of
groundwater recharge, simulating natural conditions like the infiltration from unpaved areas.

Inlet and source control

Inlet control elements influence the runoff at or near its source (Butler and Davies, 2010).
Rainwater harvesting through roof collection system is one of these measurements to reduce
the runoff.

Calculation Example:

If storm water collection barrels with an average capacity of 100 litres volume are used for each
roof with 50 m? they can collect 2 mm of rainfall from this roof before the barrels are full. In
comparison to the 2 years design storm with a precipitation of approx. 40 mm in 40 minutes
duration, the collected amounts of storm water must be considered irrelevant regarding storm
water runoff generation. Additionally it has to be taken into account that such rainwater
harvesting tanks are rarely completely empty, which they would need to be in order to be really
effective.

Alternatives that would have a relevant effect on the reduction of peak runoff and volume are
rooftop ponding and green roofs. These methods can be implemented in modelling the system,
but for the case of Maputo have not been considered yet, also because such systems are quite
costly and cannot be considered to be realistically implemented in Maputo in the next years.

Rooftop ponding

Storm water can be stored on flat roofs by using the flow restrictors (Butler and Davies, 2010).
Rooftop ponding is an effective solution in order to reduce the peak runoff which flows to sewer
or drainage system. On the other hand it is not recommended to control the pollutant
concentrations (Maskell and Sherriff, 1992).

Green Roofs
Roofs covered with a thick layer of vegetated soil are referred to as green roof. This aims to

reduce the volume and rate of runoff as soon as runoff is generated (CIRIA, 2010).

In summary, inlet and source control are interesting from a water resources management point
of view, but its quantitative effect on storm water drainage is negligible considering the
enormous rainfall intensities as they are common in Maputo.
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3.5.5 Conclusions from modelling

Based on the modelling results, a technical solution which would lead to immediate results
would be to enlarge the profiles of the culverts along the channels as these are the existing
hydraulic bottlenecks in different scenarios. The enlargement of the culverts would anyhow only
make sense if the downstream culverts in the Av. Chissano main channel will also be enlarged as
otherwise spill and flooding may occur at those locations.

In general it is essential to thoroughly assess the overall drainage system of the city based on a
sound dataset which, as technical records are not available, has yet to be established through
detailed field surveys. Following these surveys hydraulic calculations or a modelling approach
has to be applied to re-design the drainage system. For the time being it is unknown why the
existing culverts have been constructed with such a small hydraulic capacity. The possibility that
at least some of these culverts are designed to serve as hydraulic throttles are to be investigated
and the respective implications discussed.

The results of the scenario assessments with and without vegetation and solids in the main
channels show that cleaning the channels would set them in a better hydraulic shape and
therefore the frequency of the flooding would be lower in the upstream part, but the peaks and
the volume of the flooding would be higher in the downstream part of the case study area. To
improve the situation in the overall area, consequently a mixture of measures would be
recommendable, including clearing and maintenance measures as well as structural measures to
include SuDS that reduce runoff and to increase the hydraulic capacity of the culverts near the
catchment outlet.

As the interviews in the two assessed neighbourhoods Maxaquene A and Mavalane A have
shown, the awareness of the consequences of open rubbish disposal is low within the local
population. The respective modelling results however show that keeping the existing urban
drainage infrastructure clear from rubbish and solid disposals in the channels and culverts could
have a very positive effect on the hydraulic capacity of the storm water drainage channels. It can
thus be concluded that awareness raising campaigns towards a more conscious and organized
handling of solid waste within the modelled neighbourhoods, and in fact in all Maputo, could
have considerable positive effects in reducing storm water flooding frequency and magnitude
and should thus accompany the above mentioned measures.

Climate change impacts have been investigated using the best possible approximation
considering the state of data availability. Climate change impacts have been found to be of
secondary importance and of less impact in comparison to the current deteriorated state of the
drainage system where maintenance, cleaning, implementation of SuDS and improving the
identified bottlenecks in a holistic approach would have the largest net benefit in reducing urban
flooding..

