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Abstract: Africa has the largest area of wetlands of international importance, and papyrus constitutes
the most dominant species for many of these wetlands. This hydrological modelling study assesses
and quantifies the impacts of these papyrus wetlands on historical baseflow and quickflow, as well as
future flood and low flows in the Mpologoma catchment in Uganda. Assessment over the historic
period shows that wetlands strongly attenuate quickflow while moderately enhancing baseflow. They
play a moderating role in most months, except for the first dry season (June and July), due to the
reversal of flows between wetlands and rivers that often occur during this period. Annual estimates
show that wetlands are four times better at regulating quickflow than baseflow. Examination of
changes at 2 and 4 °C global warming levels (GWLs) indicate that wetlands will play critical roles in
mitigating flood risks, with a lesser role in supporting low flows. Wetlands are predicted to lower
future mean flood magnitude by 5.2 and 7.8% at GWL2 and GWL4, respectively, as well as halving
the average number of flood events in a year, irrespective of the warming level. This work shows
that papyrus-dominated wetlands strongly influence catchment hydrology, with significant roles on
quickflow, including floods, and highlights the need for their conservation and protection.

Keywords: papyrus wetlands; hydrological regulating services; Wetland-Specific Index; flood flows;
low flows

1. Introduction

Wetland loss has been estimated at 64 to 71% since 1900 [1]. This is a major issue given
their contribution to ecosystem services, including maintaining the hydrological cycle,
regulating climate, and protecting biodiversity [2]. Among the continents, Africa has the
most extensive wetlands of international importance [3], covering an impressive 7% of the
continent [4]. Despite their vast scale, African wetlands are continually under pressure [5].
Up to 42% of wetlands were lost between 1970 and 2015 [6]. Threats to wetlands often
stem from political and social debates on whether wetland areas are at their highest
economic use, which fuels negative sentiments about them [7]. Threats to these wetlands
include population pressure and agricultural expansion [1,8,9], river regulation [8], and
climate change [9,10]. High population growth rates and food shortages often trigger
wetland encroachment for crop production, given that they provide year-round moist soil
conditions [11].

The giant sedge Cyperus papyrus L. (Cyperaceae), the largest of the 400 tropical sedge
species within the genus, constitutes the most widespread dominant species for many
of the African wetlands [9]. At 5-6 m in height, papyrus exists as rooted or floating
marshes in riverine and lacustrine landscapes [12]. Their hydro-periods are characterised
by permanent inundation (such as in rivers and lakes) or seasonal inundation (such as
in floodplains and creeks) [12]. In Uganda, wetland coverage is 11 to 13%, with papyrus
being the dominant or co-dominant plant [12]. Major papyrus wetlands include those in
the shorelines of lakes such as Victoria, Albert, and Kyoga and riverine systems such as
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Mpologoma, Nabajuzzi, and Namatala. Like wetland trends in Africa, papyrus wetlands
in Uganda are under pressure. Loss rates are estimated at 0.5 to 5% per annum, although
few studies have been undertaken [10].

The two primary ecosystem services of papyrus wetlands are provisioning and regu-
lating services. Provisioning services include carbon storage, fisheries, papyrus biomass,
and wetland reproduction [13-21]. Regulating services include storing floodwaters and
maintaining surface water flow during dry periods [22-28]. Van Dam et al. [10] provided
research and policy priorities for papyrus wetlands, emphasising the need for improved
understanding and modelling of the often alluded to but rarely quantified regulating
services. These regulating services hold a far more significant advantage than provision-
ing services but are difficult to evaluate [9], thus hindering the economic valuation and
conservation of papyrus wetlands [10]. Studies in Uganda that quantified the microscale
papyrus regulating services include Kayendeke et al. [25] and Kayendeke and French [24],
who, respectively, assessed the response of papyrus root mats to changing water levels
and the seasonal variations in papyrus wetland water balance. Elsewhere in Africa, Di
Vittorio and Georgakakos [28], Howell et al. [27], Hurst [22], and Sutcliffe and Parks [23,26]
described the regulation services of papyrus wetland complexes at the Sudd and Okavango
wetlands in South Sudan and Botswana. Wetland ecosystem services emanate from the ag-
gregated effects of wetlands [29]; however, no studies have attempted to quantify papyrus
flow regulatory services at the catchment scale. Catchment scale studies incorporate the
dynamic effects of wetlands, which can mitigate the risks of adverse policies, engineering,
and management solutions emanating from single wetland studies [30].

As a transition zone between terrestrial and aquatic ecosystems, wetlands play an
essential role in climate change. Although generally resistant to change [31], wetlands
are susceptible to temporal dynamics, especially if thresholds (e.g., seasonal variations in
hydrology) are exceeded [32]. As temperature increases, the rate of wetland evapotran-
spiration increases [31,33], which could lower the water levels, particularly during dry
seasons [31]. Meanwhile, changes in the timing and amount of precipitation can result in
flow regime changes. Extremes in temperature and flow regimes lead to changes in wetland
biogeochemistry [31] and biodiversity [31,34]. Research that helps predict wetlands’ role in
mitigating future impacts of climate-induced changes in hydrology is valuable.

Models are crucial to developing insights into the dynamics of wetland ecosystem
services [32]. Their selection, however, requires a conceptualisation of the critical pro-
cesses to be modelled [35]. At the catchment scale, these processes include hydrologic
and hydraulic fluxes [36,37] such as precipitation, evapotranspiration, surface water, and
groundwater. ‘Getting the water right’ is a prerequisite to understanding the dynamics of
wetland systems [38], which require the use of models that have an explicit representation
of the various water transfer mechanisms [37], with the coupled surface-groundwater flows
a critical component [36]. SHETRAN [39] is a suitable model, as it is a physically based,
spatially distributed catchment modelling tool that simulates surface-groundwater flows
and can quantify the effects of wetlands. It is freeware and has also successfully been
applied globally in land use and climate change studies in predominantly rural catchments
(e.g., [40-42]).

This paper investigates the impacts of papyrus-dominated wetlands on catchment hy-
drology under climate change, focusing on the climate data-limited Mpologoma catchment.
It is worth noting that human comprehension of catchment systems is underpinned by
the availability and level of confidence in observational data [43,44], of which atmospheric
data are most critical [45]. This study, therefore, focuses on addressing the following
research questions. (a) What are the limitations of freely available global precipitation
datasets in developing a catchment model in the study region? (b) How do papyrus wet-
lands regulate baseflow and quickflow in the Mpologoma catchment? (c) What roles will
papyrus wetlands play in regulating future extreme flows (flood and low flows) in the
Mpologoma catchment?
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2. Materials and Methods
2.1. Study Area

The Mpologoma catchment, located between longitude 33.4-33.6° E and latitude
0.3-1.3° N, is a transboundary watershed between Uganda and Kenya (Figure 1) with over
80% of its area in Uganda. Covering 8989 km? [46], its highest peak, Mount Elgon, is to the
northeast and at approximately 4298 m above sea level (a.s.l). A more significant part of
the catchment (over 80%) lies between 996 and 1150 m a.s.], the former being the mean lake
level at Lake Kyoga, Mpologoma’s outlet. Key tributaries include Namatala, Manafwa,
Malaba, and Naigombwa. The region’s rainfall regime is bimodal (peak months of March to
May and August to November) [47], with a mean annual rainfall of 1215 to 1660 mm [47,48].
Following Koppen-Geiger’s climate classification [49], the catchment can be categorised
as wet Equatorial Monsoonal. Subsistence farming is the main economic activity, with
major crops being rice, maize, beans, groundnuts, cassava, sugarcane, etc. Seven unique
land use and cover types were identified in 2019 [50]. These include woodland (6.2%),
grassland (5.2%), built-up areas (11.6%), subsistence crops (53.2%), wetland (21.5%), open
water (1.9%), and commercial farms (0.5%).
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Figure 1. Mpologoma catchment elevation, rainfall zones, land cover, and soil types.
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2.2. Data Sources and Processing

Hydrological modelling in SHETRAN requires spatially explicit input datasets of
climate (precipitation and potential evapotranspiration), land surface topography, land
use, land cover, and soil and lithological distribution. Measured surface flow and/or
groundwater levels are also required for model calibration and validation. The following
subsections describe the selection and preparation of these datasets. Figure S1 in the
Supplementary Materials shows a schematisation of the steps followed in the study.

