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[bookmark: _Toc151988707]Introduction
The Somali Federal Ministry of Energy and Water Resources (MoEWR) is working to establish Integrated Water Resources Management (IWRM) in Somalia, in general, and the Juba Basin in general. 
A successful 'developing and managing the water resources of the Juba River in a sustainable manner 'requires proper understanding for the Water Resources of the Juba basin to foster socio-economic. development while maintaining environmental integrity and considering the trans-boundary context as well as the possible implications of climate change. In the context of this overall objective, adelphi, in cooperation with the Potsdam Institute for Climate Impact Research (PIK), supports: 
· The preparation of scenarios of future water availability under climate change conditions for the Juba River basin.
· Investigating the potential impacts of climate change on the hydrologic regime of the Juba River, in a quantitative analysis based on relevant existing climate change scenarios and studies.
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[bookmark: _Toc151988708]Heading 3: Someone must have slandered Joseph K. 
Someone must have slandered Joseph K. because even though he didn’t do anything bad, he was arrested one morning "Like a dog," he said, as if shame should survive him. When Gregor Samsa awoke one morning from troubled dreams, he found himself transformed into a monstrous bug in his bed.
[bookmark: _Toc151988709]Heading 4: Someone must have slandered Joseph K. because even though he didn’t do anything bad, he was arrested one morning 
Someone must have slandered Joseph K. because even though he didn’t do anything bad, he was arrested one morning "Like a dog," he said, as if shame should survive him. When Gregor Samsa awoke one morning from troubled dreams, he found himself transformed into a monstrous bug in his bed. 
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[bookmark: _Toc151988711]Heading 2: xxx 
The Juba River is one of the only two perennial rivers in Somalia and it comprises three tributaries i.e., Dawa, Genale and Webi Gestro, which all flow south-eastwards of Ethiopia. Gestro and the Genale unite to form the Juba River just north of Dolo in Ethiopia, and the Dawa joins the Juba River at Dolo having formed the Kenya-Ethiopia border and the Somalia-Ethiopia border in the area west of Dolo. These are joined by the Lag Dera which originates in Kenya from the west side of Mount Kenya as the Ewaso Ny'iro and Milgis rivers and flows to Somalia where it joins the Juba river near Kismayo. Other tributaries arising from Kenya are the Kutulo, Lak Bor, and Lagh Bogal rivers. 
The Juba basin significantly contributes to agriculture and livestock production by providing water for irrigation, and fertile flood plains which support growing a variety of crops and livestock production. Communities along the basin are both pastoral and agropastoral communities whose livelihoods depend on rearing livestock and growing different varieties of cash and stable food crops.
For the last three decades, Juba basin development was minimal due to basin security issues and only small areas were able to access and implemented resilience projects, mainly upstream part of the Juba basin, while previously Juba basin was identified as a key economic hub for Somalia and the central government of Somalia prioritized mega projects along Juba basin including the planned Bardhere dam and the Fanole project, among others, to achieve sustainable food security and economic development for Somalia.
In total, the Juba River is 1,808km long with a catchment area of about 210,010 km2. The flow in Luuq, close to where Juba River enters Somalia, is about 5,900 MCM/yr (million cubic meters per year). In the past as well as today, that volume is little reduced along the river’s flow towards the ocean. The flow entering the Indian Ocean is about 5,000 MCM/yr.
Flooding and droughts are regularly experienced in the Juba Basin and has affected the livelihoods of the communities in Somalia. Floods experienced during the heavy rains season cause destruction for the local catchments by heavy erosion and inundation of agricultural fields which impedes agricultural productivity.  It also sustained recession farming away from the river banks.
xxx 
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Figure 2: Chain of models for simulating climate impacts on the water cycle.


A chain of models from global climate models to regional climate models to (eco-)hydrological catchment models is usually applied to determine the impacts of global climate change on regional water resources and hydrological extremes. The first model layer is the global climate model, which simulates the global climate and the consequences of an assumed greenhouse gas increase (emission scenario). Its results form the input for dynamic or statistical regional climate models that describe the regional climate on scales of up to a few kilometers. The meteorological fields generated, e.g. of precipitation, temperature, but also radiation, humidity and wind, are then the input to drive hydrological model systems of varying complexity, which now simulate the individual processes of the hydrological cycle on scales of up to a few tens to hundreds of meters resolution. Such a model chain is shown in Figure §§. However, the regional climate data often have to be corrected before they can be fed into the hydrological models, because without, the simulated climate data may have a bias when comparing against observations. This step is called bias correction or bias adjustment. 
A Global Climate Model (GCM) is a complex mathematical representation of the major climate system components (atmosphere, land surface, ocean, and sea ice) and divides the global atmosphere into a three-dimensional grid of cells, where the fluxes of heat, water, and momentum are calculated. Its grid size is often limited by or dependent upon the power of the computer that is available to solve these equations. This limits the spatial resolution and is the reason why a further downscaling of the climate data provided by GCMs is necessary, for example to represent a potentially very heterogeneous landscape (from very mountainous parts to flat coastal plains) with its very different potential for heavy precipitation, droughts or other extreme events. 
In this context, Tthe Coupled Model Inter-comparison Project (CMIP) provides provides GCM climate projections that support essential WCRP activities and climate science worldwide, decision and policy-makers communities, in its objective to understand past, present and future climate changes. CMIP and its associated data infrastructure have become essential to the Intergovernmental Panel on Climate Change (IPCC) and other international and national climate assessments (IPCC 2021).
In contrast, Regional Climate Models (RCM) and Empirical Statistical Downscaling (ESD) applied over a limited area and driven by GCM data can provide information at smaller scales that support more detailed impact assessment and adaptation planning, which is critical in many vulnerable regions of the world. RCMs apply basically the methodology as done in GCMs, but at a finer resolution. As a result, they need comparable computer resources. For the latest generation of global climate model scenarios (CMIP6), RCM output is not available yet for most regions worldwide. The only cost-effective way of producing high resolution climate projections for GCMs is via statistical downscaling (ESD). Statistical downscaling in turn requires high resolution observational data, so it can learn the statistical relationships of between of the historical climate data at different scales and then use those relationships to enhance the spatial resolution of climate projections.
In this study, data of the latest generation of CMIP (CMIP6) data have applied which have been statistically downscaled within the international Inter-Sectoral Impact Model Intercomparison Project ISIMIP (coordinated at PIK) using the methodology described in Lange et al. 2018 (the so-called called ISIMIP3b scenarios). 
The last model type in the impact model chain are the so-called impacts models, in our case and applied in this study the eco-hydrological model SWIM (Krysanova and Hattermann §§). The latterIt reproduces the landscape pattern of a watershed by considering the landscape characteristics of catchments, such as soil properties, land use and relief. Such a model is the eco-hydrological model applied in this study andThe model is further described in Chapter §§ and the input data in Chapter §§. 

[bookmark: _Toc151988715] Climate scenario storylines: The Shared Socioeconomic Pathways (SSPs)

A new set of climate scenarios has been developed with respect to the sixth IPCC report (IPCC AR6), the "Shared Socioeconomic Pathways" (SSPs). The new scenarios represent narratives for different socio-economic pathways resulting in different increases of atmospheric greenhouse gas concentrations and leading to different levels of global warming. 
Five basic SSP scenarios were defined (Figure §§):
· SSP1: The sustainable and “green” pathway describes an increasingly sustainable world. Global commons are being preserved, the limits of nature are being respected. The focus is more on human well-being than on economic growth. Income inequalities between states and within states are being reduced. Consumption is oriented towards minimizing material resource and energy usage.
· SSP2: The “Middle of the road” or medium pathway extrapolates the past and current global development into the future. Income trends in different countries are diverging significantly. There is a certain cooperation between states, but it is barely expanded. Global population growth is moderate, leveling off in the second half of the century. Environmental systems are facing a certain degradation.
· SSP3: Regional rivalry. A revival of nationalism and regional conflicts pushes global issues into the background. Policies increasingly focus on questions of national and regional security. Investments in education and technological development are decreasing. Inequality is rising. Some regions suffer drastic environmental damage.
· SSP4: Inequality. The chasm between globally cooperating developed societies and those stalling at a lower developmental stage with low income and a low level of education is widening. Environmental policies are successful in tackling local problems in some regions, but not in others.
· SSP5: Fossil-fueled Development. Global markets are increasingly integrated, leading to innovations and technological progress. The social and economic development, however, is based on an intensified exploitation of fossil fuel resources with a high percentage of coal and an energy-intensive lifestyle worldwide. The world economy is growing and local environmental problems such as air pollution are being tackled successfully.
In General, global warming increases from SSP1 to SSP5.