Overall it is essential to re-calculate the drainage network:

= Considering the whole respective source to sea drainage networks and not just those
parts in which currently problems occur in order not to just relocate the problem but
to holistically solve it

= Making political decisions about the allowed degree of flooding considering the
importance, vulnerability and value of different locations as well as the magnitude
and return period for which flooding may be allowed (e.g. there may be low value or
less vulnerable locations for which more flooding may be allowed with regards to
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magnitude and frequency than for high value and more vulnerable locations. The
drainage system can then be designed accordingly).

Considering where space can be made available for the implementation of SuDS
Considering climate change impact estimates in the system analysis and design by, in
the absence of solid datasets utilizing estimates if increased intensities. It needs to be
understood that these estimates would not be based on solid datasets and
respectively lead to a fail-proof system but would be an effort to improve the system
preparation for possible climate change impacts without the exact knowledge of their
magnitude

3.5.6 Elaboration of a manual for continued model use

In orde
manual

r to facilitate and foster the further application of SWMMS5 in Maputo, a short executive
was elaborated and included in the Annex of this report. The manual refers to detailed

information sources for the necessary modelling steps for the described scenarios.

3.5.7 Basic SWMMS5 training

A basic
particip

Further

SWMMS training was held on 21 and 22 March 2012 in Maputo. Institutions that sent
ants included

UEM, Department of Geography

Ara-Sul

DNA

Municipal Administration of Maputo, Urban Planning Department

participants from AIAS, INGC and the Urban Drainage Department of the Maputo

Municipal Administration had been invited but could not accommodate a participation in the
training.

3.6 STAKEHOLDER CONSULTATION

3.6.1 Stakeholder consultation during the inception phase

In order to discuss the presently ongoing efforts and the actual priorities as seen by the national

and loc

al institutions, a stakeholder workshop was held in Maputo on 21 September 2011. In

advance, the agenda of the workshop was defined as follows: To discuss on a high technical and

instituti
1.

onal level the following points:

Where in Maputo does the storm water flooding cause the biggest problems? = Which
are the "hottest" hotspots?

What is the potential future importance of the groundwater resources underneath
Maputo and how can they be sustained/improved (i.e. by use of storm water infiltration
for groundwater recharge)?

Who is interested in using the SWMM model for Maputo in the future? Which will be
the main interests of using the model? Who will be the actual persons working with the
model?

What are the large scale development perspectives in the city of Maputo in the next 5-
10 years? Construction of new sewers? Construction of new drains? Enlargement of
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water supply network? Diversification of water supply (rainwater harvesting,
groundwater)?

The workshop was successfully held on the premises of INAM with participants of all invited
stakeholders. In the workshop an overview of the project objectives was given to the
participants, followed by an introduction to the storm water runoff model SWMM and an
overview about Integrated Urban Water Management with examples of successfully
implemented measures in other countries, mainly Brazil. The objectives and results of the
stakeholder workshop are briefly displayed in Table 3-20.

Table 3-20:  Stakeholder Workshop on 21 September 2011 in Maputo

WORKSHOP OBJECTIVE
To discuss and work on the following topics:
e Storm water drainage problems in Maputo / possibilities of improving storm
water drainage problems
Water Resources of Maputo
Present and future infrastructure development in Maputo
Potential and limitations of the SWMM model
Future use of the SWMM model (after handover to the Client)
Importance / Relevance of groundwater as a drinking water resource in Maputo

After the introductory part, the above mentioned open questions were discussed in 2 groups,

III

one “national” group and one “municipal group”. Subsequently the results of the group
discussion were shared and openly discussed. The results of this process were compiled
according to the following topics:
1) FLOODING ISSUES
a. Maputo areas where flooding causes major problems
b. Main causes of flooding
c. Efforts undertaken to deal with flood problems
2) GROUNDWATER ISSUES
3) INSTITUTIONS POTENTIALLY INTERESTED IN MODELLING WITH SWMM

For more detailed information please refer to the Inception Report
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3.6.2 Stakeholder consultation during the main project phase

