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Summary
Background and methodology

The Marromeu Complex is located in the Zambezi Delta in Mozambique. It is a protected
RAMSAR wetland site. Ecosystems as well as human activities may experience negative
impacts from future temperature increases and changing rainfall patterns due to climate
change. This study estimates the changes in hydrological conditions in the Marromeu complex
and the possible impacts. The figure below provides an overview of the study approach. For
this assessment data from four global climate models (GCMs) for two future scenarios were
used for the future time horizons 2030 and 2050. The variation between the GCMs and thus
the uncertainty of the projections was largest for the drier period from March to August.
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Figure A Study approach with the model and datasets included.
Hydrological and meteorological changes

Precipitation is overall projected to decrease by 2030 for all seasons except for the dry season
where increases and decreases are equally likely to occur. By 2050 there is a tendency towards
decreases up to -50% although (small) increases are possible as well. The variation in the
projections increases, except for the rainy season (December to March). Here the direction of
change is unclear and varies between -5 and +4 %. The start of the rainy season will be more
variable in the future and a late onset (beginning of December) will occur more often than
previously.
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As a result of decreasing rainfall and increasing temperatures, up to ~2 degrees by 2050, the
evaporation deficit will increase and thus soil moisture and groundwater recharge (up to -5%)
will decrease. Groundwater levels may on average decrease with 4 cm and decreases of up to
13 cm may occur during the dry season.

Based on literature review a sea level rise of approximately 0.30 meters was derived specifically
for the coastline of the Marromeu Complex.

Consequences for the Marromeu Complex

Production of maize, corn and sugarcane will require more irrigation water during the dry
season due to the projected increase in evaporation and decrease of soil moisture. Crop
growing conditions will become less favorable and small-scale farming yields may reduce,
given their limited resilience to climate change.

Increased drought and a more variable onset of the rainy season will affect biodiversity. On the
inland boundary the mangrove forests may retreat and freshwater grassland can disappear.

River flow from the Cheringoma Escarpment will likely decrease. A reduction of wet season
flow (as projected by 3 out of 4 scenarios) will also reduce the flow of freshwater in the wetland
area downstream which in turn may lead to further upstream penetration of saline water.

The population of Sofala, Mozambique will approximately double every 25 years. This will likely
result in an increasing pressure on the use of resources and available land.

The projected sea level increase will exacerbate flooding and possibly loss of land due to
erosion and land submerging in the delta area. The higher sea level will also mean that saline
water will reach further land inward and cause increased land salinization.

Recommendations

Implementation of small-scale rain-water harvesting and storage would provide water for small-
scale rainfall-fed agriculture and households in the dry season.

Continued conservation and expansion of the mangroves are necessary to protect the area
from coastal erosion and flooding.

Restriction of clear cutting and burning land for cultivation in the upstream catchments is
necessary to maintain the natural water holding capacity of the soil.

The projected reduction in groundwater recharge and likely increases in salinization asks for
sustainable use of the available water resources.
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Introduction

WWEF has requested Deltares to conduct a climate impact analysis for the Marromeu Complex
located on the coastline in the Central part of Mozambique. This analysis supports the
development of a restoration strategy and the improved and sustainable management of the
complex. The analysis provides WWF with information that can support the definition of
sustainable conservation and restoration strategies to be developed considering the changing
climate conditions. The results are available for use in further studies and stakeholder
assessments.

For this assessment we follow an approach using models and tools developed by Deltares and
VanderSat. River flows, soil moisture, evapotranspiration and groundwater recharge are
simulated with the distributed hydrological model Wflow (Schellekens et al., 2014). Focus is on
the period 1979 to 2014 for which peer-reviewed validated global meteorological datasets are
available.

Soil moisture data derived from satellite observations provides an important source to quantify
the severity of historical drought conditions. Because there is no river flow data available in the
Marromeu complex we have also used the satellite derived soil moisture data to validate and
optimize model and use the model to assess changes in future soil moisture conditions.

The climate impact analysis focusses on the changes in drought conditions and related
decrease in water availability for ecosystems and domestic and agricultural use. The climate
projections are based on the IPCC 5" assessment report i the latest version of the
internationally established climate scenarios.

Socio-economic information has been obtained from WWF and literature review. In the last

section the results of the climate impact assessment are translated into consequences for the
Marromeu Complex using the available socio-economic data.
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Data and Methods

Study area

Background

The Marromeu complex is located in the lower Zambezi Delta and covers an area of
approximately 11,000 km?. The complex became a Ramsar site in 2004. It is bordered in the
North-East by the Zambezi River, in the South-East by the Indian Ocean and in the west by the
Cheringoma Escarpment. It is inhabited by Buffalo, Elephant, Antelope, Zebra, Hippopotamus,
Lions, Leopards, Cheetahs, Wild Dogs, Spotted Hyena and a variety of water birds (Crane
Foundation, 2018).

