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Abstract: This study assesses the impact of climate change on streamflow characteristics in the
Lualaba River Basin (LRB), an important yet ungauged watershed in the Congo River Basin. Two
conceptual hydrological models, HBV-MTL and GR4J, were calibrated using the reanalysis datasets
and outputs of Generalized Circulation Models (GCMs) under CMIP6 during the historical period.
The hydrological models were fed with outputs of GCMs under shared socioeconomic pathways
(SSPs) 2-45 and 5-85, moderate- and high-radiative future scenarios. The results demonstrate that
hydrological models successfully simulate observed streamflow, but their performance varies signifi-
cantly with the choice of climate data and model structure. Interannual streamflow (Q) percentiles
(10, 50, 90) were used to describe flow conditions under future climate. Q10 is projected to increase
by 33% under SSP2-45 and 44% under SSP5-85, suggesting higher flow conditions that are exceeded
90% of the time. Q50 is also expected to rise by almost the same rate. However, a considerably higher
Q90 is projected to increase by 56% under the moderate- and 80% under the high-radiative scenario.
These indicate the overall higher water availability in this watershed to be used for energy and food
production and the need for flood risk management.

Keywords: climate change impact; hydrological modelling; Lualaba River Basin; streamflow projections;

reanalysis datasets; water resource management

1. Introduction

The hydrological cycle is greatly influenced by human-induced climate change at mul-
tiple spatial scales [1-5]. Changes in precipitation and temperature patterns are observed
around the world [5-10]. These alterations can impact characteristics such as the peak flow
volume and timing crucial for water resource planning and management [11-13]. Under-
standing risks to water systems is essential for developing water resource policies [14,15].

The importance of Central Africa is well known at the global scale. Its expansive
tropical rainforests play a key role as carbon sinks that help counteract the impacts of global
warming [16-18]. The Congo River Basin (CRB) in this area is known as the world’s second
largest watershed and holds about one-third of Africa’s freshwater resources. Despite
having abundant freshwater resources and a considerable potential for hydroelectricity
production, as well as natural wealth, the countries in the CRB region are among the least
developed economically and face challenges related to food and water security [19-21].

Global warming in the region has caused changes in hydroclimatic conditions, bring-
ing about challenges for development. These alterations include shifts in the frequency and
duration of wet periods, reduced water content in rainforests, multidecadal drying trends
in streamflow, a rise in temperatures by 0.5 °C (with a more notable increase in minimum
temperatures), and a 9% decrease in rainfall during the 20th century [22-25]. These changes
could worsen vulnerabilities due to insufficient infrastructure, limited industrialization,
resource mismanagement, and political instability. Understanding the impacts of climate
change on water availability within the CRB is essential for developing water and energy
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management policies. Because the CRB is a large basin and impacts might differ depending
on the regions within it, the effects across its sub-watersheds need to be studied.

Studying the effects of climate change on water systems often involves using “top-
down” methods that depend on General Circulation Models (GCMs) [26]. Such models
mathematically replicate Earth’s surface and atmospheric processes to forecast climate
patterns [27-29]. These models typically provide outputs at coarse resolutions that may
not be ideal for managing regional water resources, thus requiring the use of downscaling
methods to refine outputs at the desired resolution [30-33]. However, discrepancies in
GCMs’ predictions can arise, prompting the need for a combination of climate models to
address various scenarios [16,34]. Recent studies highlight that multi-model approaches
and downscaling methods are essential to capture the full range of potential climate
impacts [35,36]. Key findings related to the impacts of climate change on hydrological
processes include changes in precipitation regimes, alterations in streamflow patterns,
and an increased frequency of extreme events. Downscaled and bias-corrected GCM data
are utilized to assess watershed conditions or forecast properties alongside hydrological
models [5,37]. For instance, novel downscaling techniques based on the outcomes of Phase
6 of the Climate Model Intercomparison Project (CMIP6) revealed significant variations in
precipitation and temperature across different climate scenarios [38].

Global initiatives such as the NASA Earth Exchange Global Daily Downscaled Projec-
tions (NEX-GDDP) and CMIP6 provide essential downscaled and bias-corrected datasets
for climate change impact studies. CMIP6, coordinated by the World Climate Research
Programme (WCRP), includes various Model Intercomparison Projects (MIPs) to advance
the understanding of physical climate processes and their responses to greenhouse gas emis-
sions [39]. CMIP6 scenarios, based on shared socioeconomic pathways (SSPs) combined
with Representative Concentration Pathways (RCPs), offer a framework for modelling
future climate conditions under different mitigation and adaptation strategies [40-43].
These SSP-based scenarios range from ambitious climate mitigation efforts to continued
emissions growth, reflecting varying levels of societal and technological progress [44,45].

To address the limitations of using GCMs alone, a comprehensive framework com-
bining “top-down” and “bottom-up” approaches is often recommended. The “bottom-up”
approach, which is scenario-neutral, evaluates how water systems behave under various
climatic conditions without relying on specific future scenarios [26,27,46]. Integrating
both approaches helps enhance the robustness of hydrological assessments by leveraging
scenario-based insights with system-specific sensitivities [26,47,48]. This methodology
reduces biases and broadens the range of potential outcomes, improving the reliability of
projections [49-52].

Hydrological modelling in the ungauged CRB can be challenging due to its large
size, as well as limited and unreliable data. Issues such as maintenance problems, human
errors, and environmental factors can lead to compromised and misleading ground-based
data [23,53]. Methods such as regionalization, satellite-based information, and reanalysis
datasets are commonly used because of in situ data scarcity [54-56]. Reanalysis datasets,
developed with data assimilation techniques and multiple observational sources for accu-
racy and consistency, are valuable tools for the assessment of climate change impacts in
data-scarce regions [57-59]. Hydrological models that integrate reanalysis products have
demonstrated performance improvement compared to those relying solely on observations
from monitoring stations, indicating a better approach for reducing uncertainties [60-63].
The combination of reanalysis data with machine learning models further refined hydro-
logical predictions, improving the assessment of climate change impacts on streamflow
and rainfall [38,64].

Complexity, including the size and remoteness of watersheds, also affects the choice of
appropriate models to represent hydrological systems. Simple conceptual models are often
recommended for climate change assessment, because they are less complex and involve
fewer variables, making them suitable for regions with limited data availability [65,66].
However, as different hydrological models can provide varying runoff predictions, it
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is suggested to use multiple models when conducting impact assessments in order to
cover a broad spectrum of potential outcomes [67,68], thus ensuring a comprehensive
assessment framework geared at providing insights for water resource management and
policy development.