[image: https://ars.els-cdn.com/content/image/1-s2.0-S0959378015000060-gr1_lrg.jpg]
Figure 3: The SSPs of the IPCC guided scenario set (O’Neill et al., 2016). 










The SSPs roughly correspond to the RCP (Representative Concentration Pathways) scenarios RCP2.6, RCP4.5, RCP6.0 and RCP8.5 of the previous IPPC report (AR5). The use of comparable developments of greenhouse gas emissions and radiative forcing allows for a direct comparison of CMIP5 and CMIP6 simulations. In contrast to RCP scenarios, the new SSP-based scenarios provide economic and social reasons for the assumed emission pathways and changes in land use.
In our study, we applied the scenarios SSP1-2.6, SSP3-7.0 and SSP5-8.5 of the latest generation of CMIP (CMIP6) corresponding to the climate input of the latest IPCC report (IPCC 2021).

[bookmark: _Toc151988716] Selection of climate data, limitations and sources of uncertainty

As mentioned in the objectives section, planning for water security requires an adaptive approach, as there is no absolute certainty about the socio-economic pathway (SSP) the world will take, the resulting climate change and the impacts at the local level. Models can support planning and decision-making, but to use them effectively one needs to know their limitations. Uncertainties in the climate scenario data and the hydrological impacts derived with them as input can be considerable (Hattermann et al. 2015, Blöschl et al. 2010). In addition to the inherent uncertainties of the climate and impact models involved, averaging as well as a lack of feedback between the three hierarchically arranged models in Figure §§ lead to additional uncertainties. 
In general, mathematical models are only an abstraction of the physical environment, and the necessary input data that the hydrological model uses in addition to the weather data to represent the hydrological processes and water flows (such as soil, vegetation and elevation data) are often subject to uncertainties. The highest regional uncertainty related to the climate models is located at the interface between regions where precipitation increases with high certainty and regions where precipitation decreases with high certainty. Different climate models allocate the transition zone mostly at different places. This has, of course, also impacts on the hydrological output (Hattermann et al. 2018). 
In addition, it is by no means certain how greenhouse gas emissions will develop over this century, as various development paths are possible, from "business as usual" to "avoid as much as possible". This is because the future development of socio-economic driving factors (population size, economic development and prosperity, but also lifestyle patterns, technology) are largely unpredictable and cannot be assigned objective probabilities. 
In order to map the existing but initially unknown bandwidths or uncertainties in climate impacts, it is therefore proposed that not only a single scenario, but a series of scenarios be applied in impact assessments. Differences during future atmospheric greenhouse gas concentrations can be mapped in this way. Likewise, differences in the climate impacts simulated by the respective models can be analyzed through model comparisons (IPCC 2014). In climate impact research, however, attempts can be made to limit the range of possible results and thus the model and scenario uncertainty by adding further information to the analysis (incorporation of local observations, empirical knowledge, physics-based dependencies, higher resolution of the simulations, statistical theories, etc.).
1 [bookmark: _Toc151988717]Approach Hydrological Modelling 
[bookmark: _Toc151988718] The Eco-hydrological Model SWIM

The SWIM (Soil and Water Integrated Model) eco-hydrological model was developed to investigate the impacts of climate and land use change at the regional scale, i.e. the scale where the impacts of climate change manifest themselves and adaptation measures are planned and implemented (Figure §§, Krysanova et al 2015, Hattermann et al 2005).

[bookmark: _Toc112326253][bookmark: _Ref111899611][image: ]Figure §§: The eco-hydrological model SWIM with the main landscape characteristics and water and matter flows considered. 















The model integrates all the relevant and interconnected hydrological, plant and management processes at the mesoscale, such as runoff generation, plant growth, nutrient and carbon cycling and erosion. Added to this are water management and agricultural cropping patterns and yields. The approach thus allows the simulation of all interrelated processes in a single model framework and with daily time steps using regionally available data (climate, land use and soil) and considering feedbacks (Figure §§). Wetlands are considered, among other things, through flooding and higher water availability for plants.
The water management model allows the simulation of reservoirs for flood protection, water supply and low-flow control. Irrigation and transmission lines are also possible. The agricultural module includes the simulation of cropping sequences, fertilisation and harvesting and the associated nutrient cycles. The vegetation module simulates the dynamic growth of different forest types as well as grassland and shrubland. 
SWIM is a spatially semi-distributed model (it uses a three-level disaggregation scheme from catchment to sub-catchment to hydrotope) that generally operates in at a daily time step. Model setup and post-processing are supported by a GIS interface. Results are presented as time series and maps for a range of variables. 
The SWIM model has been implemented and applied in various projects worldwide to investigate the consequences of climate and land use change on the water-energy-food nexus and on hydroclimatic extremes (see e.g. in Hattermann et al. 2011, 2014, and for an overview Krysanova et al. 2015), and has in addition participated in various model intercomparison studies (see e.g. Hattermann et al. 2017 and 2018).  
SWIM is maintained and further developed by the regional hydrological modelling group of PIK's Research Division II (https://www.pik-potsdam.de/en/institute/departments/climate-resilience/models/swim). Further information about the model and its components is provided in Annex §§.


2 [bookmark: _Toc151988719]Input Data used	Comment by Annika Kramer - adelphi: Hab hier was aus dem inception report eingefügt, wenn Du dieses Kapitel sinnvoll findest gerne anpassen
2.1 [bookmark: _Toc151639545][bookmark: _Toc151988720] Basin delineation
The basins considered in the model set-up is including the Shabelle basin. The consultants propose to use basin delineations based on international standards, especially the HydroSHEDS project https://www.hydrosheds.org/hydrosheds-v2 (See Figure 1)  HydroSHEDS data is also used by the Global Runoff Data Center, an international data centre operating under the auspices of the World Meteorological Organization (WMO) . 
However, the consultants propose to correct the HydroSHED basin delineation by excluding a sub-basin close to Lake Turkana (marked in yellow in the map below, Figure 1), as it seems this sub-basin, in fact, concerns an internal drainage basin that does not drain into the Juba (see the second image below, Figure 2). The same basin delineations as proposed by the consultants have also been used by FAO SWALIM in their “Atlas of the Juba and Shabelle rivers in Somalia” which will facilitate comparing results and building on existing data and information. https://www.faoswalim.org/resources/river_atlas/River_Atlas_Documents/index.html
[image: ]The existing sources were used to represent the size of the catchment area. It differs from the one sent by the client only in one place, and that is the delimitation to the Lake Turkana catchment. However, as this concerns very arid areas, it is assumed that this will have no influence on the hydrological modelling of the Juba.Figure 1: Basin delineations based on https://www.hydrosheds.org/hydrosheds-v2, -we propose to exclude the yellow sub-basin as it does not actually drain into the Juba basin as can be seen from Figure 2
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[image: cid:image002.png@01D9AA88.595FE030]Figure 2 Drainage system close to Lake Turkana at sub-basin level




[bookmark: _Toc151639547][bookmark: _Toc151988721] Hydrological data

Discharge data was shared by MoEWR for several gauges, in addition, data from the Global Runoff Data Centre (GRDC) is available for some gauges in the basin. The availability of data is given in the map below (Figure §§). It shows the main rivers and the respective gauges with their index number and the time period of observations (daily data).
However, many of the time series had gaps of often many years, and, as can be seen on the map, some started only in the 2000sends and many ended before 1980ties. 