In order to discuss the intermediate project results and the resulting recommendations of the
Consultant, the respective stakeholders were consulted. During the final project mission in
March 2012 the following institutions were consulted and informed about the project progress:

=  DNA (Mr. Mutivue, Mr. Carimo)

= Ara-Sul (Mr. Vilanculos, Mr. Chaguale)

= INGC (Mr. Queface)

= AIAS (Mr. Matavela)

=  UN-Habitat (Mr. Silva Magaia)

=  UEM (Mr. Jose Rafael, Mr. Francisco Tauacale, Mrs. Alice Nuns)

Additionally a meeting was held with Eng. Isabel Vaz who was responsible for the design of
urban drainage infrastructure handed over to DNA in 2005.

Attempts to liaise with other institutions like the Urban Drainage Department of the Municipal
Administration of Maputo were not successful unfortunately. It was therefore impossible to
gather conclusive information about the degree of implementation of the recommendations as
given by Lahmeyer in the Strategic Sanitation Plans for 7 Municipalities (DNA, 2005).

It should be noted that the Sanitation Department of DND, as well as the Urban Drainage
Department of the Municipal Administration of Maputo were repeatedly approached with the
request to provide information about existing and foreseen urban drainage infrastructure in
Maputo. These requests were unfortunately not successful.

3.7 RECOMMENDATIONS

According to the Terms of Reference, 3 possible measures were selected and elaborated in
detail. Based on the site visits and the stakeholder consultations during the main project phase
as well as the results of the field survey and the hydraulic modelling with SWMMS5, the focus was
put on mitigation measures for the reduction of the immanent urban flooding problem.

The following 3 measures are recommended for immediate implementation.
1. Improved maintenance of existing urban drainage system
2. Re-calculation and re-design of all existing urban drainage infrastructure
3. Structural in-canal Measures

The reuse of storm water was not focussed on as not prioritized by the consulted stakeholders.
None of them expressed any considerable interest for the possibilities of groundwater recharge
or supplementary water supply (e.g. for industrial or agricultural use).

3.7.1 Improved maintenance of existing urban drainage system

During the site missions of the Consultant the existing storm water drainage infrastructure in
large parts of Maputo was inspected. The results of these inspections were very similar all over
the city:
1. In many districts and neighbourhoods quite extensive storm water infrastructure is in
place
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In all districts the inspected storm water infrastructure is in a rather bad condition in
terms of structural integrity or level of maintenance or both

Several of the open storm water drainage channels were completely blocked with solid
waste or sediments and left the impression that they had not been operable for years

In the following the above listed impressions are presented in a brief photo documentati

on:
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Figure 3-33:

Figure 3-34:  Back view of the same culvert
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lly filled with solid waste

Figure 3-35:  Secondary channel in Bairro Maxaquene A, partia

/ . 0 L 137"
5 ¢ Z. 4 7 9, tia. ... 3
Figure 3-36:  Main storm water channel along the Av. Acordos de Lusaka in Bairro Maxaquene A with a
“base flow” of approx. 10 I/s household wastewater and with solid waste deposits.

October 2012, p 235




RESPONDING TO CLIMATE CHANGE THEME S5

IN MOZAMBIQUE Water

7 g

SNt

Figure 3-37: Bridge over the storm water channel along the Av. cord de Lusaka which is acting like a
partly blocked culvert due to deposits of bulky solid waste

Figure 3-38:  Secondary channel in Bairro Maxaquene A, out of operation due to blockage by solid waste
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Figure 3-39:  Upstream part of primary storm water channel in Av. Joaquim Chissano (upstream view),
completely blocked with sediments

P R sk
Figure 3-40:  Upstream part of primary storm water channel in Av. Joaquim Chissano (downstream view),

completely blocked with sediments
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Figure 3-41:  Inflow of several secondary channels into primary storm water channel in Av. Joaquim

Chissano, directly downstream of blocked channel shown in Figure 3-39 and Figure 3-40