This research aims to assess the sensitivity of different representations of hydrological
systems in the assessment of climate change impacts on water resources in the Lual-
aba River Basin (LRB), which is a sub-watershed within the CRB. The LRB spans about
974,140 square kilometers, covering 27% of the CRB’s area and contributing significantly
to its annual water budget. Two hydrological models were compared with a combination
of reanalysis products and an ensemble of GCMs’ outputs during the historical period.
Accordingly, changes in streamflow over the course of the century were projected under
moderate- and high-radiative forcings. Even though implementing hydrological models
with GCM projections under emission scenarios is an established methodology, this study
sets itself apart by applying the framework in the context of the LRB. As far as the authors
are aware, no previous studies have taken a similar multi-model approach to investigate
the impact of climate change on streamflow patterns in this unique and vital region in
Central Africa. This study therefore bridges a knowledge gap by providing insights into
the responses of hydrological systems in the LRB to changes in climate conditions. Section 2
provides an overview of the framework for the impact assessment, along with details on
the hydroclimatic data and hydrological models employed. Section 3 presents the LRB case
study, along with the characteristics and challenges related to water resources in the region.
Sections 4 and 5 analyze and discuss the models” performance and the behaviour of the
hydrological system in both historical and future periods, as well as projected streamflow
uncertainty. Lastly, Section 6 provides concluding remarks and recommendations based on
the results, including implications for managing water resources and shaping policies in
the region.

2. Materials and Methods

In this study, we employed two conceptual hydrological models, HBV-MTL and
GR4], to represent streamflow in the basin. The minimal data requirements for the models
makes them suitable for data-scarce regions. Gauge observations, while critical, often
fail to fully represent hydrological processes and variability due to their confinement to
specific locations. This limitation overlooks spatial heterogeneity and local factors that
significantly affect streamflow characteristics. Moreover, gauge data are susceptible to
measurement errors and uncertainties, potentially leading to biases and inaccuracies in
calibration. Therefore, including sophisticated climate reanalysis datasets as primary inputs
was essential to enhance the framework’s robustness.

Figure 1 shows the framework used for climate change assessment on streamflow.
Since good-quality data should be used as primary inputs to enhance the reliability and pre-
cision of simulations, as recommended in the literature, we used an ensemble of reanalysis
products and historical GCM outputs for calibrating these hydrological models [34,69,70].
The models were then forced with outputs from a range of GCMs under two SSP scenarios
to project future streamflow up to the end of the century. Historical and projected cli-
mate data are detailed in Sections 2.1 and 2.2, respectively, while the hydrological models,
calibration, and validation processes are outlined in Section 2.3.
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Figure 1. Framework for climate change assessment on streamflow in LRB.

2.1. Historical Hydroclimatic Datasets

The CRB watershed polygon shapefiles and digital elevation models (DEMs) were
utilized for the delineation of sub-watersheds and the mapping of the river network. The
procedures involved using ESRI ArcGIS Desktop [71]. Land cover data were retrieved
based on ENVISAT’s Medium Resolution Imaging Spectrometer (MERIS) Level 1B data,
acquired in full-resolution mode with a spatial resolution of approximately 300 m [72].
OpenStreetMap (OSM) features under infrastructure, mining, and fabrication were obtained
through the UN Humanitarian Data Exchange.

Streamflow observations from the hydrometric station at the watershed’s outlet were
obtained from the International Commission for the Congo-Ubangi-Sangha Basin [17].
Precipitation and temperature gauge observations were obtained from the National Me-
teorological Agency of the Democratic Republic of Congo. Missing data patterns and
mechanisms were analyzed during data preparation. Construct-level missingness in the
dataset was the primary consideration when selecting the study period for the calibration
and validation of hydrological models. Based on the demonstrated reliability over the
African continent [73-75], two reanalysis products, ERA5 and MERRA-2, were consid-
ered for collecting temperature and precipitation data at acceptable spatial and temporal
resolutions over the watershed, as shown in Table 1.

Table 1. Climate reanalysis datasets.

Dataset Source Data Type Spatial Resolution Temporal Resolution Temporal Coverage
Copernicus Climate Change
ERAS5 Service (C3S) Climate Data Atmosphere 0.25° x 0.25° Hourly 1940—present
Store (CDS)
Goddard Earth Sciences
MERRA-2 Data and Information Surface land 0.5° x 0.625° Daily 1981—present

Services Center (GES DISC)

2.2. Climate Model Projection

The NASA Earth Exchange Global Daily Downscaled Projections dataset featured
19 General Circulation Models” (GCMs’) outputs (NEX-GDDP; available at https://cds.
nces.nasa.gov/nex-gddp/ accessed on 1 June 2024) that accounted for bias-corrected daily
minimum and maximum near-surface air temperatures and precipitation, at a spatial reso-
lution of 0.25°, based on the outcomes of CMIP6. Daily downscaled models were generated
by adapting the monthly bias correction/spatial disaggregation (BCSD) approach [76].
Future climate projections were covered amongst three timeframes, including near-term
(2021-2040), mid-term (2041-2070), and long-term (2071-2100), from SSP2-45 and SSP5-85
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that respectively represent moderate and predominant mitigation challenges until the end
of the century.

The SSP scenarios were developed to investigate global development trajectories with
regard to climate change. They assess the impact of socioeconomic trends and policies on
greenhouse gas emissions, climate change, and societal resilience [77]. SSP2-45 depicts
global development progress steadily facing challenges in addressing climate change.
Despite some advancements in reducing emissions, it may not be adequate to mitigate the
effects of climate change by the end of the century [43]. SSP5-85 depicts a high-emission
scenario characterized by reliance on fossil fuels and limited efforts to tackle climate change.
This pathway anticipates an increase in greenhouse gas emissions resulting in climate
impacts [45]. These pathways contribute to climate modelling by projecting how various
policy decisions and societal shifts could influence conditions [78].

2.3. Hydrological Models

Simplicity and accuracy [77] were the principal criteria for selecting the HBV-MTL and
GR4J models used in this study to simulate daily streamflow in the LRB. The HBV-MTL
model shown in Figure 2 represents the hydrological processes using a set of equations and
parameters.
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Figure 2. A schematic of the HBV-MTL hydrological model.

Conceptual HBV models are widely used for streamflow estimations at watershed
outlets [79,80]. A variant of the HBV model was introduced by [81] based on [82], namely
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HBV-MTL. This model employs daily temperature and precipitation data as its primary
inputs. It differentiates precipitation into the categories of rainfall, snowfall, or a mix
of both, according to a temperature threshold. Rainfall and any resulting liquid water
from melted snow may infiltrate the soil layer, contributing to soil moisture or surface
runoff. The amount of the contribution split depends on the current soil temperature and
moisture conditions.