[image: ]
Figure §§ Discharge data availability in the Juba and Shabelle basin, location of gauges and respective timelines

Since it is advantageous to calibrate and validate the eco-hydrological model with the longest possible time series without many or long periods of interruptionsdata gaps, 4 stations were finally selected that had continuous time series from 2022-2020. Two of them are from the Juba River (Luuq and Baardheere), and two from the Shabelle River (Belad Weyne and Buulo Barde). The period 2002-2010 served as calibration and 2011-2020 as validation period.
[bookmark: _Toc151639548][bookmark: _Toc151988722] Climate data 
[bookmark: _Toc151988723]Observed climate data

[image: ]
Figure 3 Discharge Meteorological data availability in the Juba and Shabelle basin, location of gauges weather (precipitation) stations and respective timelines

The basis for the evaluation of the current climate, to run the eco-hydrological model in the calibration process and to bias-correct the climate scenario data is the observation-corrected re-analysis climate dataset W5E5 version 2.0[footnoteRef:2] (WFDE5 over land merged with ERA5 over the ocean,  Lange et al. 2021). It is available for the entire globe at 0.5° horizontal (approximately 50km x 50km at the equator) and daily temporal resolution from 1979 to 2019. The W5E5 dataset was compiled within the international Inter-Sectoral Impact Model Inter-comparison Project (ISIMIP3b) to support the bias adjustment of climate input data for impact assessments. The W5E5 data include all necessary climate inputs to drive the eco-hydrological model, namely precipitation, radiation, mean temperature, maximum temperature, minimum temperature and wind speed. [2:  W5E5 data is available at https://doi.org/10.48364/ISIMIP.342217] 

The W5E5 dataset has been further compared against observed climate data from Somalia and Ethiopia. The respective rainfall station data from Somalia was downloaded from https://climseries.faoswalim.org/station/, the Data for Ethiopia was collected from various sources, as there is no open database, mainly from http://www.ethiomet.gov.et/stations/regional_information/3 . 
Time series are not the same for all stations. For some stations it is 1997-2023, 1999-2023, 2000-2023 (such as Belet Weyne station, Bulo Burti station and Jownar station respectively, with the longest observational periods among analyzed stations). For all other stations time series are somewhat shorter, such as 2005-2023, 2006-2023, 2007-2023, 2009-2023, 2011-2023, 2014-2023, 2015-2023. 
After comparison against the station data it turned out that the re-analysis data of W5E5 overestimate precipitation especially in the upstream, Ethiopian parts and in the first raining season. Consequently, further bias adjustmentcorrection of W5E5 data was conducted accordingly.

[bookmark: _Toc151988724]Climate scenario data

Before selecting scenarios runs and in order to be able to better estimate the uncertainty in scenarios of future climate, a very comprehensive comparison was conducted of available scenario ensembles provided by different projects (ISIMIP) and institutions (NASA) of the previous scenario generation (CMIP5) and the current generation (CMIP6). The original CMIP5 ensemble comprisesd 66 model runs for the RCP2.6 scenario and 89 model runs for the RCP8.5 scenario, and the original CMIP6 ensemble 37 model runs for the SSP1-2.6 and 45 model runs for the SSP5-8.5 scenario. ISIMIP2b and ISIMIP3b are the respective ensembles with bias-adjusted CMIP5 and CMIP6 climate runs, and GDDP are runs bias-adjusted by the NASA Earth Exchange Global Daily Downscaled Projections. 
Finally, the output of 7 GCMs for 3 scenarios of the ISIMIP project, bias-adjusted and downscaled to 0.5°, and of 3 GCMs for the same 3 scenarios of the GDDP ensemble were used to explore the range of uncertainties in climate impact projections and draw robust conclusions. Table §§ in Annex §§ list the selected scenarios, GCMs, climate variables and time periods. 
The range of uncertainty in temperature and precipitation trends at the Horn of Africa comparing the different ensembles is shown in Figure §§. Given are the differences of the mean values for the periods 1971-2000 and 2071-2100. 
The overall general result is that with increasing temperature (x-axes) precipitation is also increasing (y-axes). Further temperature increase is lower in SSP1-2.6 with 0.5-1.5 °C than in SSP5-8.5 with 3-6 °C. While most scenario runs show an increase in precipitation, some also show also a decrease.
It has to be pointed out that the general increase in precipitation under scenario conditions with raising temperature does not agree to the trend in observed precipitation in the southwestern part of the Juba basin and in the historical period (see next section).
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Figure 7: Temperature Simulated temperature and precipitation trends in the Horn of Africa region comparing the entire set of CMIP5 and CMIP6 and the applied ISIMIP3b GCM data under RCP1-2.6 (SSP1-2.6) and RCP8.5 (SSP5-8.5) climate conditions.                   



[bookmark: _Toc151988725]Comparison of trends in observed and simulated climate data

In a further step, a comprehensive analysis of the climate trends in the observed and simulated climate data was carried out. As an example, Figure §§ illustrates The the trends analysis in precipitation of the W5E5 and ISIMIP3b was done for both datasets and for the historical period 1971-2020. It shows that for the Horn of Africa and Somalia, climate simulations of the historical period, and especially trends in precipitation, do not fit well the observed (reanalysed) precipitation trends. Figure §§ illustrates the results for trends in W5E5 precipitation and ISIMIP3b precipitation. 
While the precipitation trends are more diverse in W5E5 data, with also negative trends in the south-west of Somalia, the mean trends of ISIMIP3b CMIP6 data are toshow everywhere a slight increase in precipitation.

a) W5E5										b) ISIMIP3b
[image: ]  [image: ]
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Figure 7: Comparison of trends of precipitation in the historical period (1971-2020). Left: W5E5 re-analysis data, right: ISIMIP3b bias-adjusted GCM data.

[bookmark: _Toc151639549][bookmark: _Toc151988726] Other data 
Data on land use, soils and elevation were taken be used from national and international data sources: 

[image: ]
· Landuse: 
· Copernicus Global Land Cover data set, 
· FAO SWALIM land cover map of the riverine areas result of exhaustive aerial photograph interpretation by SWALIM experts. However, the map gives more attention to the cropped areas, giving the crop type and acreage. https://spatial.faoswalim.org/layers/geonode:Landcover_Riverine_2007#/ 
[image: ]
· Soils: 
· FAO Harmonized World Soil Database, 
· SWALIM has conducted surveys of the soil in different parts of Somalia which is resulted in compiling a national soil database for Somalia https://spatial.faoswalim.org/layers/geonode:Soil_Simplified_FAOSWALIM2012#/ 
[image: ]
· Elevation and slope data: 
· NASA Shuttle Radar Topography Mission (SRTM)(2013)

This data were amended with data received from the MoEWR and further collected during the project from various sources.

 Calibration of the eco-hydrological model

Calibration of the model SWIM was done for the station Juba and Shabelle by adjusting parameters for river runoff and evapotranspiration processes in physically meaningful ranges. Figure §§ shows the result for the Juba at gauge Luuq comparing observed and simulated discharge for the period 2002-2010 (the validation result is given in Annex §§). The top left graph shows the comparison of observed and simulated daily flow and the period 2002-2011, the bottom left graph of the monthly averaged flow, the top right graph the comparison of the long-term average daily flow and the bottom right graph the long-term averaged monthly flow.
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Figure §§: Calibration of the Juba discharge comparing the observed and simulated discharge for the period 2002-2010 (gauge Luuq). Top left: daily comparison. Top right: long-term daily averages. Bottom left: monthly comparison. Bottom right: long-term monthly averages. NS: Nash and Sutcliffe coefficient (NS). Diff: difference in observed and simulated discharge in percent. 

The figure provides also the statistical criteria of the calibration with the Nash and Sutcliffe coefficient (NS) and the difference of observed and simulated flow in percent (Diff). NS values above 0.5 are considered to be a good reproduction of the observed flow. As can be seen, daily and monthly values are above 0.5 with also very small differences in discharge. In addition, the long-term averages of daily and monthly flow support the assumption that the model is able to reproduce the seasonal flow pattern with the two rainy seasons leading to two annual high flow periods, but also the low flow pattern early in the year.
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Figure §§: Calibration of the Shabelle discharge comparing the observed and simulated discharge for the period 2002-2010 (gauge Belad Weyne). Top left: daily comparison. Top right: long-term daily averages. Bottom left: monthly comparison. Bottom right: long-term monthly averages. NS: Nash and Sutcliffe coefficient (NS). Diff: difference in observed and simulated discharge in percent. 

Ab bit lower are the values for the Shabelle River (Figure §§). Still, monthly values are above 0.5 with again small differences in discharge volumes. The long-term averages of daily and monthly flow support the assumption as in the Juba that the model is able to reproduce the seasonal flow pattern with the two rainy seasons leading to two annual high flow periods and the low flow pattern early in the year.
[bookmark: _Hlk152149851]Figure §§ shows maps of mean groundwater recharge and mean actual evapotranspiration for the period (1971-2000). The highest values are in the Ethiopian highlands, where most of the precipitation falls. They serve as the source for most of the runoff generation and water flow in the Juba and Shabelle. Actual evapotranspiration is high next to the rivers, where plants have access to additional water because of irrigation and low shallow groundwater tables in the raining season. The balance of groundwater recharge can even be negative in riparian zones and wetlands, because plants can satisfy their additional water demand not available in the unsaturated soil column from groundwater. 
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Figure §§: Mean annual groundwater recharge (GWR) and mean actual evapotranspiration (ETa) for the period (1971-2000).