Agricultural activities are in the Eastern part of the complex. This mainly concerns large scale
irrigated sugar cane production, that has slowly extended into the wetland areas, and some
smaller scale crop production of mainly maize, corn and rice. The eastern part is also the area
where most people live i the population of the complex is estimated at 120,000 thousand
(Beilfuss et al. 2001). The complex includes the Marromeu Special Reserve as well as four
surrounding hunting concessions. Military and commercial hunting has decimated wildlife
populations duringand | mmedi ately foll owing Mozambi
activities delay wildlife recovery. Large parts of the complex are hard or impossible to access
due to dense vegetation. Hunters do access more inaccessible areas over water. Clear-cutting
and fires are widespread in the upland areas.

The area used to be severely influenced by the discharge variability of the Zambezi River which
was the main source of water for the complex and caused seasonal flooding that supported the
wildlife, fisheries, agricultural activities and biodiversity. Due to the regulation of the Zambezi
River at Cahora Bassa and the construction of dikes, roads and railways, discharge to the
Salone River that flows from the Zambezi to the complex has been severely reduced and the
river is silting up (Beifuss and Bento, 2003). There are plans to rehabilitate the Salone and to
divert water from the Zambezi to the Salone. A feasibility study on this topic was started in
2017.

At present the inundation of the Zambezi Delta is mainly dependent on local rainfall-runoff from
the Cheringoma Escarpment and local rain within the reserve (Working Group for Conservation
and Sustainable, 2003). The Mungari, Ruave, Sanga, and Zuni Rivers have their source on the
crest of the Cheringoma Escarpment and flow down meandering along the edge of the Zambezi
Delta. These water resources sustain wetlands, lakes and thus wildlife on the western half of
the delta that no longer receive floodwaters from the regulated Zambezi River (Bento and
Beilfuss, 2003). This study focusses on changes within the complex and the rivers originating
on the Cheringoma escarpment.

Climate change impacts on hydrological conditions in the Marromeu Complex 3of 75
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Composite satellite image (Landsat 7 ETM, July 2003) of the Marromen Complex, showing the Zambezi Delta,
Cheringoma escarpment, and other regional features. Nlap produced by Richard Beilfuss and Carlos Bento.

Figure 2.1 Overview of the Marromeu Complex delineated with red and its location in the Zambezi Delta at the Southern
Bank of the Zambezi (source: Beilfuss and Bento).

Model area

The area considered in the modelling and soil moisture analysis includes the full river
catchments entirely located within the Marromeu Complex, delineated in black in Figure 2.2. It
was explicitly decided not to include the Zambezi River in the model because of its complexity,
size and current hydrological disconnection from the Marromeu Complex.

s
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~

Figure 2.2 Map of the catchment areas included in the model (delineated in black and numbered 1 to 5) together
with the two precipitation stations (black circles) nearest to the complex.
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Based on steepness / elevation (i.e. of the escarpment and the wetland areas) and vegetation
types like forests, agricultural crops and wetland vegetation, the complex has been divided in
representative sub-areas used for analysis of the data, see Figure 2.3.

[ Wflow catchments
Analysis Areas

N
A

10 0 10 20 30 40km
- )

Figure 2.3 areas used in the analysis. 1 to 5 are the wflow catchment 6-11 are areas with more or less
homogeneous vegetation and topographical properties.
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2.2 Approach

With this assessment we want to analyse potential future changes in hydrological conditions in
the Marromeu complex due to climate change with a specific focus on droughts and their
possible impacts. Figure 2.4 outlines the assessment design.

1. River flow, soil moisture, evaporation and groundwater are simulated for the historical period
1979-2014 with the hydrological model (Wflow) using historical meteorological datasets.

2. In the absence of observed river flow data the hydrological model is verified and optimized
based on satellite soil moisture observations as a proxy.

3. After optimization the hydrological model is used to simulate future river flow, soil moisture,
evaporation and groundwater for the years 2030 and 2050.

4. The model is forced with climate datasets for the RCP4p5 and RCP8p5:. The former refers
to a global average temperature increase of 2 degrees by 2100, the latter to 4 degrees warming.

5. For all variables the change between the historic period and the future time horizons is
assessed and potential impacts are discussed.

Historical
Meteorological
data
Future scenarios:
simulated historical
2 degrees warming river flow
- Hydrological Assessment of change
' model and potential impacts

4 degrees warming simulated future

river flow

Verification and
Optimization with satellite
observed soil moisture

Figure 2.4 Assessment design with the model and datasets included.

! Representative Concentration Pathways used by IPCC to convert future development scenarios into quantified
greenhouse gas concentrations for climate models resulting in quantified future warming projections.
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Hydro-meteorological data
Historical meteorological data

Local meteorological observations

Local precipitation data was provided by WWF Mozambique. This data originates from ARA-
Zambeze. The timeseries cover the period 2009 to near present. We have analysed the data
for two locations near the complex. The meteorological station in Marromeu which is located
on the North-East border of the area and the station in Caia located north of the complex.