Evapotranspiration was calculated based on Hargreaves’ method [83]. This method is
widely used and validated in various regions worldwide for its accuracy in estimating evapo-
transpiration. Numerous studies have compared the process with other models and observed
reasonable results, making it a reliable tool for calculating evapotranspiration [84-86]. The
method is based on the mean, maximum, and minimum air temperature and extraterres-
trial radiation.

The remaining water percolates into deeper soil layers, contributing to the formation
of interflow and baseflow and replenishing groundwater. Interflow is the lateral movement
of water through the subsurface layers of soil, while baseflow refers to the slow and
continuous movement of water into streams and rivers [87]. Total runoff is the sum of
surface flow, interflow, and baseflow. It is assigned to a triangular delay function to simulate
the daily streamflow at the watershed outlet. A balanced hydrological system regulates
water availability, preventing both water scarcity and excessive flooding while maintaining
the overall stability and resilience of ecosystems [88].

The GR4] model shown in Figure 3 is a numerical system that calculates runoff using
daily data on precipitation, temperature, and potential evapotranspiration. Distinct from
the HBV-MTL model, GR4] partitions the net precipitation, which is derived by deducting
potential evapotranspiration from total precipitation, into two segments. This model
comprises three primary components: production storage, routing storage, and dual unit
hydrograph functions. Initially, a segment of net precipitation is allocated to production
storage, where it percolates slowly based on soil moisture capacity. Concurrently, a portion
of stored water facilitates evapotranspiration through vegetation usage. The remaining
net precipitation merges with the water that percolated from the production storage and
directed to the routing storage via unit hydrographs, which manage the delay between
precipitation events and streamflow generation. At this juncture, 10% of the runoff is
directly channelled to the outlet using a two-sided unit hydrograph. In contrast, the
residual 90% is indirectly routed through interactions with groundwater, employing a
one-sided unit hydrograph. Further information on the model’s architecture and equations
is provided in [89].

The calibration process involves adjusting the parameters of the HBV-MTL and GR4]
models to ensure they accurately simulate the historical hydrological processes. This is
conducted by comparing the model outputs with the historical data and iteratively refining
the parameter to a satisfactory threshold. Parameterizing hydrological models can be
challenging. Selecting suitable values for model parameters is a key step for this endeavour
because parameter values greatly influence the model’s behaviour and performance.

Both hydrological models were calibrated against observed streamflow data from
gauges at the outlet. The primary input consisted of an ensemble of climate datasets from
the historical period, including station-based observations, an ensemble of GCMs, and
reanalysis datasets.

The Kling-Gupta efficiency (KGE) measure [90] was used to evaluate the models’
performance. It compared the estimated and observed values across many statistical
criteria, enabling a thorough assessment of the hydrological models. KGE was used
to assess the estimated values from the model using an array of statistical criteria and
comparing them with the observed values. It comprehensively evaluated the hydrological
models, considering several factors, including the correlation, variability, and bias between
the observed and estimated values. This aids in assessing the accuracy and precision of
simulations and forecasts of hydrological processes.
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Figure 3. A schematic of the GR4]J hydrological model.

The criteria for formulating the KGE metric include standard deviation, mean, and
Pearson correlation coefficient, represented as &, B, and y, respectively, in the equations (1, 2,
and 3). Compared to other measures such as Nash—Sutcliffe efficiency, KGE provides a more
balanced assessment by incorporating these criteria via the Euclidean distance measure [91].
This approach enables a robust assessment of model accuracy and reliability. The calibration
and evaluation of the hydrological models are conducted using KGE measures on both
the daily and annual scales, as outlined in (5). The standard deviations of simulated and
observed runoff are represented in Equations (1-3) as og (simulated standard deviation)
and og (observed standard deviation). Meanwhile, S and O refer to the mean values of
simulated and observed flow, respectively, and S; and O; represent specific instances of
simulated and observed flow. Below are the equations used to calculate these values:

_ 55
a = g 1)

S
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2
Obj = Min\/(l — KGEduily) + (1 - KGEannual)z ®)

The Shuffled Complex Evolution algorithm (SCE-UA), developed by Duan et al.
(1993) and further explored by Yarpiz (2020), was employed to calibrate the hydrological
models. This is a method that integrates both random [92] and deterministic strategies [93],
along with clustering [94] and competitive evolution [95], to optimize parameter sets. The
optimization occurs through a global search mechanism that mimics natural evolutionary
processes [96,97]. Initially, a population of parameter sets was randomly selected from the
feasible space and subsequently divided into several complexes. These complexes evolved
independently using a competitive evolution technique. The populations were periodically
shuffled to prevent the algorithm from settling into local optima, enabling information
interchange between complexes. This iterative procedure continued until the convergence
criteria were met. In the specific context of this study, 50 parameter sets were randomly
chosen within the defined range and segmented into five complexes. The evolution and
shuffling of the complexes persisted through a maximum of 100 iterations to ensure a
thorough exploration of the parameter space.

3. Case Study

The Congo River Basin (CRB), as shown in Figure 4, is located between latitudes 9° N
and 14° S and longitudes 11° E and 34° E. Extending across Central Africa, the CRB is
ranked after the Amazon River Basin as the second largest watershed in the world, with an
impressive 3.7 million square kilometres and a mean annual discharge of 40,600 m3/s [98].
Surrounding most of the Democratic Republic of the Congo’s (DRC’s) territory, the CRB
also extends its coverage to eight other countries. These countries include Angola, Burundji,
the Central African Republic, Cameroon, the Republic of the Congo, Tanzania, Rwanda,
and Zambia. The CRB supports the Congo rainforest, which is one of three major humid
tropical regions on Earth [99].

The Lualaba River Basin (LRB) is amongst the largest of five sub-watersheds, accounting
for 27% of the total area of the CRB [23]. It drains approximately 974,140 square kilometres,
most of which is located within the DRC. The remaining area coverage is located across
Zambia in the southeast and Rwanda, Burundi, and Tanzania in the east. As a major
contributor to the CRB’s annual water budget, the LRB is a principal agent for water
resource management in the region [100]. However, this region is ranked 177 of 181 on the
Notre Dame Global Adaptation Initiative (ND-GAIN) Country Index, illustrating countries
that are best prepared to deal with global changes brought about by overcrowding, resource
constraints, and climate disruption [101]. There is an unequal distribution of population in
the LRB, accounting for over 30% of the DRC’s population, including several conflicted
regions that are often portrayed as prominent examples of how violent struggles over
natural resources have shaped internal warfare [102].