3 [bookmark: _Toc151988727]Results
3.1 Trends in climate

The possible range of climate change, especially change in annual precipitation, until end of the century is presented in  with rising global temperatures is presented in Section Figures §§ and §§, with one trend map per driving GCM. Shown here is only the trend under high-end SSP5-8.5 scenario conditions., illustrating that most scenario runs of the available climate scenario ensembles point at more precipitation with higher annual temperatures. 
The spatial change in temperature and precipitation is provided in Figure §§ as an average of the 10 GCM runs for each scenario / SSP.
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[image: https://www.pik-potsdam.de/~menz/overview_climate_change/Jubba/.pictures/map/legend_map_tas_East-Africa-Jubba_GDDP-CMIP6-Jubba_ssp585_annual_20700101-20991231_vs_19810101-20101231.png]
Figure §§: Change in temperature under SSP5-8.5 scenario conditions comparing the periods 1971-2000 and 2071-2100. Each map represents the results of one GCM output of the 10 ensemble members. The numbers give the range of changes. The red polygons show the Juba / Shabelle catchment.
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Figure §§: Change in precipitation under SSP5-8.5 scenario conditions comparing the periods 1971-2000 and 2071-2100. Each map represents the results of one GCM output of the 10 ensemble members. The numbers give the range of changes. The red polygons show the Juba / Shabelle catchment.

Obvious and robust is that the temperature increases from the low-end scenario SSP1-2.6 to the high-end scenario SSP5-8.5 and up until the end of the century. The numbers in the maps give the range of changes caused by the single runs of the ensemble which are 0.5°C-2.2°C for the low-end and 2.9°C-4.3°C for the high-end scenario. The changes in precipitation are more diverse and especially in the western parts of the catchment and south-west of Somalia, also decreases in precipitation are possible. However, precipitation increases in the northern parts of the Juba and Shabelle catchments, with values up to more than 4 mm per day under SSP5-8.5 scenario conditions.
The mean increase in precipitation in the upstream parts of the catchments may consequently lead to more discharge, if not outbalanced by a possible increase in evapotranspiration (Section §§).

 Trends Spatial trends in water resources
The spatial impacts of each climate scenarios on evapotranspiration and groundwater recharge are shown in Figure §§, comparing two future periods (2031-2060 and 2071-2100) against the reference period 1971-2000. The scenario SSP1-2.6 is the one with low temperature increase, SSP3-7.0 represents a scenario with medium increase and SSP5-8-5 is the one with the highest temperature increase. Each of the scenarios consists of an ensemble of 10 hydrological model runs fed by 10 downscaled and bias-adjusted GCM model outputs (see Table §§).
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Figure §§: Ensemble mean of the changes in evapotranspiration under different scenario conditions and for two future periods (2031-2060 and 2071-2100) with the period 1971-2000 as reference (ensemble mean).

The general increase in temperature and precipitation in most scenario runs (see Figure §§) leads to more evapotranspiration in most regions of the Juba catchment. Only under SSP1-2.6 scenario conditions, a small decrease of evapotranspiration is visible in larger, mostly upstream areas. With increasing global temperature and general increase of precipitation in the catchment, the highest increase in evapotranspiration happens in the second time period until end of the century and under SSP5-8.5 scenario conditions with up to 200 mm additional evapotranspiration. A stronger increase of evapotranspiration is also visible in riparian zones and wetlands, where, because of the lateral inflow of water, vegetation has access to additional water so that these areas act as a water sink.  
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Figure §§: Ensemble mean of the changes in groundwater recharge under different scenario conditions and for two future periods (2031-2060 and 2071-2100) with the period 1971-2000 as reference (ensemble mean).

As a result of the regional changes in precipitation and evapotranspiration, groundwater recharge is increasing in parts of the northern upstream catchments of the Juba. In most other downstream areas, groundwater recharge is decreasing, because the increase in evapotranspiration is larger than the increase in annual precipitation (see Figure §§). The stronger the global and regional increase in temperature, the stronger is in general also the increase in precipitation and evapotranspiration in the basin, and consequently, also the increase in groundwater recharge in the upstream and decrease in the downstream parts of the entire basin. A general decrease in groundwater recharge is also visible in riparian zones and wetlands, where, because of the lateral inflow of water, vegetation has access to additional water so that in these areas’ evapotranspiration increases and they act as a sink. 

 Discharge in 
Juba catchment

The relative change in mean annual flow in the Juba River at gauge Luuq is shown in Figure §§ and for the three SSPs with SSP1-2.6 being the one with low temperature increase, SSP3-7.0 one with medium increase and SSP5-8-5 being the one with the highest temperature increase. Each of the scenarios consists of an ensemble of 10 hydrological model runs fed by 10 downscaled and bias-adjusted GCM model outputs (see Table §§).
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Figure §§: Climate change impacts on River flow at gauge Luuq under scenario conditions. The coloured area illustrates the range of annual changes and the lines the medium of the respective scenarios.

The changes in river flow at gauge Luuq for the near future and the far future with the range given by the model ensemble are listed in Table §§ for the annual results and in Annex §§ for the monthly ones. While, on average, there is a slight increase in river flow and hence water availability, but the large range indicates the huge uncertainty associated with it. 

Table §§: Change in annual mean flow comparing with the period 1971-2000 (Juba at gauge Luuq).
	Period
	Min range
[m3/s]
	Max range
[m3/s]
	Avarage
[m3/s]

	
2031-2060
	-125.5
	166.8
	11.9

	
2071-2100
	-119.8
	783.7
	19.5




Visible is that the range of flow shows mostly an increase with extreme values at the end of the century (above 400 %), while the median of the 10 ensemble members (the thick lines) don’t show a significant trend. The large values are because ofrepresent only a few GCM outputs providing stronger increase in precipitation with increasing temperature and consequently more flow. The shaded background of the model range is red in periods with general more and blue in times with general less discharge.The medium of the results (the coloured lines for each SSP) show less increase and are around 0 for SSP1-2.6, while the median results of the other two and warmer SSPs give an increase of 20-30 %.
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Figure §§: Changes in mMonthly flow at gauge Luuq under scenario conditions comparing the periods 1971-2000 against 2031-2060. 

The changes inThe average monthly discharges are given in Figure §§ for all runs under SSP5-8.5 scenario conditions and SSP scenarios. Remarkable is the strong increase in Mai and August October to November December pointing at a more pronounced first and second raining season until end of this century. Especially then, this may lead to much considerably more absolute discharge and hence water availability, and also the large change in January and February, the low flow season, may lead to additional discharge. However, the results also show that uncertainty is high and one outcome, yet less likely, could also be that discharge decreases.  
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Figure §§: Changes in mean monthly flow at gauge Luuq for 3 selected dry projections under scenario conditions comparing the periods 1971-2000 against 2041-2071. 
  
    [image: ] 





Figure §§: Changes in mean monthly flow at gauge Luuq for 3 selected dry projections under scenario conditions comparing the periods 1971-2000 against 2041-2071. 

This is further illustrated in Figure §§ with the possible changes in seasonal river discharge for selected ensemble members (the driest projection per scenario). The results show that also negative changes are possible, especially in the second raining period, while the members show a slight increaseless decrease in the month April and May. Consequently, and after visiting again the comparison of observed and simulate trends in precipitation in the historical period and the observed trend to less precipitation, also drier future conditions should be considered in a robust adaptation strategy. 

 Discharge in Shabelle catchment
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Figure §§: Climate change impacts on river flow at gauge Belad Weyne under scenario conditions. The coloured area illustrates the range of annual changes and the lines the medium of the respective scenarios.

The change in mean annual flow in the Shabelle River at gauge Belad Weyne is given in Figure §§ in percent and for the three SSPs. Each of the scenarios consists of an ensemble of 10 hydrological model runs fed by 10 downscaled and bias-adjusted GCM model outputs (see Table §§). While the pattern in general follows the changes visible also in the Juba basin, more pronounced is the difference between median flows at the end of the century with the high-end scenario SSP5-8-5 showing on average the highestan increase in discharge. 

Table §§: Change in annual mean flow comparing with the period 1971-2000 (Juba at gauge Luuq).
	Period
	Min range
[m3/s]
	Max range
[m3/s]
	Avarage
[m3/s]

	
2031-2060
	-75.6
	154.2
	47.2

	
2071-2100
	-61.6
	797.4
	77.2



The changes in river flow at gauge Belad Weyne for the near future and the far future with the range given by the model ensemble are listed in Table §§ for the annual results and in Annex §§ for the monthly ones. On average, there is a remarkable increase in river flow growing until end of the century and hence more water availability, but the large range indicates the huge uncertainty associated with it. 
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Figure §§: Climate change impacts on seasonal river flow at gauge Belad Weyne under scenario conditions comparing the periods 1971-2000 against 2041-2071. 