2.2.1. Selection and Evaluation of Rainfall Products

Satellite-based and reanalysis rainfall products have often been favoured for hydrolog-
ical modelling in regions with low rain gauge networks, such as Sub-Saharan Africa [51,52].
However, the rainfall fields of reanalysis products are less accurate in the tropics compared
to satellite estimates [53]. As the predominant rainfall over inland East Africa is convec-
tive [54], satellite products may provide more accurate data. The essential satellite-based
precipitation products (SPPs) that have been applied over Africa include TAMSAT, CHIRPS,
ARC, RFE, MSWEP, PERSIANN, CMORPH, and TRMM 3B42 (Table Al in Appendix A).

This study evaluated the SPPs mentioned above by ground truthing (i.e., direct com-
parison with rain gauge data) followed by hydrological modelling. Point-to-pixel ground-
truthing, with gauges at the point scale and SPPs at the grid scale, was carried out for
climatological rainfall zones D and F (Figure 1) at daily and monthly time scales, which was
preceded by quality control of gauge data, as outlined in Maidment et al. [53]. The point-to-
pixel comparison was used to eliminate interpolation error, which is a concern for regions
with sparse gauge networks [55]. Given that RFE2.0 and MSWEP2.2 start and end, respec-
tively, in January 2001 and October 2017, evaluations were limited to January 2001 and
December 2016. Overall, 0.79% and 12.25% of gauge records for Tororo and Buginyanya,
respectively (Figure 1), were not included in the assessment due to missing data.

Following other studies on Africa (e.g., [56,57]), the point-to-pixel evaluation com-
prised assessment for accuracy in daily rainfall identification and daily and monthly rainfall
totals. The extent of rainfall identification was assessed through measures of False Alarm
Ratio (FAR), Probability of Detection (POD), Frequency Bias (FB), and Heidke skill score
(HSS) (the equations are in Section S2 of the Supplementary Materials). In contrast, rainfall
totals were assessed through correlation coefficient (R) and Nash-Sutcliffe efficiency (NSE).
FAR represents the fraction of satellite-estimated rain days not captured by the gauge, and
POD is the fraction of gauge rainfall days identified by the satellite product. FB is the ratio
of total rain days in the satellite product to that of the gauge. It ranges from 0 to co, with
values less (greater) than one indicating under (over) estimation of rain days. HSS, on
the other hand, assesses the overall skill of a satellite product’s rain-day detection while
accounting for random chance. Its value ranges from —oo to 1, with zero indicating that
the satellite product cannot detect rain days. A value less than zero implies that random
chance is better than the product, whereas one denotes perfect skill.

MSWEP, TAMSAT, and CHIRPS performed best at the monthly timescale (see results
in Appendix B). These SPPs were then hydrological assessed to select the best SPP for the
study area.

2.2.2. Estimation of Potential Evapotranspiration (PET)

Duan et al. [58] evaluated the performance of Climate Forecast System Reanalysis
(CFSR) daily temperature fields over the eastern African region of Ethiopia. They con-
cluded they are as good as the observed temperature when employed in hydrological
models. Hargreaves’ method [59] uses temperature values for PET estimation, and it is
recommended for regions with limited data [60]. Di Vittorio and Georgakakos [28] esti-
mated monthly evapotranspiration rates over the Sudd wetlands in South Sudan using
four different methods, including Hargreaves’. Hargreaves’ procedure performed best,
with results similar to those generated using the Penman equation. Thus, this study used
the CFSR daily minimum and maximum air temperature fields to calculate PET.
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2.2.3. Measured Flow Data

Water level time series recorded at 08:00 and 16:00 h for 17 years (2000 to 2016) were
acquired from the Ministry of Water and Environment (MWE), Uganda. The datasets
comprised measurements for rivers Manafwa (Station 82212), Malaba (Station 82218), and
Mpologoma (Station 82217), Figure 1. Rating curves for each station, also supplied by
MWE, were used in deriving daily average flows. Given that a quality check of flow
measurements is essential in hydrological modelling, the minimum steps recommended
by Crochemore [61] were adopted. These include analysis of data availability (in terms of
length and spatial distribution of time series) and quality checks for outliers, homogeneity,
and trend. The above steps were preceded by a visual inspection of hydrographs for
suspicious records (e.g., negative values, wrongly recorded missing data, and out-of-the-
ordinary hydrograph patterns of variation). Data preprocessing can lower hydrologic data
uncertainty by up to 10%, minimising bias and incorrect conclusions [62].

2.2.4. Land Surface Representation

Coarse grids are often adopted in physically based, spatially distributed models to
lower unknowns and execution time [63], which increases prediction uncertainty [64].
However, 0.5 to 4 km grid scales are generally acceptable for flow prediction in large
catchments. For example, Sreedevi and Eldho [64] simulated discharge and sediment yield
at 1 and 4 km grid scales based on effective parameters of a 2 km SHETRAN model. No
significant difference was detected in the monthly flow predictions. Similarly, Zhang [65]
compared the SHETRAN model performance at 0.5, 1, and 2 km grid scales. Performance
generally improved with grid resolution. Nonetheless, the 1 and 2 km grids gave good
results. Although DEM resampling techniques do not significantly influence streamflow
modelling [66], resampling to coarser grids greater than 1 km could substantially affect
the spatial distribution of land use, soil types, and river links, which can affect model
performance in capturing peak flows and runoff volumes [65]. Thus, for this study, the
Advanced Space-borne Thermal Emission and Reflection Radiometer (ASTER) Global
Digital Elevation Model (DEM) Version 3 [67], initially at 30 m x 30 m grid resolution, was
resampled to 1 km x 1 km grid size and used in defining catchment boundary, ground
surface elevations, and generating river flow paths.

2.2.5. Land Cover and Land Use Layer

The European Space Agency (ESA) Climate Change Initiative (CCI) land cover map [68]
was used in categorising land use/cover in the study area. ESA CCI provides annual global
land cover layers at 300 m spatial resolution from 1992 to recent times, with accuracies
varying from 71% to 97% depending on the land use/cover type [68]. No significant change
in permanent (i.e., papyrus-dominated) wetland areas was detected from 2000 to 2020.
Thus, model calibration and validation used the 2007 land cover layer (Figure 1). Detailed
information on ESA CCI land cover layers is online at https://www.esa-landcover-cci.org/.