A plethora of critical mineral resources, including cobalt, coltan, copper, and other
valuable minerals, exist in this region [103-105]. However, the predominant economic
activity sustaining local households is shifting agriculture, which is profoundly reliant on
the availability of water resources within the region. Notably, agricultural productivity
within the LRB is predominantly rain-fed, rendering the basin’s water availability critical
for ensuring regional food security [106]. In the Supplementary Materials, Figure S1
illustrates aspects of the LRB’s land use distribution, emphasizing its water resources
and soil and vegetation cover. Water resources are depicted, showcasing the extensive
network of rivers and streams within the watershed. Hydraulic infrastructure represents
the locations of dams or other facilities essential for regulating the flow, hydropower, and
distribution of water. Soil cover delineates the primary areas of fertile land, while civil and
mining activities represent locations of interest where industrial and extractive operations
are concentrated. Vegetation cover illustrates expansive areas of natural flora across the
watershed. Furthermore, a UNESCO World Heritage Sites collection is located within
the LRB. These National Parks, namely Kahuzi-Biega, Kundelungu, Maiko, Upemba, and
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Virunga, collectively cover 50,000 square kilometres as a habitat for numerous endangered
species of animals and fish, thereby emphasizing the LRB’s ecological significance.
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Figure 4. CRB sub-watershed, Lualaba River Basin, location of gauges used in case study.

The Lualaba River is the principal headstream of the LRB, flowing entirely within
the DRC’s national borders. It is a testament to the power and beauty of nature and an
important asset in the ecosystem of the CRB. Spanning an impressive 1800 kilometres, the
Lualaba River originates at approximately 1400 m above sea level on the Katanga (Shaba)
Plateau near Musofi; the river’s early watercourse features a descent across the Manika
Plateau, marked by numerous waterfalls and rapids. Notably, the river undergoes a drastic
descent into the Upemba depression, dropping about 457 m over 72 kilometres, a gradient
harnessed for hydroelectric production at the Nzilo Dam near the historical Delcommune
Falls [107].

The river becomes navigable at Bukama, continuing for roughly 644 kilometres
through the channel, where it expands into expansive, marsh-filled lakes like Upemba
and Kisale, which are prone to seasonal flooding and dense with aquatic vegetation [108].
Along this navigable stretch, the Lualaba River is fed by tributaries such as the Lufira,
Luvua, and Lukuga rivers. Downstream, the Lualaba River enters the challenging Portes
d’Enfer (Gates of Hell), a narrow and deep gorge that precludes navigation. The river
is again navigable for 109 kilometres from Kasongo to Kibombo, although this segment
is interrupted by rapids extending to Kindu. Despite some shallow sections and rocky
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banks toward its outlet near Kisangani, the river remains navigable up to the Boyoma Falls,
where a series of seven cascades marks the transition of the Lualaba River into the Congo
River [109]. The historical hydroclimatic characteristics of the LRB are presented in Table 2.

Table 2. The hydroclimatic characteristics of the LRB.

Climate Streamflow
Mean o . .
Data Source Annual Precipitation él!/erage Mmm:t(ljm IS:PIerage Maxmou.(l:m Mean Annual ET Hydro Station Syeli;:ge Ann;l/al Draui(agezr Area
(mm) emperature (°C) emperature (°C) (mm) ischarge (m°/s) (km?)
Observed 1526 16.5 27.7 1677 Kisangani 7583 974,140
ERA5 711 22.7 23.4 433
MERRA-2 1416 18.3 27.6 1555
GCMs 1385 19.7 30.9 1809

Daily streamflow and the flow duration curve recorded at the Kisangani hydrometric
station are presented in Figure 5. The left panel presents the daily streamflow recorded at
the outlet for each year from 1981 to 2001, revealing interannual streamflow variations and
peak periods that indicate seasonal influences. The right panel presents daily streamflow
against exceedance probabilities over the same time period, as the river’s perennial charac-
teristic. Low streamflow was recorded around 5000 m3 /s, medium flow at approximately
7500 m3/s, and high flow above 11,000 m3/s.

- 1981 —— 1985 1989 1992 — 1995 — 1998
16,0001 — 1982 — 1986 —— 1990 — 1993 — 1996 1999 16,000
— 1983 1987 - 1991 — 1994 1997 —— 2000
— 1984 — 1988

—— Flow Duration Curve

14,000 14,000

12,000 12,000
10,000 10,000

8000 8000

Streamflow (m3/s)

6000 6000

4000 4000

2000 2000

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 0.0 0.2 0.4 0.6 0.8 1.0
Month Exceedance Probability

Figure 5. LRB outlet, daily streamflow and flow duration curve (1981-2001).

Historical temperature and precipitation datasets revealed a mean annual temperature
between 22 °C and 25 °C and mean annual precipitation varying from 1385 to 1526 mm
over the LRB for a 20-year period (1981-2001). Temporal variations in the daily mean
precipitation and temperature across the LRB, along with seasonal climatic cycles derived
from reanalysis products and gauge observations from 1981 to 2001, are detailed in Figure 6
which employs boxplots to represent daily values averaged over gauge observations and
lines to depict expected daily temperature and precipitation over the 20-year period. The
boxplots clearly depict the central tendency and dispersion of the daily precipitation and
temperature for each dataset. Notably, the range of values for the reanalysis datasets
varies significantly, principally with regard to precipitation. Such discrepancies may stem
from differences in assimilation schemes, the ground data incorporated into assimilation
processes, and the forecasting climate models [110].
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Figure 6. (a,b) Daily precipitation and temperature (left panel). Observed daily (boxplots) and
expected values (lines) per month based on observation and reanalyses (right panel).

Gauge observations revealed a median daily precipitation of approximately 1.8 mm,
with an interquartile range (IQR) extending from approximately 0.3 mm to 5.8 mm. The
maximum daily precipitation recorded was around 13.8 mm. The MERRA-2 dataset had a
higher median of 3.2 mm but a slightly narrower distribution, indicating less variability. The
IOR ranged from 1.3 mm to 5.6 mm, with a maximum value near 12 mm. ERA5 revealed
the lowest median precipitation at around 1.8 mm, with a much narrower distribution. Its
maximum daily precipitation was roughly 6 mm, and the IQR ranged between 0.8 mm
and 3.1 mm. Temperature, on the other hand, ranged from 19 °C to 25 °C for the gauge
observations, the IQR ranged from 21.4 °C to 22.9 °C, and it had a mean of 22 °C. MERRA-
2’s mean daily temperature was 22.9 °C, IQR was from 22.2 °C to 23.8 °C, and it had a
maximum and minimum of 26 °C and 19.6 °C, respectively. Similarly, a mean temperature
of 23 °C was recorded by ERA5, however with a narrower IQR.