As for the Juba River, Figure §§ illustrates changes inthe monthly discharge for all runs and under SSP5-8.5 scenarioso conditions. Remarkable is the strong increase in January to March and July to OctoberNovember, here pointing at a more pronounced increase in flow in both raining seasons. However, the results also show that uncertainty is high and one outcome, yet less likely, could also be that discharge decreases.


 Trends in flood extremes

In the light of recent events, also floods extremes and how they may develop under climate change conditions is a major concern in Somalia. This is why another focus, besides development of mean water resources, is on flood extremes. To this end, extreme value statistics haves been conducted for all 30 ensemble members (10 per SSP scenario) with the daily flow in the Juba River (gauge Luuq) and Shabelle River (gauge Belad Weyne) as input looking at the historical conditions (1971-2000), the near future (2031-2061) and the far future (2071-2100). The results are summarized in Figures §§ and §§. All On top of the figures are the results are for scenario SSP5-8.5 and below the ones for SSP3-7.0 and SSP1-2.6. andThey illustrate show how much higher the flood of the specific return interval is in comparison to the historical annual maximum daily flow of the period 1971-2001.
The result outcome is that the annual maximum median flow volume and also the more extreme floods such as the 10-year flood (maximum floods occurring once in 10 years) and the 100-year flood (maximum floods occurring once in 100 years) will change with partly much more flow in some of the ensemble members (and this mostly independent from the scenario). Under SSP5-8.5 scenario conditions, this the median increase is ~21 % and the mean increase ~36 % until mid of the century, while it is ~31 % (median) respective 81 % (mean) until end of the century for the 10-year flood. 
Also visible is that the changes are even stronger in the Shabelle river catchment, especially for scenario for the far future until end of the century.

a) Juba: change in flood extremes  
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b)                                                                  c)
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Figure §§: Climate change impacts on flood extremes in the Juba at gauge Luuq under SSP5-8.5 (a), SSP3-7.0 (b) and SSP1-2.6 (c) scenario conditions. The dots indicate how much higher the flood of the specific return interval is in comparison to the historical annual maximal daily flow of the period 1971-2001 (the first yellow point).

a) Shabelle: change in flood extremes
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b)                                                              c)
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Figure §§: Climate change impacts on flood extremes in the Shabelle at gauge Belad Weyne under SSP5-8.5 (a), SSP3-7.0 (b) and SSP1-2.6 (c) scenario conditions. The dots indicate how much higher the flood of the specific return interval is in comparison to the historical annual maximal daily flow of the period 1971-2001 (the first yellow point).Figure §§: Climate change impacts on flood extremes at gauge Luuq and Shabelle at gauge Belad Weyne under SSP5-8.5 scenario conditions. The dots indicate how much higher the flood of the specific return interval is in comparison to the historical annual maximal daily flow of the period 1971-2001 (the first yellow point). 


Discussion and conclusions

 Discussion 

The wellbeing of Somalia’s population is highly related to the annually changing water supply of the Juba River[footnoteRef:3]. Somalia is also one of the countries most affected by natural hazards, and climate change has already shown to enforce these extremes (Kimutai et al. 2023). According to the Intergovernmental Panel on Climate Change (IPCC, 2022), unless countries step up and adapt now, the results for countries such as Somalia is that there will be increased poverty, water scarcity, agricultural losses and high levels of migration. For this reason, the national government and state authorities are designing national, sectoral and subnational adaptation strategies, and in this context, they need science-based information on projected climatic conditions at the regional level. [3:  https://adelphi.de/system/files/mediathek/bilder/Climate_Risk_Profile_Somalia_1.pdf] 

To meet this demand, Adelphi and the Potsdam Institute for Climate Change Impact Research (PIK) have developed a climate risk study with a focus on the catchments of the Juba River including the Shabelle tributary. The description of the climate impact focuses on the development of temperature and precipitation trends, future water availability and changes in hydrological extremes. 
Despite the cutting-edge climate and impacts models that have been used for this study, there remains considerable uncertainty about the intensity and frequency of climate changes in Somalia in the next seven decades. In general, the severity of the consequences of climate change for the water resources and hydrological extremes in the Juba catchment area with the associated Shabelle River will increase with the rise in global and regional temperatures.


Climate
The projections throughout the 21st century show high certainty in temperature changes and less certainty for precipitation with a large ensemble spread until the end of the century over Somalia. They are probably due to the complex wind systems in the region where precipitation patterns are modulated by the interplay among large-scale (e.g., latitudinal migration of Innertropical Convergence Zone, the East African Monsoon System) and local circulation patterns (e.g., upslope and downslope moisture transport along the Ethiopian highlands). The October-November-December rainy season is known to be influenced by modes of natural variability, including the El Niño Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD) as the dominant modes of variability (Kimutai et al. 2023). Overall, annual mean precipitation projections show a tendency to decrease in the south west of Somalia in some projections, whereas an increase in precipitation is projected in the Ethiopian highlands, where the upstream parts of the Juba basin are located, and this especially under the medium and high global warming scenarios (SSP3-7.0 and SSP5-8.5). However, the uncertainties also vary depending on emission scenarios, with larger uncertainties for high-end emission scenarios and until the end of century. 

Water resources and hydrology
The projections show that climate change may have severe impacts on the water resources and water-related sectors in Somalia. While there is high certainty that mean annual temperatures, hot days, tropical nights, and extreme flood events are increasing in number and intensity, less certain, as in many other regions worldwide, is the change in precipitation and hence also in water supply (Prudomme et al. 2013, Liersch et al. 2019). 
As a result of this, impacts on water resources and vegetation differ and the adaptation measures of any national policies should be flexible to different development of climate in the region. While in the low lands and in the south western part of Somalia, there is a tendency to less precipitation and water availability (SSPs 3-7.0 and 5-8.5), but with huge uncertainty, the rest of the country could receive more precipitation and especially in the Ethiopian highlands, this would lead to more runoff generation. Balancing the increase in runoff generation in the highlands and the decrease in the lowlands, this could lead to an insignificant increase in water flow in the Juba, but with huge uncertainties in annual and seasonal flow, and to a more significant increase in river flow in the Shabelle, but also with huge uncertainty. This possible increase in water availability is supported by other publications, for example by a model inter-comparison study applying seven global hydrological models driven by an ensemble of five GCM scenarios runs per scenario (Prudomme et al. 2013).
Moreover, and of crucial relevance, the results also show that both hydrological extremes, droughts and floods, could increase in both areas in number and intensity with the increase in temperature (from the moderate warming scenario SSP1-2.6 to the strong warming scenario SSP5-8.5). Especially the increase in flood extremes seems to be a very robust signal, but with the increase in variability of river flow up until the end of this century also the number of droughts would increase in number and intensity.
It is important to keep in mind that the characterization of current hydrological conditions is still subject to uncertainties despite the overall satisfactory performance of the impact model SWIM, mostly due to uncertainties in the input data and missing validation data (e.g. climate, soil, and land use), data used for model calibration (e.g. streamflow), model structure, and model parameters (Hattermann et al. 2017 & 2018). For instance, despite the utility of the climate data used in this study to drive the hydrologic model in basins with data scarcity, gridded climate data are subject to uncertainties because of spatial interpolation procedures and missing observation data. Precipitation may have systematic biases caused by wind, which is inherent in precipitation measurements and introduces an unquantified error (Pollock et al. 2018). We rely on observed streamflow data for model calibration. However, streamflow data may have errors because of inherent uncertainties in flow measurement and rating curves (Tomkins, 2014). Uncertainties up to ±20% in flow measurement using the traditional area-velocity method and the current meter were reported by Parra et al., 2016. Especially under extreme flow conditions, measurements may have errors and biases. 