\ e, :
Figure 3-42:  Secondary channel in Bairro Maxaquene: blocked intentionally by residents in order to get
access to their houses
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Figure 3-44:  Storm water inlet in the cement city of Maputo: Iocked by solid waste
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Figure 3-45:  Storm water inle

t in the cement city of Maputo: blocked, water

cannot enter the sewer
system

Figure 3-46:  Storm water inlet in the cement city of Maputo: blocked by solid waste
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Figure 3-47:  Storm water inlet in the cement city of Mauto: blocked, water cannot enter into the sewer
system

Figure 3-48:  Secondary channel in Bairro Mafalala. Bloced underneath the concrete slabs which were
placed on top of the channel for pedestrian crossing
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Secondary channel in Bairro Mafalala. Blocked underneath the concrete slabs which were
placed on top of the channel for pedestrian crossing

Drainage channel near Bairro Mafalala. The red arrow marks the position where the photo
below (Figure 3-51) was taken

Figure 3-50:
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Figure 3-51:  Secondary channel in Bairr Maxaquene. Al ost compietely bockd by solid waste

- A\ =

Figure 3-52:  Drainage channel near Bairro afalala, blocked by solid waste and vegetation.
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Figure 3-53:  Same as bove. The workers who are clnmg the channel do not have suitable tools for
successfully clearing the channel.

Figure 3-54:  Secondary channel in Bairro Sommerschield / Polana Canigco A (close to the detention basin)
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Figure 3-55:  Secondary channel in Bairro Sommerschield, blocked with sediment.
From the distribution of the sediment in the channel it can be concluded that storm water in this channel is flowing towards the
handcart, where the channel suddenly ends.

3 . A= £ A 2 di | B RE o
Figure 3-56:  Secondary channel in Bairro Sommerschield / Polana Canigco A (close to the detention basin)
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Figure 3-57:  Unfinished detention basin North of Sommerschield (at Av. Julius Nyerere)

As visible in the above pictures, the variety of impairment in the urban drainage infrastructure is
very wide, with problems that could be solved easily if the necessary resources were (made)
available. The cleaning of many of the culverts, inlets and channels does not require heavy
machinery. Sufficient manpower and some trucks for the transport of the removed waste and
sediments would probably suffice for most of the above displayed problems.

A problem that cannot be made visible so easily, but which can be recognized on the above
pictures implicitly is the possible clogging of storm water drainage pipes in the cement city of
Maputo (refer to Figure 3-45 and Figure 3-47). The degree of clogging of the respective sewer
pipes can only be estimated and the problem itself can be tackled only by specialized companies
with the respective special equipment such as high pressure flushing equipment and Closed
Conduit TV (CCTV) for internal inspection.

Considering all the above the following measures are recommended for implementation:

1. Elaboration of an urban drainage infrastructure inventory, providing information
about exact position, technical functionality (i.e. state), operability, need for
rehabilitation

a. City wide survey of all urban drainage and sanitation infrastructure:
i. Exact position of infrastructure
ii. Exact elevation of infrastructure
jiii. Exact diameters of all channels, sewers, culverts,
iv. Exact position, elevation and volume of detention ponds
v. Position, elevation and functionality of dams and levees
vi. Functionality / Operability of all infrastructure
b. Digital mapping and inventory of all surveyed information
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c. Elaboration of a database containing existing and newly surveyed information
about all urban drainage and sanitation infrastructure
d. In cooperation with AIAS and the Municipal Department of Urban Drainage
include all available information about already contracted or otherwise already
designed urban drainage infrastructure in the a.m. database.
—Estimated cost for international and national consultancy: USD 420,000

2. Elaboration of a detailed Operation & Maintenance scheme for all urban drainage and
sanitation infrastructure
- Estimated cost for international and national consultancy: USD 80,000

3. City wide cleaning campaign of all urban drainage and sanitation infrastructure and
immediately following implementation of the before elaborated O&M plan
- Estimated cost®:
a. Clearing of channel > 3m -Heavy pollution: USD 51/m — Light pollution: USD
26/m
b. Clearing of channel < 3m - Heavy pollution: USD 31/m — Light pollution: USD
18/m
c. Clearing of box culvert: USD 285/barrel
d. Clearing of urban drainage inlet: USD 18 each
e. Clearing of sewer per meter USD 10/m or up to USD 20/m if CCTV is to be
applied and a GIS based sewer cadastre is to be created