2.2.6. Soil and Lithology

The FAO/UNESCO Digital Soil Map of the World version 3.6 [69] was used in defining
soil categories. However, soils in some wetland areas and small water bodies were not
correctly categorised. The topsoil in these areas is mostly clay loam [46]. Thus, the land
cover map was used in identifying these locations, and the soil category was reclassified
accordingly. As with the DEM, the soil layer was resampled to a 1 km x 1 km grid. Four
soil types (loam, clay loam, sandy silt loam, and sandy clay loam) were identified in the
catchment (Figure 1).

Lithological depths were estimated from borehole log data for the study area (1986 in
total). Analysis of the records indicates 1668, 195, and 123 logs in the regions dominated by
loam, clay loam, and sandy clay loam, respectively. No log data were available for the area
dominated by sandy silt loam. Thus, its lithological depths were assumed to be the same as
the soil category closest to it, sandy clay loam. In addition, sandy silt loam covers less than
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1% of the catchment. Overall, three critical lithological layers (topsoil, weathered rock, and
base rock) were identified from the log data (Table 1).

Table 1. Lithological depths in Mpologoma catchment.

Mean Bottom Depth from the Ground Surface (m)

Topsoil Type

Topsoil Weathered Rock Base Rock
Loam 3.893 12.553 30
Clay loam 3.857 12.943 30
Sandy silt loam/sandy clay loam 5.226 14.16 30

2.3. Modelling Approach

SHETRAN [39] is a 3D integrated surface and subsurface finite difference modelling
system for water flow, sediment transport, and contaminant transport in catchments.
Its water flow components comprise interception and evapotranspiration, overland and
channel flow, variably saturated lithology and aquifers, and channel-aquifer interactions.
The model’s xy grid was set at 1 km x 1 km, with 35 cells in each grid column. The
lithological cells ranged from 0.1 to 0.2 m in the topsoils but were set to 5 m in the rock
layers. Selection of the number of cells is a trade-off between accuracy and simulation time.
Generally, the cells are smaller nearer the surface (as the flow is more variable) and larger
as you go down the column. Although models were driven with daily data (precipitation
and evapotranspiration), the simulation timestep was set to 1 h. Detailed information on
SHETRAN can be accessed at https://research.ncl.ac.uk/shetran/.

Model calibration and validation, preceded by sensitivity analysis (see Appendix C). In
Phase 1, the second step for precipitation product evaluation (i.e., hydrological evaluation
of SPPs), SHETRAN was calibrated and validated on the sub-catchment gauged at station
82212 (Figure 2). The calibration and validation were carried out independently for each
SPP (i.e., MSWEP, TAMSAT, and CHIRPS) that performed relatively well in the ground-
truth evaluation. The sub-catchment gauged at 82212 has an insignificant wetland coverage.
Thus, it enabled model parameterisation for catchments without wetlands in the region.

[ Mpologoma catchment
["] Sub-catchment 82212
I wetland
Il Lake
— River

* Flow gauge

A

Figure 2. SHETRAN masks for Phase 1 (sub-catchment 82212) and Phase 2 (Mpologoma catchment)
models, including the locations of river channels, lakes, and wetlands.
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In Phase 2, the entire Mpologoma catchment was simulated, with parameters initially
set to the effective values attained in Phase 1. The Phase 2 model was set up only for the
precipitation product that performed best in Phase 1. Recalibration and revalidation on
stations 82217 and 82218, respectively, were carried out with parameter adjustments limited
to locations with wetlands.

River channels in the SHETRAN model flow along the edge of grid squares and
are automatically created from the DEM. However, due to weaknesses in the SHETRAN
automatic river generator in the flatter wetland areas, they were manually adjusted to
follow the actual river network. River channels were removed where there are lakes,
and the elevations of grid squares in lake locations were changed to depict average lake
depths. The modified files were used in SHETRAN (version 4.4.5). Model performances
were assessed statistically by quantifying the Nash—Sutcliffe efficiency (NSE), percent bias
(Pbias), and the root mean square error standard deviation ratio (RSR). These metrics are
generally recommended for model performance assessment in hydrology [70].

2.4. Impacts of Wetlands on Catchment Discharge

Wetland flow regulating functions can be assessed if a reference condition is defined,
against which flow changes associated with the wetland are quantified [71]. Bullock and
Acreman [72] documented the most used approaches for inferring wetland flow regulating
functions. The ‘with/without” approach, restricted to model-based studies, compares
the same catchment with and without wetlands. The model is typically calibrated and
validated for a ‘with’ or ‘without’ scenario. Simulations are then carried out with the
alternate scenario, and any difference between the model outputs is attributed to the
existence of wetlands. Papyrus plants are perennial herbaceous vegetation. Although
communities around them harvest papyri in the dry season, they quickly regenerate at the
onset of rains [12]. This study assumed that papyri stand remains the same all year round.

Furthermore, hydrological measures (flow indices) are employed in quantifying wet-
land flow regulating functions. These measures can be broadly classified into five group-
ings [72]: gross water balance, groundwater recharge, baseflow and low flows, flood
response, and river flow variability. In this study, the historical impacts of wetlands on
catchment flow were assessed using indices of baseflow and quickflow. In contrast, future
effects were evaluated using flood and low flow indices. Quickflow is the part of precip-
itation that reaches the river fastest through surface runoff and interflow and is mainly
responsible for floods. Thus, baseflow and quickflow are good indicators of how wetlands
respond to slow and fast flow processes. However, a more holistic approach to catchment
management requires the characterisation of flows in terms of flood/low flow indices (e.g.,
magnitude, duration, frequency, etc.) [73]; thus, it was adopted for the future period.

2.4.1. Impacts of Wetlands on Baseflow and Quickflow

The Wetland Specific Impact (WSI) metric [74] was employed in quantifying wetland
flow regulating functions. It normalises the hydrological impact, which is an increase or
decrease in flow metrics with respect to the wetland area (Equation (1)).

WSIgr/qF = [RBFw/QFw — RBFwo/QFwol + A 1)

where WSI (m?/s/km?) is the index of wetland impact expressed as a flow parameter
(baseflow (BF) or quickflow (QF)) per unit area of wetland; R (m3/s) is discharge (baseflow
or quickflow) for the situation with (w) and without (wo) wetlands; and A (km?) is the
total wetland area.

The hydrological impacts of wetlands are highly dependent on climatic conditions,
leading to seasonal and inter-annual variability [74]; thus, WSI values were computed at
monthly and annual timescales. Boxplots showing the mean, median, and interquartile
range and upper and lower limits were employed to illustrate this variability. However,
only the mean WSI values and non-outlying WSI range (upper and lower limits) were used
to describe wetlands’ roles. WSI values were computed over 30 years (1984 to 2013) for
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the model outputs forced with ‘observed’ climatic data (i.e., MSWEP and CFSR, Table 2).
Baseflow and quickflow components were extracted from total flows using WETSPRO,
a flow filtering tool based on the extended Chapman filter [75] and available online at
https:/ /bwk.kuleuven.be/hydr/pwtools.htm#Wetspro (accessed on 10 August 2022).