The right panels of Figure 6 highlight seasonal variations, presenting daily precipita-
tion and temperature boxplots for each month. Observation unveiled two high precipitation
periods during March-April-May (MAM) and September-October-November (SON), with
peaks in April and November exceeding 12 mm/day. MERRA-2 unveiled a lower variabil-
ity and magnitude in precipitation compared to observed data, with peaks in March, and
ERADS consistently recorded lower precipitation values and less variability throughout the
year. For temperature, observation indicated a distinct seasonal cycle, with temperatures
peaking in March and April (over 23 °C) and the coolest period from June to August
(around 21 °C). MERRA-2 captured the seasonal cycle well, generally indicating slightly
higher temperatures than gauge observations, while ERA5 followed the observed seasonal
cycle but reported consistently higher temperatures.

The gauge observations unveiled the most variability in precipitation and higher
peaks, essential for capturing extreme weather events. MERRA-2 aligned well with the
precipitation cycle but overestimated variability, while ERA5 consistently showed lower
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values. The observed temperature data accurately reflected seasonal dynamics. MERRA-2
showed good alignment to the cycle with slight overestimation, while ERA5 consistently
recorded higher temperatures. For the purpose of hydrological model calibration, the
ERAS5 and MERRA-2 reanalysis datasets provided reliable insight into precipitation and
temperature over the LRB.

On the basis of the Phase 6 CMIP6 results, NEX-GDDP provided bias-corrected daily
minimum and maximum near-surface air temperatures and precipitation. SSP2-45 and
SSP5-85 represented moderate- and high-forcing scenarios until the year 2100 over the wa-
tershed (2021-2040, 2041-2070, and 2071-2100). A comparison of historical data (1981-2001)
with future projections across various time horizons is provided in Figure 7 to illustrate the
temporal variation in daily precipitation and temperature. Outputs from 19 GCMs were
computed along with gauge observations and reanalysis products from ERA5 and MERRA-
2 under two shared socioeconomic pathways (SSP2-4.5 and SSP5-8.5). The magnitudes of
daily precipitation and temperature for the historical period are presented in the first panel.
(a) The median precipitation recorded by GCMs was 4.1 mm, IQR ranged from 1.9 mm
to 5.5 mm, and a maximum of 9.1 mm was recorded. (b) The mean daily temperature
recorded by GCMs was 25.3 °C, IQR ranged from 25 °C to 25.7 °C, and maximum and
minimum temperatures of 26.7 °C and 24.2 °C were recorded, respectively.
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Figure 7. Climate model projections under SSP2-45 and SSP5-85 compared with historical (a) precipi-
tation and (b) temperature (GCMs and reanalysis in the LRB).

The right panels in Figure 7 represent precipitation and temperature projections for
near-term, mid-term, and long-term periods under two scenarios: SSP2-45 and SSP5-85.
(a) Both S5P2-45 and SSP5-85 projected a near-term median daily precipitation of 4.3 mm,
IQR from 2 mm to 5.7 mm, and a maximum of 9.8 mm. Mid-term projections under SSP2-45
maintained a median daily precipitation of 4.3 mm, IQR from 2.1 mm to 5.9 mm, consistent
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precipitation range, and maximum at 10 mm. SSP5-85 continued to show similar patterns,
with a median at 4.5 mm, slightly broader IQR of 2.3 to 6.2, and maximum of 11 mm.
As for the long-term climate projections under SSP2-45, the median daily precipitation
was 4.4 mm, IQR was from 2.1 mm to 6.1 mm, and maximum precipitation was 11.5 mm.
SSP5-85 projected higher precipitation variability, a median at 4.7 mm, and a maximum
reaching 12 mm. (b) The mean daily temperature projections under SSP2-45 were 26.4 °C
for the near-term, with IQR ranging from 26 °C to 26.7 °C, and a maximum and minimum
temperature of 27.7 °C and 25.1 °C, respectively.

Although there were slight increases in variability, a similar median was projected by
SSP5-85 with maximum and minimum daily temperatures of 28 °C and 25 °C, respectively.
The mid-term projections under SSP2-45 maintained a mean daily temperature of 27 °C,
IOR from 26.7 °C to 27.5 °C, and a maximum and minimum temperature of 28.8 °C and
25.4 °C. Temperature patterns remained similar under SSP5-85, with a mean of 27.6 °C, IQR
that was slightly broader, and a maximum and minimum temperature of 29.9 °C and 25.7.
The mean daily temperature under SSP2-45 for the long term was 27.8 °C, and the IQR
ranged from 27.4 °C to 28.2 °C. A considerable increase was noticed under SSP5-85 that
projected a mean daily temperature of 29.4 °C, IQR from 28.8 °C to 30 °C, and maximum
and minimum reaching 32 °C and 27.6 °C, respectively.

The historical data revealed differences in rainfall and temperature among various
datasets. ERA5 was in closer alignment to MERRA-2, compared to historical GCM outputs.
Looking into the future, both the SSP2-45 and SSP5-85 scenarios predicted stable rainfall
for all future timeframes. However, the SSP5-85 scenario indicated higher variability. This
implies that while average rainfall is likely to remain stable, there could be an increase in
extreme rainfall events under higher-emission scenarios. Temperature forecasts unveiled an
increasing trend over time. Short-term predictions hinted at a rise in temperature. Mid-term
and long-term projections under SSP5-85 pointed to a significant increase, in both average
temperatures and variability.

4. Results
4.1. Hydrological Model Performance during the Historical Period

The historical period from 1981 to 2001 was selected based on the availability of
climate datasets and streamflow data within the LRB. The HBV-MTL and GR4] models
were calibrated using temperatures and precipitation from two reanalysis datasets and
the average historical outputs from 19 GCMs. The KGE statistical metric was used to
assess the performance of the hydrological models. The calibration performances of the
hydrological models are presented in Table 3 and validation performances in Table S1 under
Supplementary Materials. Any optimal solutions that recorded KGE < 0.4 and KGE < 1.5
for the calibration of HBV-MTL and GR4]J, respectively, were considered unsatisfactory
and were attributed to low-quality model input data from gauge observations, including
streamflow. Models that did not converge to an optimal solution and those that did not
meet the calibration thresholds were not considered for the assessment under projected
future climate.

Table 3. Calibration performance of HBV-MTL and GR4] models.