4. Parallel to the cleaning campaign: City wide information campaign regarding urban
drainage and solid waste management, informing the population on
a. The functionality of the urban drainage infrastructure in Maputo
b. The immediate and mediate consequences of urban drainage infrastructure
being blocked by solid waste
c. The immediate and mediate consequences of urban drainage infrastructure
being blocked by the residents/businesses on purpose
d. Health implications of uncontrolled solid waste dumping
e. Health implications of uncontrolled wastewater emission to the urban drainage
infrastructure
-> Estimated cost for international and national consultancy: USD 120,000

- Estimated total cost for international and national consultancy: USD 670,000
-> Estimated total cost for implementation of measures: depending on length of
channels

and sewers, and number of culverts respectively. Refer to estimated rates above.

® All these rates are to be considered rough estimates based on the consultation with construction companies in Maputo.
There are a variety of factors that will influence rates of clearing in certain areas, as for example:
. Access for truck to stop and load cleared debris — e.g. in Av. Joaquim Chissano where there is high traffic volume and no
shoulder for vehicle to stop and load.
. Distance to dump site for truck to off load

. Access to mechanical drain clearing equipment for storm water drains — | suspect that the majority of drains have not been
cleared for many years.
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3.7.2 Re-calculation and re-design of all existing urban drainage infrastructure

Based on the results of the above described survey and the elaboration of an urban drainage
infrastructure inventory, the functionality of the existing system is to be hydraulically re-
calculated considering the actual state and operability of the structures. The prerequisites for
this engineering task are to be provided through a field survey in advance of the works, i.e. as
described above. Based on the field survey and the subsequent steps (digital mapping and
inventory of all surveyed information, elaboration of a database), a detailed city wide model can
be developed in order to re-calculate the hydraulics of the entire drainage system of Maputo.
Such a model will have to be elaborated in close cooperation with the Municipal Department of
Urban Drainage and Sanitation.’

This re-calculation would have to include:

1.

Assessment of the existing documentation which is available for the existing urban
drainage infrastructure, the design criteria applied and the experiences of the operator
regarding its actual functionality.

New hydrological calculation of relevant design storms (ideally based on the information
of newly installed hydrometric precipitation measurement devices).

1-dimensional or two-dimensional steady-state and non steady-state flow calculation of
open channels

Steady-state and non-steady-state hydraulic calculation of all piped storm water and
wastewater sewers

Detailed citywide network calculation of the entire sewer and drainage network (e.g.
with SWMM5)

- Estimated cost for international and national consultancy:

a. USD 120,000 if all necessary data and requested information can be provided by
the Municipal Administration of Maputo

b. Up to USD 300,000 if the respective surveys are to be organized and conducted
by the contracted Consultant (no matter if national or international) and
respective local sub-contractors

Based on the results of the hydraulic calculation and of the city wide hydraulic model, a re-

design®

of the complete storm water sewer and drainage network is to be conducted, taking

into account

a)
b)

The existing urban drainage infrastructure

The already contracted or otherwise already designed (and not yet implemented) urban
drainage infrastructure’

The political realities in Maputo, especially regarding the housing market and the
realities in the peri-urban areas with its informal settlements and its insufficient
possibilities to install high level infrastructure

Urban Development Plans and Strategic Master Plans

Earlier recommendations by other consultants (e.g. DNA 2005)

Possible extensions of the urban drainage system duly considering urban development
plans, stakeholder interests and hydrological re-calculations

-> Estimated cost for international and national consultancy: USD 400,000

7 Please note that the elaboration of an Urban Drainage Masterplan for Maputo is being tendered internationally at the
moment. The herewith suggested measures are to be taken | close cooperation with the Consultant who is going to
win this tender.

ie conceptual design

’ltis acknowledged that there are a lot of similar projects going on already, e.g. financed by the Italian Cooperation.
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- Estimated total cost for international and national consultancy: USD 520,000 to USD
700,000

3.7.3 Structural measures

Based on the results of the modelling of the subcatchment Maxaquene A and Mavalane A, some
structural measures at some major hydraulic bottlenecks are recommended for implementation
or at least for consideration:

Extension / reconstruction of culverts, based on the results of a citywide hydraulic

model: A comprehensive and reliable indicative pricing for this measure is not possible
for this measure, as

a.