2.4.2. Impacts of Wetlands on Future Flood and Low Flows

This study assessed climate change impacts using the first ensemble (r1ilp1f1) daily
climate variables from the Coupled Model Intercomparison Project phase 6 (CMIP6). Given
that suitable corrections can only be attained if the scale gap between the model and
observational data is realistic [76], the CMIP6 models were restricted to 100 km nominal
resolution. Thus, only four (GFDL-ESM4, CESM2-WACCM, MRI-ESM2-0, and NorESM2-
MM) of the nine CMIP6 models (Table A2 in Appendix A) recommended for application
over the East African region were selected. As of July 2022, CESM2-WACCM had no
historical minimum and maximum temperature at the official CMIP6 web portal (https:
/ /esgf-node.llnl.gov /projects/cmip6/). Thus, GFDL-ESM4, MRI-ESM2-0 and NorESM2-
MM were the only Global Climate Models (GCMs) used. These GCMs were bias-corrected
using the quantile delta mapping method in RStudio’s ‘MBC” package [77], with daily
MSWEP and CFSR as observed precipitation and temperature fields, respectively.

The focus was on the impacts of representative concentration pathway 8.5 (RCP8.5),
given that current greenhouse gas emissions are closer to it than the other RCPs [78].
Although there is consensus to limit warming to 2 °C [79], Intergovernmental Panel on
Climate Change (IPCC) predictions indicate end-of-century warming of up to 4 °C if the
current emission trend continues [80]. Thus, this study assessed climate change impacts
at 2 and 4 °C global warming levels (GWLs), with NOAA GISS Surface Temperature
Analysis [81] global observational data as a reference. A collection of 30-year windows
corresponding to 2 and 4 °C GWLs were extracted for each GCM, following the method in
Vautard et al. [82].

Following Xu et al. [83], the mitigating effects of wetlands on future flood flows were
assessed using flow duration, magnitude, and frequency indices by analysing model outputs
with and without wetlands. These were similarly adapted for low flows. Table 2 shows
the total number of simulations carried out with the various CMIP6 datasets at the baseline
(BL), GWL2 and GWL4. A 2-year return period flood and low flow threshold of the baseline
scenario were used to detect the occurrence of flood and low flows, assuming that river cross
sections do not change at GWL2 and GWL4. The 2-year threshold is often used as an estimate
of bank-full discharge [84], thus a proxy for flood flow (i.e., starting point of inundation). The
same return period was chosen for low flow as a review of droughts over Africa showed
that, in the worst case, droughts occur every two years in Uganda [85]. A flood event was
considered one or more consecutive days when the daily flow was larger than the bank-full
flow. Similarly, a low flow event is one or more consecutive days when daily flow is less than
or equal to the low flow threshold. The estimated 2-year return period flood and low flow
threshold of the baseline scenario are 33.2 and 11.5 m®/s, respectively.

The various flow indices were calculated over the water year (March to February).
Flow duration was calculated as the average of individual events in a water year. The
average per event was calculated before averaging over a year for flow magnitude. Flow
frequency is the number of flood or low flow events yearly. The analysis assumed the same
wetland size for baseline and future scenarios.
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Table 2. List of models (with and without wetlands) simulated /forced with ‘observed’ (i.e., MSWEP
and CFSR) and CMIP6 climatic datasets.

S. No. Climatic Datasets Simulation Period (Model Warmup) Wetlands Present or Not
1 MSWERP rainfall and CFSR Yes
” PET 1979-2013 (1979-1983) No
3 Yes
4 GFDL-ESM4 at BL 1979-2013 (1979-1983) No
5 Yes
6 MRI-ESM2-0 at BL 1979-2013 (1979-1983) No
7 Yes
3 NorESM2-MM at BL 1979-2013 (1979-1983) No
9 Yes
10 GFDL-ESM4 at GWL2 2028-2063 (2028-2032) No
11 Yes
12 MRI-ESM2-0 at GWL2 2030-2065 (2030-2034) No
13 Yes
14 NorESM2-MM at GWL2 2025-2060 (2025-2029) No
15 Yes
16 GFDL-ESM4 at GWL4 2059-2094 (2059-2063) No
1; MRI-ESM2-0 at GWL4 2051-2086 (2051-2055) IY\Ies
19 Yes
20 NorESM2-MM at GWL4 2049-2084 (2049-2053) No

3. Results

3.1. Model Calibration and Validation Results

Phase 1 model calibration and validation results for the best performing SPPs (MSWED,
TAMSAT, and CHIRPS) are shown in Figures 3 and 4 for daily and monthly timesteps,
respectively. Overall, MSWEP performed best with a daily NSE (Pbias/RSR) and monthly
NSE (Pbias/RSR) of 0.47 (—11.4%/0.73) and 0.73 (—5.15%/0.52) at calibration and
0.44 (—0.68%/0.75) and 0.87 (—3.39%/0.36) at validation. CHIRPS followed this at 0.24
(10.31%/0.87) and 0.55 (—6.95%/0.67) for calibration and 0.45 (—4.68%/0.74) and 0.86
(—=7.17%/0.38) for validation. Meanwhile, TAMSAT attained —0.33 (1.28%/1.16) and 0.39
(1.34%/0.78) at calibration and —0.07 (—0.44%/1.03) and 0.18 (—4.02%/0.9) at validation.
Model performance generally improves with timestep and concurs with studies over Africa
(e.g., [43,86]) that recommend hydrological performance assessment of SPPs at longer
timescales (e.g., monthly instead of daily). This is because validation errors in SPPs are
often offset upon spatial and temporal integration at the catchment scale [87]. In addition,
real-time control, design, and management of most catchment systems (such as irrigation
and water supply, reservoirs, land use change, climate change, and environmental im-
pact studies) can be achieved with monthly hydrological model estimates [88]. Mutenyo
et al. [89] modelled the catchment gauged at 82212 using SWAT, a semi-distributed hy-
drological model, with daily gauge rainfall data from 1955 to 1961. The model performed
best at the monthly timescale with NSE values (Pbias) of 0.72 (—0.49%) and 0.64 (20.5%)
for calibration and validation, respectively, which are similar to the results obtained in
this study.
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Figure 3. Daily timestep calibration and validation results at station 82212. Date format in Day Month Year.

Given its superiority in this study, MSWEP was further used in Phase 2 of model
calibration and validation, focusing on the recalibration of channel Strickler coefficient
(Krc) in locations with wetlands. Strickler coefficient is the inverse of Mannings coefficient.
An optimal Krc of 7 m'/3 /s, from an initial value of 30 m'/3/s (Phase 1), denoting a 76.6%
change in Strickler coefficient, was attained, with daily and monthly NSE (Pbias/RSR)
of 0.52 (—2.46%/0.69) and 0.64 (—6.04%/0.6) at calibration and 0.55 (—13.67%/0.69) and
0.59 (—13.66%/0.64) at validation, respectively (Figure 5). To ensure the robustness of the
Phase 2 model, calibration and validation were carried out at two different sites (82217 for
calibration and 82218 for validation). Due to uneven data gaps in the records of the two
gauging stations, calibration was carried out from January 2011 to November 2013, whereas
validation was from January 2000 to December 2003.

3.2. Historical Impacts of Wetlands on Catchment Hydrology
3.2.1. Overall Impacts of Wetlands on Catchment Hydrology

The mean annual water balance components over the Mpologoma catchment are
shown in Table 3. Precipitation (P), actual evapotranspiration (AET), and catchment outflow
(Q) were extracted from the SHETRAN model output for the situation with and without
wetlands over the period 1984 to 2013 (30 years). The models were driven with MSWEP
and CFSR precipitation and PET datasets. Overall, wetlands modulate river flow in the
Mpologoma catchment by decreasing annual discharge by 5.5% on average. In contrast,
evapotranspiration is enhanced annually by 0.4% on average.