ERA5 MERRA-2 GCM
Criteria
HBV-MTL GR4J HBV-MTL GR4J HBV-MTL GR4J
Kling-Gupta efficiency 0.41 0.49 0.45 0.16 0.59 0.41
Nash-Sutcliffe efficiency —2.98 —0.02 —0.72 —5.75 0.19 0.15
Pearson correlation 0.41 0.61 0.24 0.27 0.35 0.22

Relative bias

0.45 -0.22 -0.20 —0.58 0.01 0.00
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HBV-MTL models revealed acceptable performance across reanalysis-based config-
urations, especially under the historical GCM configuration. On the other hand, GR4]J
models systematically returned lower performance in comparison to HBV-MTL models,
with the exception of the ERA5-based configuration. Performance assessment indicated
that MERRA-2 was the least efficient dataset for the calibration of hydrological models. The
GR4J model showed good model performance under the ERA5 configuration (KGE = 0.49),
whereas HBV-MTL performed well under the GCM configuration (KGE = 0.59). In contrast,
the ERA5 and MERRA-2 configurations returned negative NSE values, suggesting that
they might be less reliable than using the average of the input data as predictors. Across
all configurations, there was a positive linear relationship. In addition, the relative bias
revealed the tendencies of models to overestimate or underestimate the streamflow for
each configuration.

Daily and annual streamflow at the LRB outlet for gauge observation and simulations
with HBV-MTL and GR4] are presented in Figure 8 (HBV-MTL on the left panel and GR4]J
on the right panel). Each time series presents the observed and simulated daily streamflow
(solid lines), as well as observed and simulated annual streamflow (dashed lines).

The calibration and validation periods are clearly outlined in Figure 8, with Kling—
Gupta efficiency (KGE) values providing a quantitative measure of model performance.
Distinct patterns emerged in the performance of the HBV-MTL and GR4J] models during
the calibration and validation stages. When utilizing ERAS reanalysis data for calibration,
the HBV-MTL model tends to overestimate observed streamflow. Conversely, under the
ERAS configuration, the GR4] model generally underestimates observed streamflow. With
MERRA-2 configuration, both the HBV-MTL and GR4] models tend to underestimate
the observed streamflow. This consistent underestimation hints at biases in MERRA-2
data or shortcomings in representing certain hydrological processes within these models
using this dataset. When the hydrological models were calibrated with historical GCMs,
they exhibited an alignment with the observed streamflow. This alignment suggests that
the models can effectively reproduce the patterns when historical GCM data are utilized,
highlighting the potential of these models to serve as tools for simulating streamflow under
past climate conditions. In general, the results of calibration and validation emphasize the
varying performance of the HBV-MTL and GR4J models based on the input data.

The long-term historical annual runoff shown in Figure 9 presents observed flow (solid
black line), optimal flow for calibration (solid green line), observed flow for validation
(solid blue line), and optimal flow for validation (solid red line). Across configurations,
both hydrological models captured fluctuations in streamflow, including high- and low-
flow periods, as well as the seasonality. Generally, the ERA5 configuration aligned well
with gauge observations for both hydrological models, particularly during the calibration
period. Notably, this alignment reflects high-flow periods from March to May and Septem-
ber to November and low-flows period from June to August. Discrepancies were more
pronounced in the MERRA-2-based models, especially concerning the HBV-MTL model
during low-flow months from June to August. The historical GCM-based models showed
good performance by representing seasonal changes and closely matching the observed
and simulated streamflow. The findings underscore the significance of choosing input data
for modelling. The ERA5 configurations seemed effective for both the HBV-MTL and GR4J
models, whereas adjustments may be required for the MERRA-2 configurations to better
capture low-flow periods. The historical GCM-based models present a viable option for
capturing long-term seasonal variations in streamflow.
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Figure 8. Observation and simulation of daily and annual streamflow for historical period at Kisangani.
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Figure 9. Long-term annual hydrograph observation and simulation at outlet using reanalysis
datasets with HBV-MTL (left) and GR4]J (right) models.

4.2. Streamflow Conditions under GCM Projections of Changing Climate

To estimate streamflow at the LRB outlet for future horizons, 19 GCMs under SSP2-45
and SSP5-85 were respectively forced into the hydrological models according to the scenar-
ios. The observed and projected interannual hydrographs using HBV-MTL as presented in
Figure 10 revealed changes in peak timing and seasonality, as well as an overall increase in
the magnitude of runoff across all model configurations. The increase is more pronounced
under the SSP5-85 scenario.
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Figure 10. Mean annual hydrograph at LRB outlet under SSP2-45 and SSP5-85 using HBV-MTL
model calibrated with ERA5, MERRA-2, and GCMs.

ERA5-based models revealed a general increase in annual discharge under SSP2-45
and SSP5-85 compared to the long-term historical hydrograph across all future horizons.
GCM-based models also displayed an increase in discharge across future time periods.
MERRA-2-based models showed a decline in discharge compared to the long-term histori-
cal hydrograph for the near future, followed by an increase in the mid- to long-term future.

The observed and projected interannual hydrographs with GR4] models are presented
in Figure 52 of Supplementary Materials. Similar to the projections with HBV-MTL, the hy-
drographs revealed changes in peak timing and seasonality. However, these patterns differ
in high and low flows, which are accentuated in this case. Overall, the annual hydrographs
indicated an increase in discharge across future horizons for the ERA5 and GCM configura-
tions, with a more pronounced increase under SSP5-85. MERRA-2 configurations, however,
revealed a decrease in discharge compared to the long-term historical hydrographs across
all future horizons, where the difference between SSP2-45 and SSP5-85 remained more
pronounced in the long term, especially for periods for high flow.

A better understanding of the runoff conditions in the future is provided by analyzing
the changes in the 90th, 50th, and 10th flow percentiles. Thus, observed and simulated
annual flow duration curves (i.e., empirical cumulative probability distributions of runoff
in each year) were analyzed for historical and future periods. Figure 11 and Figure S3 in
the Supplementary Materials illustrate the variability in projected changes in streamflow
quantiles under the SSP scenarios and future time periods, for the HBV-MTL and GR4]
models, respectively.
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Figure 11. Relative changes between simulated annual streamflow quantiles under SSP2-45 and
SSP5-85 according to outputs of 19 GCM projections using HBV-MTL.

Streamflow values were averaged over the historical period to calculate the long-term
historical interannual quantiles. Similarly, based on the outputs of the SSP2-45 and SSP5-85
scenarios, with an ensemble of 19 GCMs, the long-term projected interannual quantiles
were calculated for six hydrological model configurations.

The magnitude and direction of relative change in annual flow quantiles varies de-
pending on model configuration and considered future horizon. An overall increase in
interannual quantiles for low, median, and high flows was found across all projected time
horizons for the HBV-MTL and GR4] models, with the exception of GR4]-MERRA-2 and
GR4J-ERA5. In comparison to historical annual flow quantiles, the HBV-MTL models
configured with MERRA-2, as shown in Figure 11, projected a nuanced trend. Specifically,
there was an initial decline in Q10, Q50, and Q90 during the near term (2021-2040). This
decline was followed by a slight increase during the mid-term (2041-2070), which then
transitioned into a more significant rise in the long term (2071-2100). These projections
indicate that while the near term may experience reduced streamflow, the latter half of the
century could see substantial increases in low, median, and high flows. Conversely, under
the ERA5 and GCM configurations, the HBV-MTL models revealed a consistent increase in
annual flow quantiles Q10, Q50, and Q90 across all future periods.