Global meteorological data

The global dataset Multi Source Weighted Ensemble Precipitation (MSWEP; Beck et al., 2016)
is frequently used at Deltares to force Wflow hydrological models. The dataset combines
precipitation from satellite, re-analysis and station observation data. The different datasets are
averaged based on their performance. The dataset is available at a daily time-step and its
spatial resolution is 0.25 degrees. Temperature and potential evaporation were obtained from
the eartH2Observe dataset (Schellekens et al., 2017). Potential evaporation was calculated
with the widely used physically based Penman-Monteith equation (Monteith, 1965). Within the
hydrological model the potential evaporation is transferred to crop specific evaporation.

Comparison of precipitation data

In Fig. 2.5 to 2.7 we compare the local station data from the two stations with the global dataset
spatially averaged over catchment 1. Overall the products are quite similar which confirms
reasonable performance of the global product. There are some differences. For Caia we see a
large deviation in rainfall amount for the year 2009 compared to the other station and the global
product. In addition, the daily observed precipitation data at Marromeu for the dry period is
nearly continuously dry. This resulted in very dry conditions in the hydrological model and as
discussed with WWF we doubted this was representative for the entire area.

Indeed, a high degree of spatial variability of the precipitation is expected in the study area,
based on the difference between the two available stations and the presence of both coastal
and mountainous areas. By using the global product to force our model we are able to represent
this spatial variability in the model. Finally, for climate change analysis a long time series is
required (at least 30 years) which also requires the use of the long global data time series.

Climate change impacts on hydrological conditions in the Marromeu Complex 7 of 75
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Figure 2.5 Comparison of yearly precipitation over catchment 1 with the global product (E20), the Marromeu station
and Caia station
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Figure 2.6 Comparison of monthly precipitation over catchment 1 with the global product (E20), the Marromeu
station and Caia station
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Figure 2.7 Comparison of monthly precipitation over catchment 1 with the global product (E20), the Marromeu
station and Caia station

Future rainfall, evaporation and temperature projections

This study focuses on changes in future hydrological conditions caused by climate change. To
this end climate datasets from the 5" Assessment report of the Intergovernmental Panel on
Climate Change (IPCC-ARS5; IPCC, 2013) have been used. Two RCPs were selected, RCP4.5
(the moderate change scenario) and RCP8.5 (the worst case scenario). Focus is on the future
time-horizons 2030 and 2050, for both the historical period and the future periods a time period
of 30 years is used, because natural climate variability is assumed to be covered in a 30 year
period.

For the calculation of future changes in river flow we used datasets from General Circulation
Models (GCMs) that were part of the international inter-sectoral impact model inter-comparison
project (ISI-MIP). The ISI-MIP project developed future climate projections that were later used
as input for the IPCC 5th assessment report.

The database contains open bias-corrected GCM data existing of global daily grids with a
resolution of 0.5 degrees from 4 GCMs: NorES1-M, IPSL-CM5A-LR, GFDL-ESM2M,
HadGEM2-ES. These bias-corrected GCMs have been considered in this study.

Part of the ISI-MIP project focused on the bias-correction of the GCM precipitation data. Hereto
they applied an advanced bias-correction method (Hempel et al., 2013). The method preserves
the absolute changes in monthly temperature, and relative changes in monthly values of
precipitation. It is a modification of frequently used simpler transfer function, considered too
simple by Van der Zaag et al. (in prep) and considers both correction of the monthly mean and
correction of the daily variability around the monthly mean.

Surface water level data

Water level data has been provided by ARA-Zambeze for a number of gauges. Unfortunately,
none of those are located in the complex. We have data for two stations located downstream
of the Cahora Basa dam in the Zambezi main river, Tete and Caia. The time-series covers the
period 1955 7 2017. The construction of the dam resulted in a decrease in seasonality in the
Zambezi river discharge, i.e. a decrease of dry season minimum discharge and increase of wet
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season maximum discharge. This affects the Zambezi river water that could potentially flow
into the Marromeu complex during high flows, if the Salone River was not disconnected from
the complex by dams and other infrastructure.

Satellite soil moisture

Wetlands are areas with higher soil moisture content than the surrounding land (Mdller et al.,
2012). Satellite derived soil moisture is a good estimator of the wetness of the wetland and has
been included in this study because it provides valuable information on changes in drought
conditions and can be used to improve the parameterization of the hydrological model. For the
period 2015 to 2018 there data available from the SMAP satellite data from NASA which
provides L-band data and a rather good estimate of the moisture conditions. Before 2015 we
rely on C-band satellite data. As part of the analysis the C-band data was optimized to create
time-series of continuous data using both SMAP and the C-band data.

Sea Level Rise (SLR) and cyclone projections

In this region tropical storms that sometimes evolve into tropical cyclones occur with a
frequency of about twice per year and mostly from January until March (INGC, 2009). In Figure
2.8 the tracks and severity of cyclones over the period 1980 to 2050 are shown. To assess
future changes in cyclone frequency and sea level rise we have based ourselves on existing
literature of modelling studies based on the IPCC 4" and 5" assessment report.

Saffir-Simpson Hurricane Scale
TD TS 1 2 3 4 5

Figure 2.8 Southwest Indian Ocean cyclone tracks 1980-2005, taken from http://en.wikipedia.org/wiki/
Tropical_cyclone_basins.
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