For each culvert several different options are feasible (extension of clear
width/height of barrels, drilling of additional barrels, removal and complete
reconstruction)

There is a large number of differently sized culverts which are to be considered
for reconstruction. As stated in the conclusions from the modelling, the re-
dimensioning of culverts must be based on a citywide hydraulic modelling of the
complete urban drainage system, which could not be conducted in this project
phase to a level of detail which would have been necessary for such
dimensioning purposes.

—Estimated indicative cost per culvert/bridge including design, removal of old
culvert/bridge and reconstruction of roads: USD 50,000 to USD 500,000, very much
depending on agreed scope of works

2. Concept, design and implementation of Low Impact Measures such as:

3.

a.

Propagation of small scale rainwater harvesting systems, especially in those
neighbourhoods where there is no continuous water supply from a piped water
supply network.

- Estimated cost per household rainwater harvesting system, depending on
roof size, roof shape, and required storage volume: USD 150 to USD 500
Construction of infiltration wells, especially where the ground water level has
been lowered in recent years as a consequence of overuse of the groundwater
resources.

-> Estimated cost per well, depending on infiltration capacity of the subsoil and
the therefrom resulting well depth and diameter: USD 500 to USD 5,000
Construction of infiltration trenches where applicable, i.e. where the
groundwater level is not too shallow

- Estimated cost per square meter: USD 80 /m?

Roads as Drains, e.g. in Maxaquene A and Mavalane A (compare Mafalala)

- Estimated cost per square meter: USD 200 /m?

Finalisation of the storm water detention basin in northern Sommerschield: As can be
seen in the above photo documentation (Figure 3-57), the storm water detention basin
which was included in earlier designs by the local consultant Consultec as early as 2005
has never been finalized. Under the assumption that this detention basin is part of a
large scale urban drainage concept (to be confirmed) it is recommended that the works
for the completion of the detention basin should actually be re-started. The cost for this
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measure depend on many factors (foreseen surface, foreseen operational options and
resulting gate/weir form, foreseen storage capacity) and cannot be estimated without
access to the respective detailed design documentation. In any case it should be noted
that any future construction measures should be based on the results of a detailed
citywide hydraulic model.

3.7.4 Further recommendations

Apart from the above mentioned detailed recommendations the following measures are
recommended to be taken into consideration:

I Immediate development and short-term implementation of an integrated operation and
maintenance scheme for the existing urban drainage infrastructure.

Il. Elaboration and implementation of an integrated land use and settlement masterplan
for the whole city of Maputo (including Matola and suburbs), starting with new
development areas and continuing with a re-design of existing informal settlements in a
more structured manner to allow for the installation of basic infrastructure.

Il Concentration of ownership and O&M responsibility for the wurban drainage
infrastructure with one institution, e.g. the Municipal Administration of Maputo.

V. Urban flood modelling with a 2D hydraulic model which is able to model the actual
inundation of the areas adjacent to the urban drainage channels.
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SUBCOMPONENT 4: AGRICULTURAL WATER
MANAGEMENT

4.1 EXECUTIVE SUMMARY

The Support Project for Agricultural Water Management (SPAWM) aims to offer vulnerable
farmers increased resilience to climate change.

The project promotes improved use of water for agricultural purposes to protect farmers from
increased variability of rainfall both between and within years. SPAWM will work primarily with
vulnerable farmers, but will also support lead farmers, who will be emerging small commercial
farmers that will demonstrate the benefits of AWM to more vulnerable farmers. The project will
be limited to micro-level AWM that can be managed by individual farms or through voluntary
cooperation amongst a small number of farmers. It thus complements more formal irrigation
projects that support larger schemes involving shared management of water resources,
including the major PROIRRI programme.