For the GR4J models configured with ERAS, as depicted in Figure S3, there was a clear
pattern where the low flow (Q10) was projected to decrease across all future horizons. In
contrast, both the mid flow (Q50) and high flow (Q90) were projected to increase. This
potential shift in variability could imply more pronounced extreme runoff events. GR4]J
models that were configured with MERRA-2 projected a decrease in annual flow quantiles
Q10, Q50, and Q90 throughout future horizons. Models configured with historical GCMs,
however, projected a considerable increase in Q10, Q50, and Q9. The increase was observed
particularly during the near term (2021-2040).
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The Mann-Kendall trend test is a nonparametric method often used in climate change
impacts assessments [111,112]. This method was applied to analyze trends in annual
flow quantiles and determine their significance for future projections. The summary test
results of expected future annual Q10, Q50, and Q90 values for all model configurations are
presented in Table S2 of the Supplementary Materials. The Mann-Kendall trend analysis
revealed an increasing trend across all model configurations under both SSP2-45 and SSP5-
85. Figure 12 highlights trends in projected future high flows (Q90) under SSP scenarios
with respect to specific model configurations. The analysis revealed a significant increasing
trend in high flow across all models for both the SSP2-45 and SSP5-85 scenarios. Notably,
the increasing trend was more pronounced under the SSP5-85 scenario compared to SSP2-
45. Similar trends were observed for projected low flow (Q10) and median flow (Q50),
as shown in Figures 54 and S5 of the Supplementary Materials, respectively. Similarly,
Figures S4 and S5 in the Supplementary Materials illustrate trends in projected low flow
(Q10) and median flow (Q50), respectively. Overall, the results from the Mann-Kendall
trend analysis provide strong evidence of significant increases across annual flow quantiles
under future climate scenarios.

Ensemble future Q90 (19 GCMs)
— — Long-term historical Q90
—— Expected future Q90
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Figure 12. Ensemble and expected future values of annual Q90 under SSP2-45 and SSP5-85 based on
calibrated HBV-MTL and GR4] models using ERA5, MERRA-2, and GCM reanalyses.

5. Discussions

This study assessed the possible impacts of climate change on streamflow charac-
teristics using a multi-model framework over the LRB, an important watershed in the
Congo River Basin, Central Africa. For this purpose, two conceptual hydrological models,
HBV-MTL and GR4J, were calibrated using two reanalysis products, as well as an ensem-
ble of historical GCMs. Subsequent to the calibration, the hydrological models were fed
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with downscaled bias-corrected outputs from 19 GCMs under two shared socioeconomic
pathways, SSP2-45 and SSP5-85.

The results demonstrate that both hydrological models can simulate the observed
runoff in the LRB with acceptable performance. The thresholds considered were demys-
tified in several studies across the overarching CRB [16,113]. The KGE values indicated
that all six configurations of hydrological models based on reanalysis and historical GCMs
performed better than their counterparts that used gauge observations as input data.
Such results align with other research in demonstrating that the superior performance
of hydrological models configured with reanalysis products underscores the importance
of incorporating an approach with an ensemble of data into hydrological modelling to
improve performance [60,114,115]. The calibration results during the historical period
(1981-2001) indicate that the performance of hydrological models is sensitive to the choice
of reanalysis dataset and hydrological model structure. The results are consistent with
related research [16,113,116,117] that highlights the importance of using high-quality input
data along with a suitable model structure to achieve satisfactory calibration. Considering
annual and daily time series, models that were configured with the historical ensemble of
GCMs performed better than the others.

Streamflow projections under the SSP2-45 and SSP5-85 scenarios provide valuable in-
formation on the hydrological response to climate change in the LRB. Overall, the projected
simulations under climate change scenarios indicate that runoff is expected to increase with
a change in peak timing and seasonality. However, the expected change in the magnitude
of future annual hydrographs depends on the considered hydrological model configuration.
The projected runoff increase is more pronounced under the SSP5-85 scenario. Based on a
comparison between observed and future values, changes in the mean annual discharge
at the outlet of the LRB are estimated to range from 45% to 62%. Considering the shift
in peak timing and seasonality, across model configurations, the results suggest a shorter
high-flow cycle, revealed by an earlier peak during March-April-May (MAM) and late peak
during September-October-November (SON). These results imply the likelihood of extreme
runoff event occurrence in the future. Other studies within the CRB concurred with these
findings [16,118-121]. According to Aloysius and Saiers (2017), decreases in rainfall in the
southern headwater areas of the CRB have resulted in prolonged periods of low flow in
comparison to the reference period of 19862005, and a 10.4% runoff increase was observed
over the southwest region under high-emission scenarios from 2046 to 2065.

Projected changes in annual flow quantiles (Q10, Q50, Q90) further elucidate the
hydrological conditions in response to climate change in the LRB. While an overall increase
in annual quantiles was observed based on all model configurations, the magnitude and
sign varied among each configuration. The analysis revealed that Q10 is projected to
increase by 33% and 44% under SSP2-45 and SSP5-85, respectively. These projections
suggest a significant rise in low-flow conditions, potentially reducing the frequency of
extreme low-flow events and improving water availability during dry periods. Similarly,
Q50 is projected to increase by 32% under SSP2-45 and 44% under SSP5-85. The rise in Q50
implies an uptick in median streamflow, pointing to improved water availability, which
could be advantageous for both human needs and the environment. Lastly, Q90 is projected
to increase by 56% and 80% under SSP2-45 and SSP5-85, respectively. The considerable
increase in Q90 indicates the likelihood of more frequent high-flow occurrences, which
raises the threat of flooding. This projection underscores the need for flood control measures
and strategies to safeguard both communities and infrastructure in the LRB.

The projected streamflow is presented in Figure 13. In the SSP2-45 scenario, the uncer-
tainty range is relatively consistent, with periodic fluctuations in streamflow magnitude.
The streamflow values generally remain within a lower range compared to SSP5-85, sug-
gesting less variability in flow extremes. In contrast, the SSP5-85 scenario shows a broader
and more variable range of streamflow values, especially in the latter part of the century.
This reflects increased uncertainty and variability under a high-emission scenario, with
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more pronounced peaks in streamflow. The higher peaks and wider uncertainty bands
suggest a greater likelihood of extreme flow events.
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Figure 13. Projected interannual streamflow under (a) SSP2-45 and (b) SSP5-85 climate scenarios.