 Summary and concludions


Under all future emission scenarios, temperatures are expected to increase in the Juba and Shabelle basin until end of the century. Projection are Temperature increase of 0.5°C-2.2°C for the low-end and 2.9°C-4.3°C for the high-end scenario
Projections for changes in precipitation are more divers, depending on the scenario, precipitation may increase, but especially in the western parts of the catchment and south-west of Somalia, also decreases in precipitation are possible in high end climate scenarios.
Still, mean increase in precipitation in the upstream parts of the catchments may consequently leads to more discharge in most projections
More and more extreme floods are very likely
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[bookmark: _Toc151988729]Annex
 The ISIMIP3b climate scenario data 

Table §§: The selected Shared Socioeconomic Pathways (SSPs), Global Climate Models (GCMs), climate variables and time periods (* of ISIMIP3b, ** of GDDP).
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 Changes in river flow:additional information

Table §§: Change in annual mean flow comparing with the period 1971-2000 (Juba at gauge Luuq).
a) Change until 2071-2100 in m3/s
	Time
	min
	max
	avarage

	Year
	-125.5
	166.8
	11.9

	Jan
	-107.8
	112.9
	23.5

	Feb
	-78.0
	76.8
	17.3

	Mar
	-71.3
	65.6
	16.6

	Apr
	-214.1
	231.1
	31.1

	May
	-200.2
	400.9
	-6.7

	Jun
	-130.1
	247.5
	13.7

	Jul
	-118.8
	168.0
	-11.5

	Aug
	-183.9
	142.1
	0.3

	Sep
	-175.0
	95.7
	-2.3

	Oct
	-262.4
	281.8
	27.9

	Nov
	-245.8
	300.0
	59.5

	Dec
	-149.4
	219.4
	44.8


 
a) Change until 2071-2100 in m3/s
	Time
	min
	max
	avarage

	Year
	-119.8
	783.7
	19.5

	Jan
	-115.0
	551.8
	38.1

	Feb
	-88.9
	416.0
	33.3

	Mar
	-28.6
	438.4
	36.1

	Apr
	-137.3
	1077.1
	40.9

	May
	-239.3
	1320.9
	41.5

	Jun
	-151.6
	939.7
	10.2

	Jul
	-196.6
	674.3
	-7.8

	Aug
	-220.9
	568.1
	-1.8

	Sep
	-193.9
	415.1
	6.7

	Oct
	-181.4
	887.0
	-20.2

	Nov
	-202.1
	1401.6
	75.4

	Dec
	-153.9
	795.6
	43.0



Table §§: Change in annual mean flow comparing with the period 1971-2000 (Shabelle at gauge Belad Weyne).
a) Change until 2071-2100 in m3/s
	Time
	min
	max
	avarage

	Year
	-75.6
	154.2
	47.2

	Jan
	-41.1
	94.2
	21.9

	Feb
	-41.4
	149.3
	18.0

	Mar
	-45.2
	99.0
	17.0

	Apr
	-203.1
	228.1
	36.9

	May
	-179.0
	398.2
	35.1

	Jun
	-120.7
	279.9
	24.2

	Jul
	-107.9
	163.4
	33.7

	Aug
	-144.7
	577.9
	84.4

	Sep
	-136.3
	499.8
	67.9

	Oct
	-81.2
	187.4
	74.9

	Nov
	-75.0
	380.8
	63.4

	Dec
	-63.4
	183.5
	41.8



a) Change until 2071-2100 in m3/s
	Time
	min
	max
	avarage

	Year
	-61.6
	797.4
	77.2

	Jan
	-52.9
	670.9
	57.1

	Feb
	-49.8
	571.7
	42.6

	Mar
	-23.1
	513.4
	35.2

	Apr
	-177.1
	936.2
	48.8

	May
	-157.4
	1233.8
	39.5

	Jun
	-113.9
	734.4
	18.9

	Jul
	-122.1
	519.8
	15.7

	Aug
	-214.6
	979.6
	107.0

	Sep
	-111.0
	1003.2
	145.9

	Oct
	-98.8
	712.4
	83.6

	Nov
	-91.2
	1679.6
	149.4

	Dec
	-82.2
	998.4
	88.0




[bookmark: _Toc151988730][bookmark: _TOC_250086][bookmark: _TOC_250084][bookmark: _Toc115890806] The eco-hydrological model SWIM: processes described in the model

[image: ]SWIM integrates hydrology, erosion, vegetation, and nitrogen/phosphorus dynamics at the river basin scale and uses climate input and agricultural and water management data as external forcing. The hydrological module is based on the water balance equation, considering precipitation, evapotranspiration, percolation, surface runoff, and subsurface runoff for the soil column subdivided into several layers (Figure 1).

[bookmark: _Ref115878169][bookmark: _Toc115896330]Figure 1: The water cycle in SWIM: Input is precipitation as rain and snow (1) which is translated by the model into evapotranspiration (2) and runoff. Water flows, plant growth and matter dynamics are calculated for each spatial element (hydrotope), allowing for up to 10 vertical soil layers and different land use types. Soil water and nutrients (3) reach the groundwater surface after percolating through the unsaturated geological layers between soil and water table, with a lag function controlling the timing of recharge (4). Due to the normally low hydraulic permeability of the aquifer sediments (5), groundwater flow produces a long-term horizontal runoff component. Rapid runoff components in the model system are surface runoff and interflow (6). Lakes and reservoirs are a special form of hydrotopes where the actual evapotranspiration reaches the potential evapotranspiration (6). They can be managed considering several user priorities. Also included in the model concept are modules for daily groundwater dynamics, uptake of plant water and nutrients from groundwater and water, and nutrient retention in groundwater (5), wetlands and riparian zones (7). After reaching the river system, lateral water and nutrient fluxes are routed across the river network, taking transmission losses into account (8). The sub-basin boundaries used in the model applications are defined using the GRASS geographic information system and the digital elevation model (DEM) or provided by local authorities (9).

The simulated hydrological system consists of four control volumes: the soil surface, the root zone, the shallow aquifer, and the deep aquifer. The percolation from the soil profile is assumed to recharge the shallow aquifer. Return flow from the shallow aquifer contributes to the streamflow. The soil column is subdivided into several layers in accordance with the soil data base. The water balance for the soil column includes precipitation, evapotranspiration, percolation, surface runoff, and subsurface runoff. The water balance for the shallow aquifer includes ground water recharge, capillary rise to the soil profile, lateral flow, and percolation to the deep aquifer. Figure 1 summarizes the main processes implemented in SWIM.
The nitrogen module includes the following pools: nitrate nitrogen (NO3-N), active and stable organic nitrogen, organic nitrogen in the plant residue, and the flows: fertilization, input with precipitation, mineralization, denitrification, plant uptake, wash-off with surface and subsurface flows, leaching to ground water, and loss with erosion. The phosphorus module includes the pools: labile phosphorus, active and stable mineral phosphorus, organic phosphorus, and phosphorus in the plant residue, and the flows: fertilization, sorption/desorption, mineralization, plant uptake, loss with erosion, wash-off with lateral flow. The wash-off to surface water and leaching to groundwater are more important for nitrogen, while phosphorus is mainly transported with erosion.
The module representing crop and natural vegetation is an important interface between hydrology and nutrients. The same as in SWAT, a simplified EPIC approach (Williams et al., 1984) is included in SWIM for simulating all arable crops considered (wheat, barley, corn, potatoes, alfalfa, and others), using unique parameter values for each crop, which were obtained in different field studies. Simplification relates mainly to less detailed description of phenological processes and lower requirements on the input information. This enables to simulate crop growth in a distributed modelling framework for quite large basins and regions. Non-arable and natural vegetation is included in the database through some ‘aggregated’ vegetation types like ‘grass’, ‘pasture’, different types of ‘forest’, etc. and can be simulated as well.

[bookmark: _Toc115890807][bookmark: _Toc151988731] Climate and spatial input data 
[bookmark: _TOC_250083]
To set-up the model, various information in form of digital maps is necessary, which, in their combination, reflect the spatial heterogeneity of the landscape in the basin (Figure 2). The sub-catchments can be calculated from a digital elevation model (DEM) or taken from official maps of the federal states. For the models Bermejo and the Itenez, we applied the MERIT data to delineate the sub-basins and to calculate flow directions and gradients. This resulted in a total of 3303 sub-basins and 794 for the Bermejo, of which 110 are in Bolivia. The most important turnover zone of the water and material flows is the soil, whereby the HWSD-FAO soil information was used (1000 m resolution, status of data: 2019). The land use data used is based on Copernicus Global Land Service information (resolution 100 m, status of data 2019). The latter have been reclassified to build the 15 land use classes considered in SWIM. Figure 2 illustrates the overlay of different layers of information, and Table 1 lists the climate, hydrological and spatial data applied.

                   [image: ]

[bookmark: _Ref115896158][bookmark: _Toc115896331]Figure 2: Spatial, climate and hydrological input data applied in the study.

Climate data applied to drive the model are precipitation, minimum, maximum and average temperature, radiation and humidity. 