The project is prepared as part of the second phase of the 'Responding to Climate Change in
Mozambique’ project, coordinated by INGC.

This second phase has 8 themes, covering all the main sectors that are likely to be affected by
climate change. Theme 5 deals with water and Subcomponent 4 of this theme supports the
preparation of the SPAWM project. This report is the main deliverable of Subcomponent 4. The
subcomponent is largely independent of the other subcomponents of Theme 5 but takes into
account the work under Theme 6, which deals with food and crop production estimates.

The project will cost USS 2.5m and will generate annual benefits of over US$ 600,000, after
five years, involving 3400 farmers.

The main benefits will come from using AWM techniques to cultivate vegetables during the dry
season, which will be consumed by the farm households and sold. The savings they generate
from these sales will help the households survive years of drought and flood. The AWM
techniques will also provide some protection from drought during the wet season, affecting both
vegetables and staple crops, thus providing further protection from increased variability of
rainfall. Some additional benefits will be felt by the urban population near the project activities,
who will have access to improved food supplies.

Climate change will generate increased benefits to the project.

The project is a 'low regrets' project, because it will generate good returns both with and
without climate change. In most places, the returns to the project will be higher with climate
change than without. Climate change is likely to result in a reduction in average yields, both with
and without AWM, which will tend to reduce project returns. However, this will be more than
offset by three factors that will increase returns if climate change happens: a) climate change is
likely to result in a higher frequency and duration of dry spells during the wet season and the
project will generate additional benefits by helping to protect farmers from this; b) climate
change is likely to lead to an increase in the concentration of ground level ozone during normal
wet season planting periods and this will increase the relative profits to farmers from the dry
season cultivation that is made possible by AWM; and c) climate change is likely to lead to higher
risks of flooding and so to higher benefits to farmers from being able to cultivate land that is just
above the floodplain, using the AWM techniques provided by the project.
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The SPAWM project is based on the latest AWM experience in Mozambique and
internationally.

The preparation was undertaken by two international and two Mozambican experts. The work
builds on experience in INGC in supporting farmers that are most vulnerable to climate change.
The latest international evidence of the physical and economic performance of AWM options
was reviewed in order to shortlist the most promising AWM techniques. Meetings were held
with key stakeholders from government, donors and the private sector. Fieldwork involved
discussions with farmers near Maputo and Beira to understand current AWM practices and
farming systems and explore possible interest in new techniques. The international grey
literature was searched for evidence to fill gaps and complement the evidence available in
Mozambique.

Detailed analysis of unit costs for AWM techniques was undertaken.

This built on on-going international work, adapted for Mozambican conditions. In most cases, a
combination of techniques is needed to extract water, deliver it to the field and apply it to crops.
The unit costs of each individual technique depend on the way in which it is combined with
other techniques, so it is not easy to present simple summarised figures. The unit costs of some
techniques are also heavily dependent on assumptions about the cost of labour. However, the
table below provides an indicative summary of the unit costs. In practice, the most appropriate
techniques for a specific location depend on a wide range of conditions, including the availability
of water resources, the farming practices and the circumstances of households and
communities.

Surface irrigation method
Sprinkler irrigation (20hp)

Drip irrigation (large family kit)
Hose + moto

Hose + treadle

method

Irrigation

~ Gravity canal
LP-pipe + moto
LP-pipe + treadle

Conveyanc
e system

Solar pump (800W, 10m height)
Electric pump & diesel generator (12m)
Moto-pump (4hp, 8m height) + hose
Moto-pump (4hp, 8m height) + furrow
Treadle pump (6m height)
Watering can (20It, 50m to field)

Waterlifting

Diversion weirs
Small dams (50m long, 3m high, 44K m3)

Deep tubewells (50m deep, 10cm wide)
Shallow tubewells (15m deep, 5cm wide)
Open wells (15m deep, 60cm wide)

Water resources
development
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Six combinations of AWM techniques are shortlisted as the most likely to be sustainable and
appropriate.