The magnitude of streamflow in both scenarios tends to increase over time, particularly
under SSP5-85. This trend indicates a growing potential for high-flow events. In SSP5-
85, the maximum streamflow values occasionally exceed 200,000 m?/s, whereas SSP2-
45 projections remain below this threshold. Moreover, the SSP5-85 scenario exhibits a
higher degree of variability, evident from the larger vertical range in the uncertainty band,
indicating greater fluctuations in projected streamflow. Such variability suggests that
under a high-emission scenario, the LRB could experience more frequent and intense
hydrological extremes.

Both scenarios exhibit a typical seasonal pattern with peak flows during the wet
season and lower flows during the dry season. However, the SSP5-85 scenario shows a
much steeper increase in streamflow towards the end of the year, suggesting more intense
and potentially disruptive wet season events. In SSP2-45, the seasonal patterns are more
consistent, with a relatively stable range of flow values, suggesting that moderate-emission
pathways could help stabilize seasonal hydrological patterns.

Overall, the expected increase in flow underscores the importance of adaptive water
management strategies. Such strategies should account for water storage capacity to guar-
antee a supply in times of low flow and effective flood protection measures to mitigate
the impact of extreme flow events. The wider uncertainty range and higher maximum
values in SSP5-85 highlight the need for robust flood management strategies. Additionally,
the increased variability under SSP5-85 could complicate water resource planning, neces-
sitating adaptive management strategies that can accommodate greater unpredictability
in water availability. Considering the environment, these projections may or may not be
beneficial for the ecosystem and its habitats, highlighting the need for ecosystem-based
management strategies that cater to species and habitats. Ultimately, the different hydro-
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logical responses under climate scenarios and models underscore the significance of the
multi-model approach to guide water management decisions.

6. Conclusions

This study builds upon an existing multi-model assessment of climate change impact
in the Congo River Basin. It highlights the importance of hydrological models’ structure
and input data used to forecast streamflow in historical contexts and future climate pro-
jections. The sensitivity of model outputs to both model structure and input data was
considered in assessing the reliability of hydrological models, GCMs, and emission sce-
narios. The LRB presents unique challenges due to its data-scarce nature and complex
hydrological processes. The use of multiple hydrological models and GCMs under differ-
ent emission scenarios offers a comprehensive framework to evaluate climate impacts on
streamflow. However, the large uncertainty observed across these projections indicates
that no single model or scenario can be deemed universally reliable without considering
context-specific factors.

The hydrological models used in this study were calibrated using both reanalysis
products and historical GCM outputs. The results indicate that the choice of hydrological
model significantly influences the simulation of streamflow, as each model has distinct
structural characteristics that impact how it processes input data. For instance, HBV-MTL,
with its more detailed representation of physical processes, may perform better in regions
with substantial seasonal variability in precipitation and temperature. Conversely, GR4]J’s
simpler structure may be advantageous in regions where data limitations constrain the
use of more complex models. This study found that models configured with reanalysis
products generally performed better than those using meteorological gauge observations,
highlighting the importance of high-quality, spatially comprehensive input data.

Precipitation, as the primary driver of streamflow, is particularly influential in de-
termining the accuracy of hydrological model outputs. This study shows that the results
are very sensitive to the choice of precipitation data, with discrepancies between differ-
ent reanalysis products and GCMs contributing significantly to overall uncertainty. This
sensitivity underscores the need for reliable precipitation data, which is lacking in the
LRB. Bias-corrected and downscaled GCM outputs, such as those used in this study, help
mitigate some of these issues but cannot completely eliminate uncertainty. The inherent
variability in precipitation projections from different GCMs further complicates the inter-
pretation of future streamflow scenarios, making it difficult to identify a single GCM or
hydrological model configuration as the most reliable.

The two emission scenarios considered, SSP2-45 and SSP5-85, represent moderate-
and high-radiative forcing pathways, respectively. The SSP2-45 scenario, which assumes
more stringent climate policies, projects a relatively stable range of streamflow with less
pronounced extremes. This suggests that moderate-emission pathways may help reduce
the severity of hydrological impacts in the LRB. In contrast, the SSP5-85 scenario, which
reflects high emissions and limited mitigation efforts, projects more significant variability
and higher maximum streamflow.

The large uncertainty across all projections reflects the complex interplay between
model structure, input data, and emission scenarios. This uncertainty is not only a result of
differences in model configurations but also of the variability inherent in climate projections
themselves. This study emphasizes that a multi-model approach is necessary to capture the
range of possible hydrological responses and guide adaptive water management strategies.
It is not enough to rely on a single model or scenario; rather, an ensemble of models and
scenarios should be used to explore the full spectrum of potential outcomes.

Future research may broaden this investigation by including additional reanalysis
products and hydrological models, as well as investigating a better representation of
catchments (both lumped and semi-distributed models). Incorporating high-resolution
regional climate models (RCMs) to capture local-scale climatic variations could improve the
performance of hydrological models and help identify localized impacts of climate change
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on streamflow. Long-term, high-quality observational data in addition to integrating
advance techniques such as machine learning and data assimilation can be used to enhance
hydrological model performance and predictive accuracy. Investigations of the sensitivity
of hydrological models to different climate data inputs, parameterization, and assumptions
could help identify critical factors that influence model outcomes and guide efforts to
reduce uncertainties. An exploration of the impacts of climate change on hydrological
extremes is suggested, such as detailed studies on the frequency, intensity, and duration
of floods and droughts. Better insights could be gained into the challenges facing future
water resources by incorporating field data and taking into account socioeconomic aspects
such as population growth and increasing water needs into a holistic approach.

Given the transboundary nature of the LRB, future research should explore collab-
orative water management approaches, including the development of frameworks for
data sharing, joint modelling efforts, and coordinated adaptation strategies. Furthermore,
future research should also investigate the potential geopolitical and social implications of
hydrological changes, such as water allocation conflicts and the impacts on livelihood and
food security. High-quality, long-term databases are essential for validating hydrological
models and detecting hydrological patterns over time; therefore, it is a necessity to establish
and maintain monitoring programs for the collection of continuous data on streamflow,
precipitation, temperature, and other relevant variables.

By focusing on high-resolution climate models, improved hydrological modelling,
integrated scenarios, extreme event analysis, ecosystem impacts, transboundary water
management, and long-term monitoring, future research can provide critical insights and
tools to support sustainable water resource management and climate adaptation in the
region. These efforts will help ensure the resilience of the LRB’s water systems and the
communities that depend on them.
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