Land 2023, 12, 2158 11 of 25
Calibration with MSWEP dataset (NSE = 0.73; Pbias = -5.15) Validation with MSWEP dataset (NSE = 0.87; Pbias = —3.39)
2 ¢ °
e 800
£ L 200 k200
= Simulated flow g
— imu
S 00| EEE Rainfall L 400 400 ©
= -==- Measured flow £
: £
2 600 1600 £
£ £
) 3
£ F 800 1800 E
g g
2 (4
= 1000 1000
©
]
= 1200 1200
Calibration with CHIRPS dataset (NSE = 0.55; Pbias = -6.95)
'g 0 0
2 800
£ 200 F 200
g 5
& 600 400 400 &
I £
: E
2 600 1600 £
S =
£ 5
£ 800 L8oo £
g g
E 1000 N 1000
3
= 1200 1200
Calibration with TAMSAT dataset (NSE = 0.39; Pbias = 1.34)
78\ 0 0
2 800
E 200 F 200
g £
S 600 1 L 400 400 &
G £
5 £
2 600 1600 £
S 400 =
) i)
£ F 800 800 ‘£
S 2001 ¢
= 1000 1000
S T iy
= 0 1200 1200
be QP: P be S $ P & Qb- SHFF IS & PP H ’éo\éo PP PP PP S RN A l«l\ Q
& & @fb \So* NN \9 %Q/Q \;o Qe 3 YQ @'b* N N oq & eo RN @‘\ oy ‘?}96‘?960 R @5\ » \s@@e‘? & \;o 00 ré‘ &
Figure 4. Monthly timestep calibration and validation results at station 82212. Months with data
gaps in measured flow are not included. Date format in Month Year.
Table 3. Mean annual precipitation, actual evapotranspiration, and catchment discharge over 30 years
(1984 to 2013) for the situation with and without wetlands. Models were driven with MSWEP and
CFSR precipitation and PET datasets, respectively.
Water Balance Component Without Wetlands With Wetlands Relative Change (%)
Precipitation (mm) 1299.3 1299.3
Actual evapotranspiration (mm) 1218.2 12225 0.4
Catchment outflow (mm) 78.6 74.3 —55

3.2.2. Impacts of Wetlands on Baseflow and Quickflow

Based on mean WSI values (Figure 6), wetlands moderately support baseflow at
the catchment scale in most months of the year except June (WSI of —0.02 m?/s/km?).
Quickflow is suppressed in most months, except July and February (positive WSI of
0.16 and 0.01 m?/s/km?, respectively). Negative baseflow and positive quickflow WSI
values indicate a reversal of the supportive role of wetlands towards these flow components,
whereas zero implies a null response. The critical periods during which baseflow is
often positively impacted are from March to May (WSI of 0.13, 0.12 and 0.05 m3/s/km?,
respectively) and from October to February (WSI of 0.05, 0.05, 0.05, 0.08 and 0.1 m?/s/km?,
respectively). Meanwhile, the corresponding periods for quickflow are from April to June
(WSI of —0.48, —1.21 and —0.43 m®/s/km?, respectively) and September to November
(WSI of —0.25, —0.16 and —0.36 m3/s/km?, respectively).
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Figure 5. Daily and monthly timestep calibration (at station 82217) and validation (at station 82218)
results. For the monthly plots, months with data gaps in measured flow are not included. Date
format in Day Month Year for the daily plots and Month Year for the monthly plots.
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Figure 6. Monthly and annual wetland-specific impact (WSI) on baseflow and quickflow at the
catchment outlet. Computations are over 30 years (1984 to 2013). The boxplots show the mean
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At the annual timescale, wetlands generally enhance baseflow (mean WSI = 0.68 m3/s
/km?) and attenuate quickflow (mean WSI = —3 m?/s/km?). However, the yearly WSI non-
outlying range shows that wetlands significantly reduced quickflow (—5.19 to —0.71 m?/s/km?)
compared to enhanced baseflow (—1.31 to 2.7 m3/s/km?).

3.3. Impacts of Wetlands on Future Catchment Hydrology
3.3.1. The Overall Impact of Wetlands on Future Catchment Hydrology

The mean annual water balance components over the Mpologoma catchment for the
ensemble baseline (BL), GWL2 and GWL4 are summarised in Table 4. Like the water
balance for the models driven by MSWEP and CFSR precipitation and PET products
(Table 3), water balance components were extracted over 30 years, with the baseline period
set from 1984 to 2013. GWL2 and GWL4 water balance components are tied to a future
30-year period with a mid-point at 2 and 4 °C global warming levels, respectively. As the
various individual GCM products were bias-corrected with MSWEP and CFSR datasets,
model predictions for the BL are similar to those driven by MSWEP and CFSR. Wetlands
in the BL modulate river flow by decreasing annual discharge (—6.6%) while enhancing
evapotranspiration (0.4%) on average. These effects continue with warming but with a
reduced impact on discharge.

Table 4. Mean annual precipitation, actual evapotranspiration, and catchment discharge over 30 years
for the situation with and without wetlands. Models were forced with bias-corrected GCM precipita-
tion and PET datasets.

Water Balance Component Without Wetlands With Wetlands Relative Change (%)

Model ensemble—baseline period

Precipitation (mm) 1294.9 1294.9
Actual evapotranspiration (mm) 1212.7 1217.0 0.4
Catchment discharge (mm) 82.4 77.0 —6.6
Model ensemble—GWL2
Precipitation (mm) 1403.4 1403.4
Actual evapotranspiration (mm) 1298.8 1304.3 0.4
Catchment discharge (mm) 111.8 107.0 —43
Model ensemble—GWL4
Precipitation (mm) 1456.9 1456.9
Actual evapotranspiration (mm) 1361.8 1367.4 04
Catchment discharge (mm) 105.7 100.5 —-5.0

3.3.2. Impacts of Wetlands on Future Flood and Low Flows

Figure 7 shows violin plots of flood and low flow indices for the situation with and
without wetlands. For flood flows and a particular catchment treatment (i.e., with or with-
out wetlands), the 30-year mean value (Table 5) indicates that both duration and magnitude
increase with warming. However, the difference between GWL2 and GWL4 indices is
minimal. For the situation with wetlands, the mean flood duration per event increases
from 85 days at BL to 128 and 110 days at GWL2 and GWL4, respectively. Similarly, for the
situation without wetlands, the duration increases from 46 days at BL to 72 and 61 days
at GWL2 and GWL4, respectively. The mean flood magnitude per event, for the situation
with wetlands, increases from 37.65 m®/s at BL to 42.87 and 41.21 m®/s at GWL2 and
GWL4, respectively. For the case without wetlands, the magnitude per event increases
from 42.23 m3/s at BL to 45.21 and 44.7 m3/s at GWL2 and GWL4, respectively. In general,
wetlands in the Mpologoma catchment are predicted to increase the mean flood duration
by 77.8% (56 days) and 80.3% (49 days) at GWL2 and GWL4, respectively, and lower the
mean flood magnitude by 5.2 and 7.8%.
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Figure 7. Violin plots of flood and low flow indices for the situation with and without wetlands. Flow
duration and magnitude plots depict mean annual values, whereas frequency depicts the number of
events in a year. The triangles indicate the average flow index over 30 years.