A shortlist has been prepared of six combinations of AWM techniques that will provide the most
cost effective solutions in most circumstances in Mozambique. There are three ‘blue water’
options (that use water brought to the field from surface or ground resources) and three other
techniques, as described in the table below:

Blue Water Options

A: surface water and moto pumps (with or without pipes and hose irrigation)
B: low cost open wells with moto pumps or treadle pumps

C: shallow tubewells with moto pumps or electric submersible pumps

Other Options

D: water harvesting (WH)

E: conservation agriculture (CA)

F: drainage control in the wetlands

The blue water combinations typically cost 500 to 700 $/ha/season, though there are quite large
variations, depending in particular on the height that the water must be lifted. Water harvesting
involves lower costs of about 110 $/ha/season, but provides lower benefits. Conservation
agriculture has a one-off transition cost and then provides sustained yield benefits with lower
costs. The costs of drainage control are site specific.

There are large variations in the benefits and costs to farmers, depending on land and water
availability, weather pattern, farming circumstances, attitudes to labour and access to markets.
Rough national averages are presented in the table below and are intended as indicators to
assist with comparative monitoring. The returns are those to farmers and exclude the costs of
extension and management support, which are dealt with in the project economic analysis.

Benefits Costs Benefit

Role of AWM S/ha/season Cost

Ratio
Blue water: dry season 2300 500 4.6
Blue water: wet season supplementary/dry spell protection 350 200 1.8
Water harvesting in wet season 270 140 2.0
Conservation agriculture in wet season 740 170 4.4

Other techniques are proposed to be tested to assess if they are cost effective in some
circumstances.

In particular, the pilot testing of additional AWM techniques may be used to test the viability of
treadle pumps, drip irrigation and sprinkler irrigation. However, the budget allocated for this
testing will be restricted to 10% of the total budget for equipment and inputs. More widespread
support for these techniques will only be considered if the tests prove that they are more cost
effective than the analysis in this report.

Three areas have been chosen to represent the main agro-ecological zones in Mozambique.

SPAWM will build on the existing experience of INGC in Caia (in Zambezi) and Mabote (in
Inhambane), which represent valley bottom and dryland agro-ecological zones. Both are
vulnerable to climate change, with Mabote vulnerable to drought and Caia to flooding. The
project will also add a third area in the Beira hinterland, which will offer insight into the AWM
technologies that are successful in wetland conditions and where markets are closer. In addition,

October 2012, p 254




RESPONDING TO CLIMATE CHANGE THEME 5

IN MOZAMBIQUE Water

the project operations in Beira will help to support marketing of products from Caia and a
component to support micro-AWM for outgrowers will operate nationwide.

Extension and management will be undertaken by a team of national experts and field
engineers, providing support to field staff.

At the national level, a Team Leader will provide overall coordination and will work with three
national experts  covering:  agricultural  engineering,  agronomy and farm
management/evaluation. These will be supported by two field engineers at each hub covering
agricultural engineering and agronomy. Where possible, field activities will be undertaken by
existing INGC field agents and MINAG extensions workers, to ensure sustainability. A budget is
provided to employ six additional Extensionists, if necessary. The project will provide expenses
for all Extensionists, including motorcycles and per diem.

The project will work with the Farmer Field School (FFS) approach.

FFSs are well established in Mozambique. Because they adopt a participatory approach, they are
ideal for demonstrating and promoting the adoption of AWM techniques. In each of the three
hub areas, the project will work with 5 extensionists, providing finance for mobility and training.
Each extensionist will aim to work with 3 FFSs, many of which will have to be created. The FFSs
will identify project beneficiaries and will be involved in selecting the most appropriate sites and
AWM technologies. The extensionists will work closely with the FFS during the first year of
contact and will provide follow-up support for the second year.

The project will support a training programme built around Farmer Field Schools and also
supporting training for extensionists and project staff.

The design of the FFS training is built on the experience in Mozambique and elsewhere, with a
series of 10 sessions per season and financing for training materials and expenses for farmers
and trainer