[bookmark: _Toc115890808][bookmark: _Toc151988732]Spatial disaggregation

A three-level disaggregation is implemented in SWIM. The disaggregation scheme implies 1) basin, 2) sub-basins, and 3) hydrotopes inside sub-basins (Figure 3). The idea is that a mesoscale basin (from 100 to 10,000 km2) is first subdivided into sub-basins of reasonable average area. This can be done, for example, using the r.watershed program of GRASS (or any other GIS with similar capabilities), which  is applied to a Digital Elevation Model of the area with a certain threshold for the average  size of the sub-basin.
After that the hydrotopes (or Hydrological Response Units) are delineated within every sub-basin, based on land use and soil types. Normally, a hydrotope is a set of disconnected units in the sub-basin, which have a unique land use and soil type. Therefore, a hydrotope can be assumed to behave in a hydrologically uniform way within the sub-basin.
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[bookmark: _Ref115896231][bookmark: _Toc115896332]Figure 3: Three level disaggregation scheme ’basin – sub-basins – hydrotopes implemented in SWIM.

In order to optimally calibrate the model spatially, in large catchments several subbasins are combined into one catchment, which can then be specifically calibrated in each case. The reason for this is that local characteristics such as regionally different vegetation, soils and topography can be better taken into account in the calibration process of large basins. However, when forming these units and calibrating them individually, care should be taken that the choice of parameters is physically plausible and that the differences in parameter values from unit to unit are meaningful and comparable.
Figure 4 and Figure 5 show the delineation of the Itenez and Bermejo river basins into catchments, subbasins and hydrotopes, as applied in the study “Climate Risk Assessment to identify robust adaptation strategies for the water sector in Bolivia”. 
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[bookmark: _TOC_250077][bookmark: _Toc115890809][bookmark: _Toc151988733] Overview of the Model Components
[bookmark: _TOC_250076][bookmark: _Toc115890810][bookmark: _Toc151988734] Hydrological Processes

Snow melt In the simplest version, the snow melt component is a degree-day equation. This can be done applying to levels of spatial disaggregation: in a lumped version for entire sub-basins or considering the elevation in form of height bands from valley bottom up the slopes to the crest of the catchment. Melted snow is then treated in the same way as rainfall for further estimation of runoff and percolation. In the more complex version, the temperature and snow melt varies with height along the slopes of the subbasins.

[image: ]
[bookmark: _Toc115896335]Figure 6: Flow chart of the SWIM model, integrating hydrological processes, crop/vegetation growth, and nutrient dynamics in SWIM.

Surface runoff The runoff volume is estimated using a modification of the SCS curve number method (Arnold et al, 1990a). Surface runoff is predicted as a nonlinear function of precipitation and a retention coefficient. The latter depends on soil water content, land use, soil type, and management. The curve number and the retention coefficient vary non- linearly from dry conditions at wilting point to wet conditions at field capacity and approach 100 and 0 respectively at saturation. The modification essentially reduces the empirism of the original curve number method. The reliability of the method has been proven by multiple validations of SWAT and SWIM in mesoscale basins. Nevertheless, there is a possibility to exclude the dependence of the retention coefficient on land use and soil, leaving the dependence on soil water content only, and assuming the same interval for all types of land use and soils.
Percolation The same storage routing technique as in SWAT is used to simulate water flow through soil layers in the root zone. Downward flow occurs when field capacity of the soil layer is exceeded, and as long as the layer below is not saturated. The flow rate is governed by the saturated hydraulic conductivity of the soil layer. Once water percolates below the root zone, it becomes groundwater. Since the one-day time interval is relatively large for soil water routing, the inflow is divided into 4 mm slugs in order to take into account the flow rate’s dependence on soil water content. If the soil temperature in a layer is below 0°C, no percolation occurs from that layer. The soil temperature is estimated for each soil layer using the air temperature as a driver (Arnold et al., 1990b).
Lateral subsurface flow Lateral subsurface flow is calculated simultaneously with percolation. The kinematic storage model developed by Sloan et al. (1983) is used to estimate the subsurface flow. The approach is based on the mass continuity equation in the finite difference form with the entire soil profile as the control volume.  To account for multiple layers, the model is applied to each soil layer independently starting at the upper layer to allow for percolation from one soil layer to the next and percolation from the bottom soil layer past the soil profile (as recharge to the shallow aquifer).
Evapotranspiration Different methods can be applied to calculate potential evapotranspiration. In the current study, potential evapotranspiration is estimated using the Priestley-Taylor method (1972) that requires solar radiation and air temperature as input. It is possible to use the Penman-Monteith method (Monteith, 1965) instead if wind speed and relative air humidity data can be provided in addition. The actual evapotranspiration is estimated following the Ritchie (1972) concept, separately for soil and plants. Actual soil evaporation   is computed in two stages. It is equal to the potential soil evaporation predicted by means   of an exponential function of leaf area index (Richardson and Ritchie, 1973) until the accumulated soil evaporation exceeds the upper limit of 6 mm. After that stage two begins. The actual soil evaporation is reduced and estimated as a function of the number of days since stage two began. Plant transpiration is simulated as a linear function of potential evapotranspiration and leaf area index. When soil water is limited, plant transpiration is reduced, taking into account the root depth.
Groundwater flow The groundwater model component is the same as in SWAT (see Arnold et al., 1993). The percolation from the soil profile is assumed to recharge the shallow aquifer. Return flow from the shallow aquifer contributes directly to the streamflow. The equation for return flow was derived from Smedema and Rycroft (1983), assuming that the variation in return flow is linearly related to the rate of change of the water table height.  In a finite difference form, the return flow is a nonlinear function of ground water recharge and the reaction factor RF, the latter being a direct index of the intensity with which the groundwater outflow responds to changes in recharge. The reaction factor can be estimated for gaged sub-basins using the base flow recession curve.
[bookmark: _TOC_250075][bookmark: _Toc115890811][bookmark: _Toc151988735] Crop / Vegetation Growth

The crop model in SWIM and SWAT is a simplification of the EPIC crop model (Williams et al., 1984). The SWIM model uses a concept of phenological crop development based on
· daily accumulated heat units;
· Monteith’s approach (1977) for potential biomass;
· water, temperature, and nutrients stress factors; and
· harvest index for partitioning grain yield.
However, the more detailed approach implemented in EPIC for the root growth and nutrient cycling is not included in order to maintain a similar level of complexity of all submodels and to keep control on the model performance.

   [image: ]
[bookmark: _Ref115896254][bookmark: _Toc115896336]Figure 7: The vegetation module in SWIM.

A single model is used for simulating all the crops and natural vegetation included in the crop database attached to the model (Figure 7). Annual crops grow from planting date to harvest date or until the accumulated heat units reach the potential heat units for the crop.  Perennial crops maintain their root systems throughout the year, although the plants may become dormant after frost.
Phenological development of the crop is based on daily heat unit accumulation. Interception of photosynthetic active radiation is estimated with Beer’s law equation (Monsi and Saeki, 1953) as a function of solar radiation and leaf area index. The potential increase in biomass is the product of absorbed PAR and a specific plant parameter for converting energy into biomass.
The potential biomass is adjusted daily if one of the four plant stress factors (water, temperature, nitrogen, and phosphorus) is less than 1.0 using the product of a minimum stress factor and the potential biomass. The water stress factor is defined as the ratio of actual to potential plant transpiration. The temperature stress factor is computed as a function of daily average temperature, optimal and base temperatures for plant growth. The N and P stress factors are based on the ratio of accumulated N and P to the optimal values.
[bookmark: _TOC_250074]The fraction of daily biomass growth partitioned to roots is estimated to range linearly between two fractions specified for each vegetation type - 0.4 at emergence to 0.2 at maturity. Root depth increases as a linear function of heat units and potential root depth. Leaf area index is simulated as a nonlinear function of accumulated heat units and crop development stages. Crop yield is estimated using the harvest index, which increases as a nonlinear function of heat units from zero at planting to the optimal value at maturity. The harvest index is affected by water stress in the second half of the growing period.
[bookmark: _Toc115890812][bookmark: _Toc151988736]Nutrient Dynamics