Table 5. Mean and range of flow indices (duration, magnitude, and frequency) for the situation with
(w) and without (wo) wetlands over 30 years.

) Flow Duration (Days) Flow Magnitude (m3/s) Event Frequency
Scenario
Mean Range Mean Range Mean Range
Flood flows

BLw 85 3-216 37.65 33.27-52.70 1 0-2

GWL2w 128 9-365 42.87 34.14-60.68 1 0-3

GWL4w 110 21-295 41.21 33.70-56.78 1 04

BLwo 46 3-144 42.23 33.37-65.43 2 04

GWL2wo 72 16-250 45.21 35.35-68.29 2 0-5

GWL4wo 61 8-272 4470 33.92-59.92 2 0-5

Low flows

BLw 32 3-59 10.42 8.91-11.40 1 0-2

GWL2w 33 14-65 10.60 9.69-11.30 1 0-2

GWL4w 48 15-97 10.04 7.40-11.17 1 0-4

BLwo 22 2-53 10.47 8.62-11.54 2 0-5

GWL2wo 19 5-61 10.71 9.56-11.27 1 0-7

GWL4wo 27 3-88 10.45 9.39-11.32 1 0-6

From Table 5, the estimated mean flood frequency is constant, irrespective of warming
level, at 1 and 2 flood events per year for the situation with and without wetlands, respec-
tively. However, the potential for a larger number of flood events in a year (the range)
increases with warming. For example, for the situation with wetlands, annual flood events
increase from the BL range of 0-2 flood events to 0-3 and 0—4 events at GWL2 and GWL4,
respectively. For the situation without wetlands, the range increases from 0—4 to 0-5 at both
GWL2 and GWLA4.

Unlike flood flows, the impacts of warming levels on low flows are generally het-
erogeneous. For example, for the situation with wetlands, the mean low flow duration
at GWL2 (33 days) is the same as that at BL (32 days) but increases to 48 days at GWL4.
However, the range of low flow duration per event increases with warming from 3-59 days
at BL to 14-65 and 15-97 days at GWL2 and GWL4, respectively. Similarly, for the situation
without wetlands, the mean low flow duration at GWL2 (19 days) is the same as that at BL
(22 days) but increases to 27 days at GWL4. The range, however, increases with warming
from 2-53 days at BL to 5-61 and 3-88 days at GWL2 and GWL4, respectively. In general,
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wetlands are projected to increase future mean low flow duration by 73.7% (14 days) and
77.8% (21 days) at GWL2 and GWL4, respectively.

For the case of low flow magnitude, there is no significant change in the 30-year
mean flow value, irrespective of catchment treatment. For example, for the situation
with wetlands, the mean flow magnitude per event increases and drops minimally from
10.42 m3/s at BL to 10.6 and 10.04 m3/s at GWL2 and GWL4, respectively. Similarly, for
the situation without wetlands, it increases and drops minimally from 10.47 to 10.71 and
10.45 m3/s, respectively. No significant change can be seen in the range of low flow
values, except for GWL4 with wetlands. The range of low flow magnitude increases from
8.91-11.4 m3/s at BL to 7.4-11.17 m®/s at GWL4. In general, though not significant,
projections suggest that wetlands will reduce future mean low flow magnitude by 1 and
3.9% at GWL2 and GWL4, respectively. However, a considerable decline of 21.2% is
expected in the lower limit of low flow at GWL4.

The mean low flow frequency is generally constant, irrespective of the warming
level. On average, one low flow event occurs per year regardless of catchment treatment.
However, the range of low flow events is lower for the situation with wetlands. Events
vary from 0-2 and 0-4 at GWL2 and GWL4, respectively, compared to 0-7 and 0-6 for the
situation without wetlands. Overall, though wetlands are predicted to negatively impact
future low flow magnitude and duration, they are expected to positively impact low flow
frequencies by lowering the range of events in a year by 71.4 and 33.3% at GWL2 and
GWL4, respectively.

4. Discussion
4.1. Historical Impacts of Wetlands on Catchment Hydrology

The catchment water balance (Table 3) shows that the Mpologoma floodplain wetlands
reduce annual average river flow, increase evapotranspiration compared to most land types,
and enhance groundwater recharge. The response is typical of wetlands, depending on
the underlying lithology [72]. Additionally, the mean annual WSI, depicting enhanced
baseflow and attenuated quickflow, show that wetlands regulate flow variability at the
catchment scale [90]. Past studies in Africa, although restricted to wetland complexes
(e.g., the Sudd wetland in South Sudan [22,23] and the Okavango Delta in Botswana [23]),
have also shown that papyrus-based riparian wetlands play significant roles in dampening
flow variability. The greater impact on quickflow compared to baseflow, as seen in this
study’s WSI non-outlying range, concurs with the work by Kadykalo and Findlay [91], who
concluded that wetlands perform better in flood mitigation than low flow augmentation.
Overall, the mean annual WESI values show that wetlands in the Mpologoma catchment are
at least four times better at attenuating quickflow than enhancing baseflow. Like the mean
annual WSI values, the mean monthly WSI results show that papyrus wetlands are most
effective in curtailing quickflow. The periods in which quickflow is suppressed coincide
with the region’s wet seasons (March to May and September to November).

Although the mean monthly WSI shows baseflow enhancement in most months,
reversal of the supportive role of wetlands occurs in the first dry season (June to July). One
would expect baseflow enhancement and nearly zero quickflow WSI during the first dry
season (June to July), as seen in the second dry season (December to February). The disparity
between the two dry periods could be due to the different antecedent conditions. Both
dry periods start immediately after a wet period; however, the first rainy season is much
wetter than the second, and the second dry spell is much drier [47]. This affects storage and
connectivity pathways between wetlands and rivers. Hydraulic gradients and hydrological
connectivity in riparian wetlands, typical of those in the Mpologoma catchment, depend
on adequate water levels in both the river and wetlands, thus influencing discharge to or
recharge from rivers [74]. This exchange of fluxes between wetlands and rivers is driven by
catchment scale factors such as rainfall (intensity and duration), landscape (topography,
soil and geology, drainage area, land use, and land cover), and initial conditions [91-93].
Kayendeke and French [24] showed that, for a microsite of 0.18 km? in the Naigombwa
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sub-catchment of the Mpologoma catchment, papyrus wetland flows are dominated by
surface inflows, with negligible contribution from groundwater (i.e., wetland soils are
mostly heavy clay loam). The lack of baseflow support from wetlands in June-July may
result from a reversal in hydrological dynamics between rivers and wetlands, as shown
in Figure 8. The figure shows hydrographs of baseflow and total flow for water years
1985 and 2010 when wetlands reduced baseflow by the largest amount in June and July. For
these two years, baseflow with wetlands was, respectively, 0.61 and 0.64 of the baseflow
with no wetlands for June and 0.69 and 0.72 for July. Figure 8 indicates that the wetland’s
supportive role of providing baseflow discharge to rivers was reversed between May and
September. This reversal was also observed by Kayendeke and French [24] for the site
mentioned above between July 2015 and January 2016. Overall, wetland interconnections
are complex at the catchment scale due to the aggregation effects of multiple wetlands on
flow regimes and the influences of various flow paths [30].

—— Total flow - no wetlands -=-- Baseflow - no wetlands — Total flow - with wetlands ---- Baseflow - with wetlands

Rainfall (mm/day)

Figure 8. Hydrograph of baseflow and total flow for the water years 1985 and 2010.

4.2. Impacts of Wetlands on Future Catchment Hydrology

The projected catchment water balance (Table 4) shows that wetlands will decrease
discharge at GWL2 and GWL4 but at rates lower than BL. CMIP6 models project increased
precipitation over East Africa [94,95], as seen in the 30-year ensemble mean of the GCMs
used in this study (Table 4 and Figure S7 in the Supplementary Materials). Thus, it explains
the expected reduced effect of wetlands on the future annual discharge and the predicted
increase, irrespective of catchment treatment (i.e., with or without wetlands), in the 30-year
mean flood duration and magnitude and the range of flood frequencies in a year (Table 5).

Although the mean flood magnitude and the range of flood frequencies increase at
GWL2 and GWL4, they are lower for the situation with wetlands. Meanwhile, the predicted
mean flood duration is more significant in the case of wetlands. This agrees with other
studies that show that floodplain wetlands lower flood magnitude, reduce the frequency of
flooding, increase time to peak (flood duration), and delay floods [72,91].

Future predictions show that wetlands will worsen low flow’s mean duration and
magnitude. Warmer climates accelerate wetland water loss through evapotranspiration [31],
leading to a decline in dry season flows, particularly during severe drought [74]. Floodplain
wetlands in other parts of Africa, such as Sierra Leone and South Africa, have been shown
to negatively impact dry season river flow due to high evapotranspiration rates [72].
Meanwhile, wetlands in the Mpologoma catchment will positively impact future low flow
frequencies by lowering the range of frequencies in a year. The predicted reduction could
be associated with water storage and slow water release wetland services. Acting like a
‘sponge’, wetlands store water during the wet season and release it in the dry period [96],
thus minimising low flow episodes.
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4.3. Implications and Limitations

Our findings show that wetlands greatly influence the hydrological footprint (i.e., the
influence of watershed features on downstream discharge) of the Mpologoma catchment.
However, increased wetland conversion for crop production, the most significant driver of
wetland loss in rural catchments in Uganda [97], poses threats to sustainable catchment
management. Changing climates characterised by increased precipitation, typical of the
East African region [94,95], coupled with large-scale wetland loss, are predicted to aggravate
flood risk [98]. Bunyangha [50] estimated a wetland loss rate of 0.6% per annum between
1986 and 2019 in the Mpologoma catchment, with a predicted loss rate of 0.2% between
2019 and 2039. This calls for restoration and conservation measures, given that most
urban centres and rural communities in the Mpologoma catchment rely on natural systems
(upstream wetlands) for flood management. The importance of wetland restoration for
flow regulation services has been exemplified in several studies such as Acreman et al. [99],
Mitsch and Day [100], Wu et al. [101], and Yang et al. [102]. Furthermore, Gulbin et al. [98]
demonstrated that, even if a significant change to flow regulation is not achieved upon
wetland restoration under the current climate, it could provide a future complementary
measure for mitigating the negative impacts of existing flood management strategies. For
example, current adequate flood protection structures such as dikes could fail due to
increased precipitation. Thus, restored wetlands can play important supplementary roles.

Looking at the broader impact of climate change, irrespective of catchment treatment
(i.e., with or without wetlands), our projections indicate increased flood and low flow
risks, a trend similar to global projections [103]. The broader impact of flood risk in the
Mpologoma catchment is projected to manifest through increased mean flood magnitude
and duration and increased variability in flood frequency. Low flow risks are expected to
manifest primarily in the form of increased variability in duration and number of events in
a year. Although mean low flow magnitude may not significantly change with warming,
extreme warming (i.e., at GWL4) is predicted to significantly reduce low flows and increase
their variability. These findings on the broader impact of climate change are similar to other
studies in Uganda, with indications of increased future flood magnitude [104-108] and
occurrence of drought flows [104]. Thus, there is a need for the development of sustainable
catchment flood and low flow management plans.

This paper provides useful information for wetland managers and policymakers on
the supportive roles played by papyrus-based wetland systems, indicating a need for
their restoration and conservation. However, our results should be treated with caution,
given that modelling studies on flow regulation services of wetlands tend to predict larger
impacts compared to empirical studies [91]. Future climate data generally contribute the
largest uncertainty to hydrologic studies [109]. Lee et al. [110] assessed the impacts of
uncertainties arising from climate change data on the streamflow of a catchment with
wetlands. They concluded that the variability of GCM projections was the most significant
contributor to flow prediction uncertainty. Nine CMIP6 GCMs were initially identified for
this study, but only three were used due to limitations on resolution. We recommend using
a larger GCM or regional climate model ensemble to lower prediction uncertainty.

5. Conclusions

This study investigated the effects of papyrus-dominated wetlands on baseflow and
quickflow, including future flood and low flows within the Mpologoma catchment in
Uganda. With the aid of the physically based, spatially distributed catchment modelling
tool SHETRAN, the study quantified the catchment-scale flow regulating roles of papyrus
wetlands. Findings show that papyrus wetlands wield a strong influence on catchment
hydrology. They significantly affect quickflow (including floods), with a minor role on
baseflow and most low flow indices. This indicates that wetland management is integral
to water resources and flood management, particularly in tropical Africa, where papyrus
wetlands naturally occur. These wetlands provide nature-based solutions against floods
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to several communities in the developing nations of Africa, thus providing solutions to
challenges faced by flood engineers and water resources managers.

The modelled high wetland evapotranspiration rates with increased risks of low flows,
especially in dry years, indicate an exaggeration of water scarcity. However, conservation
decisions on whether papyrus wetlands are essential despite water scarcity risks should
be taken in the broader context, depending on other wetland functions (e.g., biodiversity,
human health and food, flood mitigation, recreation, etc.).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/1and12122158 /51, Figure S1: Schematisation of steps followed in the
study; Table S1: FAR, POD, FB and HSS at Tororo and Buginyanya rain gauge stations over January
2001 and December 2016; Figure S2: Scatter plots of daily rainfall total of SPPs and rain gauge data at
Tororo and Buginyanya. The dashed line shows the perfect fit that could be attained if the gauge and
SPP data were equal; Figure S3: Bar graphs of percent bias, mean absolute error and Nash-Sutcliffe
efficiency at daily timescale for the various SPPs at Tororo and Buginyanya; Figure S4: Scatter plots of
monthly rainfall totals (satellite products against gauge) at Tororo and Buginyanya. The dashed line
shows the perfect fit that could be attained if the gauge and SPP data were equal; Figure S5: Bar graphs
of percent bias, mean absolute error and Nash-Sutcliffe efficiency at monthly timescale for the various
SPPs at Tororo and Buginyanya; Figure S6: Scatter plots of model response to changes in key parameters.
Inset is the sensitivity index (SI); Figure S7: 30-year ensemble mean of ‘observed” (MSWEP and CFSR)
and bias-corrected CMIP6 models over the Mpologoma catchment. The plots show mean monthly
rainfall and potential evapotranspiration (PET) at baseline (BL) and 2 and 4 °C warming levels.
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Appendix A

Table A1l. Essential satellite-based precipitation products (SPPs) applied over Africa.