[bookmark: _Hlk115957076]Nitrogen mineralisation The nitrogen mineralisation model is a modification of the PAPRAN mineralisation model (Seligman and van Keulen, 1981). Organic nitrogen associated with humus is divided into two pools: active or readily mineralisable organic nitrogen and stable organic nitrogen. The model considers two sources of mineralisation: a) fresh organic nitrogen pool, associated with crop residue, and b) the active organic nitrogen pool, associated with the soil humus. Organic N flow between the active and stable organic nitrogen pools is governed by the equilibrium equation. Mineralisation of fresh organic nitrogen is a function of the C:N ratio, C:P ratio, soil temperature, and soil water content.  The N mineralisation flow from residue is distributed between the mineral nitrogen (80%) and active organic nitrogen (20%) pools. Mineralisation of the active organic nitrogen pool depends on soil temperature and water content.
Phosphorus mineralization The phosphorus mineralisation model is structurally similar to the nitrogen mineralisation model. To maintain phosphorus balance at the end of a day, humus mineralisation is subtracted from the organic phosphorus pool and added to the mineral phosphorus pool, and residue mineralisation is distributed between the organic phosphorus pool (20%) and the labile phosphorus (80%).
Sorption / adsorption of phosphorus Mineral phosphorus is distributed between three pools: labile phosphorus, active mineral phosphorus, and stabile mineral phosphorus. Mineral phosphorus flow between the active and stable mineral pools is governed by the equilibrium equation, assuming that the stable mineral pool is four times larger. Mineral phosphorus flow between the active and labile mineral pools is governed by the equilibrium equation as well, assuming equal distribution.
Denitrification Denitrification, as one of the microbial processes, is a function of temperature and water content. The denitrification occurs only in the conditions of oxygen deficit, which usually takes place when soil is wet. The denitrification rate is estimated as a function of soil water content, soil temperature, organic matter, a coefficient of soil wetness, and mineral nitrogen content. The soil water factor is an exponential function of soil moisture with an increasing trend when soil becomes wet.
Crop uptake of nutrients Crop uptake of nitrogen and phosphorus is estimated using a supply and demand approach. Six parameters are specified for every crop in the crop database, which describe: BN1 and BP1 - normal fraction of nitrogen and phosphorus in plant biomass excluding seed at emergence, BN2 and BP2 – at 0.5 maturity, and BN3 and BP3 - at maturity. Then the optimal crop N and P concentrations are calculated as functions of growth stage. The daily crop demand of nutrients is estimated as the product of biomass growth and optimal concentration in the plants. Actual nitrogen and phosphorus uptake is the minimum of supply and demand. The crop is allowed to take nutrients from any soil layer that has roots. Uptake starts at the upper layer and proceeds downward until the daily demand is met or until all nutrient content has been depleted.
Soluble nutrient loss in surface water and groundwater The amount of NO3-N and soluble P in surface runoff is estimated considering the top soil layer only. Amounts of NO3- N and soluble P in surface runoff, lateral subsurface flow and percolation are estimated as the products of the volume of water and the average concentration. Retention factor is considered through transmission losses. Because phosphorus is mostly associated with the sediment phase, the soluble phosphorus loss is estimated as a function of surface runoff and the concentration of labile phosphorus in the top soil layer.
[bookmark: _TOC_250073][bookmark: _Toc115890813][bookmark: _Toc151988737]Erosion

Sediment yield is calculated for each sub-basin with the Modified Universal Soil Loss Equation (MUSLE, Williams and Berndt, 1977), almost the same as in SWAT. The equation for sediment yield includes the runoff factor, the soil erodibility factor, the crop management factor, the erosion control practice factor, and the slope length and steepness factor. The only difference from SWAT is that the surface runoff, the soil erodibility factor and the crop management factor are estimated for every hydrotope, and then averaged for the sub-basin (weighted areal average).
Estimation of the runoff factor requires the characteristics of rainfall intensity as described    in Arnold et al., 1990. To estimate the daily rainfall energy in the absence of time- distributed rainfall, the assumption about exponential distribution of the rainfall rate is made. This stochastic element is included to allow more realistic representation of peak runoff rates, given only daily rainfall and monthly rainfall intensity. This allows a simple substitution of rainfall rates into the equation. The fraction of rainfall that occurs during 0.5 hours is simulated stochastically, taking into account average monthly rainfall intensity for the area. Soil erodibility factor can be estimated from the texture of the upper soil layer. The slope length and steepness factor are estimated based on the Digital Elevation Model of a watershed by SWIM/GRASS interface for every sub-basin.


[bookmark: _TOC_250072][bookmark: _Toc115890814][bookmark: _Toc151988738]River Routing

The Muskingum flow routing method (Maidment, 1993) is used in SWIM. The Muskingum equation is derived from the finite difference form of the continuity equation and the variable discharge storage equation. The outflow rate for the reach is estimated using a requrrent equation with two parameters. They are the storage time constant for the reach, KST, and a dimensionless weighting factor, X. In physical terms, the parameter KST corresponds to an average reach travel time, and X indicates the relative importance of the inflow and outflow in determining the storage in the reach.
The sediment routing model consists of two components operating simultaneously – deposition and degradation in the streams. The approach is based on the estimation of the stream velocity in the channel as a function of the peak flow rate, the flow depth, and the average channel width. The sediment delivery ratio is estimated using a power function (power 1 to 1.5) of the stream velocity. If the sediment delivery ratio is less than 1, the deposition occurs in the stream, and degradation is zero. Otherwise, degradation is estimated as a function of the sediment delivery ratio, the channel K factor (or the effective hydraulic conductivity of the channel alluvium), and the channel C factor.
Nitrate nitrogen and soluble phosphorus are considered in the model as conservative materials for the duration of an individual runoff event (Williams, 1980). Thus, they are routed by adding contributions from all sub-basins to determine the basin load.

[bookmark: _Toc151988739][bookmark: _Toc115890815]Reservoir module 

In order to account for existing or planned large dams and to simulate the impacts of reservoir operation on discharge the reservoir module (Koch et al., 2013) was developed for SWIM. The reservoir module implements three management options (in the following the term discharge is used to describe the quantity of water released by a reservoir, other denominations not used here are release or outflow):
1) variable daily minimum discharge to meet downstream targets, e.g. environmental flow under consideration of maximum and minimum water levels in the reservoir;
2) daily discharge based on electricity to be generated by a hydropower plant at the reservoir (the discharge to generate the required electricity is calculated depending on the water level);
3) daily discharge depending on water level (rising/falling discharge with increased/lowered water level, depending on the objective of reservoir management).
In the present version of the reservoir module the flood protection storage, the life (or active) storage and the dead storage are considered (see Figure 8).
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[bookmark: _Ref115896268][bookmark: _Toc115896337]Figure 8: The reservoir module in SWIM.

The reservoir module is called by the SWIM model during the routing procedure. If the routing routine reaches a reservoir-sub-basin, the reservoir routine is called instead of the “normal” sub-basin routine and the simulation is carried out according to the management options set. After the simulation of the reservoir the outflow is routed into the downstream sub-basin.

[bookmark: _Toc115890817][bookmark: _Toc151988740] Management options

[bookmark: _Toc151988741]Variable daily minimum discharge 
The simulation considers minimum flows downstream under consideration of maximum and minimum water levels, respectively volumes, in the reservoir. The term ‘minimum flows’ used here includes ecological and/or human (water withdrawals, navigation etc.) requirements downstream of the dam.
[bookmark: _Toc151988742]Daily release based on electricity yield 
The release to generate the required electricity yield is calculated depending on the present water level (=> head).
[bookmark: _Toc151988743]Daily release depending on water level
The simulation considers rising or falling release with increased or lowered water level (volume), depending on the objective of reservoir management.
[bookmark: _Toc151988744]Water demand
In the simplest case the monthly withdrawal data from the "reservoir_monthly.csv"-file and the “Share of reservoir filling available for withdrawal directly from the reservoir” from the "reservoir.ctrl"-file are used, the latter being constant all over the year. 
In case the Water Management module is applied data from that module are used in the simulation, overwriting water demand data from the "reservoir_monthly.csv"-file.
[bookmark: _Toc151988745]Flood protection 
Many reservoirs are multi-purpose dams and also serve for flood protection. Including flood protection in the simulations makes only sense for management options 1 and 2 (as in option 3 discharge is directly linked to reservoir volume, e.g. with increasing volume also discharge is increasing).
If the reservoir volume applying management option 1 is between Dead storage and Active capacity, the reservoir is under normal operation and discharges water according to the set minimum discharge. 
If the reservoir volume applying management option 2 is between Dead storage and Active capacity, the reservoir is under normal operation and discharges water according to the calculated value to generate the required electricity.
If the volume reaches the maximum of the Active capacity, water is discharged up to the maximum capacity for flood discharge. Only if the maximum capacity for flood discharge is reached the volume above the Active capacity, up to the Maximum capacity, is used to store water (cut the flood peak). If the volume between Active capacity and Maximum (life) capacity of the reservoir is filled, water is spilled.
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