S. No. SPP Description Resolution (km) Reference
Tropical Applications of Meteorology using SATellite (TAMSAT) and ground-based ;
! TAMSATv3.1 observations version 3.1; developed by the University of Reading, UK. 4 (i
Rainfall Estimates from Rain Gauge and Satellite Observations version 2.0; developed by the
2 CHIRPSv2.0 U.S. Geological Survey Earth Resources Observation and Science Centre, in collaboration with 6 [112]
Santa Barbara Climate Hazards Group of the University of California.
3 ARC2 Africa Rainfall Climatology (ARC) version 2.0; developed by NOAA Climate Prediction Centre. 11 [113]
4 REE2 African Rainfall Estimation Algorithm (REE) version 2.0; developed by NOAA Climate 11 [114,115]
Prediction Centre.
5 MSWEPv2.2 Multi-Source Weighted-Ensemble Precipitation (MSWEP) version 2.2; developed by. 11 [116]
Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks .
6 PERSIANN-CDR (PERSIANN-CDR); developed by UCI Centre for Hydrometeorology & Remote Sensing. 28 (117]
Climate Prediction Centre (CPC) morphing technique (CMORPH) bias-corrected with gauge
7 CMORPHv1.0AD] data (AD]J) version 1.0; developed by NOAA Climate Prediction Centre. 8 [118]
8 TRMM 3B42v7 Tropical Rainfall Measuring Mission (TRMM) Multi-satellite Precipitation Analysis (TMPA) version 28 [119]

7; developed by NASA and Japan’s National Space Development Agency.
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Table A2. List of best-performing CMIP6 GCM models over the region of Uganda. The list is based
on the findings of Ayugi et al. [120] and Ngoma et al. [121].

Resolution (km) for Ensemble

No. GCM Model Institution Members r1ilp1f1
1 CanESM5 Canadian Centre for Clgz;egt/lgc;reg?ag, %rlli (;?ir:,\lélzi;;dE;vironment and Climate 500
2 CESM2-WACCM National Centre for Atmospheric Research, USA. 100
s oworcuer o Natlnal de s Maorslogiqu () Conve Fuopien
4 GFDL-ESM4 Geophysical Fluid Dynamics Laboratory (GFDL), USA. 100
5 MPI-ESM1-2-LR Max Planck Institute for Meteorology, Germany. 250
6 MRI-ESM2-0 Meteorological Research Institute, Japan. 100
7 NorESM2-LM Norwegian Climate Centre, Norway. 250
8 NorESM2-MM Norwegian Climate Centre, Norway. 100
9 UKESM1-0-LL UK Met Office Hadley Centre, UK. 209 x 139

Appendix B
Evaluation of Satellite Precipitation Products (SPPS) with Gauge Data
Accuracy of SPPs in Daily Rainfall Identification

The statistics of daily rainfall identification for each SPP and rain gauge location are
summarised in Table S1 in the Supplementary Materials. Overall, Probability of Detection
(POD) statistics show that SPPs perform better in detecting rain at low altitudes (Tororo) in
comparison to high altitudes (Buginyanya). This is because satellite rain detection heavily
depends on ice at cloud tops [122], which both infrared and passive microwave algorithms
weakly detect in the relatively warm orographic rains that dominate mountainous re-
gions [123]. This weakness in rain detection could explain the relatively lower False Alarm
Ratio (FAR) at a high altitude. Similar to findings by Diem et al. [124] for a study in the
north-western region of Uganda, high POD and Frequency Bias (FB) are generally linked
with larger FAR. In general, though all assessed products utilise gauge data for calibration,
those that ingest gauge data at longer timescales (e.g., TRMM and PERSIANN-CDR at
monthly scale) performed worst.

Accuracy of SPPs in Capturing Daily and Monthly Rainfall Totals

Most satellite precipitation products performed weakly in capturing daily rain totals,
with correlation coefficient (R) and Nash-Sutcliffe efficiency (NSE) varying from 0.1 to
0.39 (Figure S2 in the Supplementary Materials) and —0.37 to 0.14 (Figure S3 in the Sup-
plementary Materials), respectively. However, significant improvement was attained on
aggregation to monthly totals (Figure S4 and Figure S5, respectively, in the Supplementary
Materials), with MSWEP, TAMSAT and CHIRPS performing best. Their monthly R and
NSE vary from 0.71 to 0.78 and 0.35 to 0.6, respectively. SPPs have inherent detection,
systematic and random errors [125,126]. However, systematic errors increase slightly for
aggregation windows greater than 15 days, while random errors have a negligible effect
upon aggregation [127]. Some of the studies over Africa that have reported improvement
of SPPs on aggregation include Bhatti et al. [127], Dembélé and Zwart [56], Dinku [57] and
Gebrechorkos [128]. The above-average performance of TAMSAT and CHIRPS could be
attributed to the assimilation of gauge datasets from local and regional meteorological
authorities. Meanwhile, MSWEP’s performance could be due to ingesting multiple datasets,
including gauge and reanalysis products.

Appendix C
Model Sensitivity Analysis

Model sensitivity is usually assessed using local or global methods [129]. Though
unreliable for high-dimensional and non-linear models [130], local approaches such as the
‘one parameter at a time” are simple and computationally less expensive [131]. Further,
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they have been applied in numerous hydrological modelling studies [131], including
SHETRAN [132]. Birkinshaw [133] gives a detailed description of SHETRAN parameters,
including the applicable range. Some of these parameters are not very sensitive. For
this study, the parameters assessed for sensitivity include overland (Kro) and channel
(Krc) Strickler coefficients (the Strickler coefficient is the inverse of Manning’s coefficient),
canopy leaf area index (CLAI), topsoil saturated conductivity (Ksat) and the ratio of actual
to potential evapotranspiration at field capacity (AET/PET ratio). The ‘one parameter at
a time” approach was employed in assessing the above parameters. Each parameter was
evaluated over the range of £90% by plotting the change in catchment discharge against
the change in parameter base value. The sensitivity index (SI) for each parameter was also
calculated using the equation below, where OO0 is catchment discharge at base value, and
090 and O-90 are catchment discharge at +90 and -90% change in base value. This study’s
sensitivity analysis was carried out only for the Phase 1 model driven by the MSWEP
precipitation product.

Slgg = |090 — O | = Op (Al)

Results of Model Sensitivity Analysis

Sensitivity indices for overland (Kro) and channel (Krc) Strickler coefficients, canopy
leaf area index (CLAI), topsoil saturated conductivity (Ksat), and the ratio of actual to
potential evapotranspiration at field capacity (AET/PET) are shown in Figure S6 in the
Supplementary Materials. The most sensitive parameters, in descending order, are Krc,
AET/PET and Kro, with SI values of 1.1, 0.83 and 0.72, respectively. Ksat was the least
sensitive, with SI = 0.06. As expected, larger Kro, Krc, and Ksat values increase catchment
outflow. On the contrary, increments in CLAI and AET/PET lower outflows. The sensitivity
results are similar to findings by Mutenyo et al. [89] for a SWAT model of the Manafwa
sub-catchment in the Mpologoma catchment, in which parameters that control overland
and channel flow, canopy cover, evapotranspiration, and flow in soil were found to be
most sensitive.
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