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Abstract: Despite their popularity, the construction and operation of hydropower reservoirs pose
challenges to water resources. This study investigated the impacts of cascading dams on streamflow
in Tanzania’s Rufiji River Basin. The SWAT model was developed to represent the entire Rufiji
River Basin. The model simulated the streamflow for 41 years, from 1982 to 2022, and developed
two main scenarios: with-dam and without-dam. To capture the influence of all dams, the results
were emphasized from 2000 to 2022, when all three dams were operating. Calibration and validation
were applied at the Rufiji-Stiegler and Kilombero-Swero stations with good performance. The results
show that cascading dams annually decrease the streamflow by 1% at Rufiji-Stiegler station. In
contrast, individually, the Mtera Dam displayed a 5% decrease while the Kidatu and Kihansi Dams
exerted a 1% increase on the annual streamflow downstream at Rufiji-Stiegler. During 2000–2022, the
Rufiji River Basin showed an annual reduction in streamflow contribution of 104.97 m3/s. Therefore,
the reservoir’s operation significantly impacts the downstream streamflow. The findings are expected
to guide policymakers, water resource managers, and environmentalists in mitigating potential
adverse effects while optimizing the benefits of hydropower generation and water regulation within
the region.

Keywords: reservoir/dam; streamflow; SWAT model; Rufiji River Basin; Tanzania

1. Introduction

The construction and operation of dams play a crucial role in meeting the growing
demands for water resources, flood control, and energy production globally [1–3]. However,
the extensive development of dam infrastructure can significantly alter the natural dynam-
ics of river systems, impacting downstream ecosystems and hydrological processes [4–6].

The Rufiji River Basin is Tanzania’s largest of nine river basins. It is the most crucial
water resource and is vital to the country’s economy. The Rufiji River Basin produces
half of Tanzania’s river flow and provides water for several applications. This includes
providing 4.5 million people with household water needs, water for cattle and irrigation,
and using water to generate around 80% of the nation’s hydropower (or about 47% of the
total installed electricity generating capacity of the nation) [7]. The strategic placement of
the Mtera, Kihansi, and Kidatu Dams along the river has aimed to harness the hydropower
potential, regulate streamflow for irrigation, and provide flood control [8,9]. However, as
with any large-scale infrastructure, these interventions have raised concerns about their
environmental and hydrological impacts on the downstream reaches of the Rufiji River. The
growing demand for electricity and water resources has necessitated the establishment of a
series of cascading dams along the Rufiji River. Kidatu Dam, operational since 1980, was
followed by Mtera Dam and Kihansi Dam, commissioned in 1980 and 2000, respectively.
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These dams, operating in tandem, have formed an integrated system influencing the hydrol-
ogy of the Rufiji River and its downstream areas. Understanding the cumulative impacts of
these cascading dams is crucial for effective water resource management, environmental
conservation, and sustainable energy production in the region [10–12].

Traditional methods including streamflow time-series studies and analyses of runoff–
climate relationships have been employed to understand the anthropogenic effects on
streamflow, providing initial insights into hydrological systems. However, these methods
may struggle to capture the nonlinear nature of hydrological systems. To address this,
hydrological models are used for reconstruction, allowing several simulation scenarios
such without-dam and with-dam. They further enable the evaluation of the impacts of
cascading dams into the river system [13,14].

This study used a promising paradigm that integrates reservoir operation with hy-
drological models. In particular, the semi-distributive hydrological model SWAT, which
effectively combines basic reservoir management principles with basin hydrological pa-
rameters, proved essential in estimating the effect cascading dams have on streamflow.
Through this comprehensive model, the research achieved quantification of the distinct con-
tributions of each dam group to alterations in downstream flow. Additionally, it assessed
the specific impact of each sub-basin on the downstream flow discharge.

Numerous research endeavors have employed numerical models to examine the
hydrological patterns of the entire Rufiji River Basin and its sub-catchments. Existing
studies have explored specific aspects such as land use changes, water balance, and climate
variability [8,15,16]. However, there is a gap in our understanding of how these factors
interact and contribute to the overall impact of cascading dams on downstream streamflow.
Additionally, current research predominantly focuses on individual sub-catchments or
watersheds within the Rufiji River Basin, lacking comprehensive studies that encompass
the entire basin and consider the interconnectedness of different sub-catchments in the
context of cascading dams.

The study aims to provide a comprehensive analysis of the impacts of the cascading
dams, Mtera, Kihansi, and Kidatu, on the downstream areas of the Rufiji River Basin. The
SWAT model was employed to simulate the streamflow from 1982 to 2022 and the effect of
cascading dams on streamflow. The specific objectives of the study were to: (1) analyze
the alterations in streamflow patterns downstream of the cascading dams during various
hydrological conditions, including dry and rainy seasons, and (2) quantify the contribution
of sub-basins. Understanding the multifaceted impacts of cascading dams in the Rufiji
River Basin is essential for informed decision-making in water resource management and
environmental conservation. This research contributes valuable insights into the complex
interactions between dam infrastructure and downstream ecosystems, with implications
for sustainable development and biodiversity conservation.

2. Material and Methods
2.1. Study Area

The Rufiji River Basin is the largest of the nine river basins in Tanzania (Figure 1).
It is found at 7◦46′26′′ S and 39◦21′50′′ E. It occupies 20% of Tanzania’s mainland and
spreads across 177,420 km2. The Rufiji River is one of the longest rivers in Africa and is
approximately 600 km long. The river lies entirely within Tanzania, starting in the country’s
southwest and reaching the Indian Ocean. The Rufiji River Basin is Tanzania’s most
economically significant river basin, producing half of the country’s river flow, providing
water to 4.5 million people for irrigation and livestock, producing about 80% of the nation’s
hydropower, and supporting environmental flows in several major wildlife parks [7,9].

The Rufiji River has three major tributaries: the Greater Ruaha (83,970 km2; 47%),
the Kilombero (39,990 km2; 20%), and the Luwegu Rivers (26,300 km2; 18%) [17] (Table 1).
The Rufiji River has a mean annual flow of approximately 800 m3/s, with the Kilombero
River contributing 62% of the Rufiji Basin runoff compared to 18% and 15% of the Great
Ruaha and the Luwegu River, respectively. The river displays a noticeable seasonal flow



Hydrology 2024, 11, 69 3 of 20

pattern, with its flood peak typically occurring in April. Rice and maize are traditional and
commercial plants along its fertile lower flood plain [18].
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Table 1. The characteristics of the Rufiji River Basin.

River Catchment Area
(km2)

% Sub-Basin
Coverage Area

% Runoff
Contribution

Great Ruaha 83,970 47% 15%
Kilombero 39,990 23% 62%

Luwegu 26,300 15% 18%
Rufiji (lower river) 27,160 15% 5%

Rufiji River 177,420 100% 100%

Based on the satellite rainfall data collected over 41 years from 1982 to 2022, it is evident
that the average annual rainfall in the entire basin exhibits substantial variation. Precisely,
for the observed data, the average annual rainfall measured 2743 mm, ranging from a low
of 223 mm in the dry lowland regions (Dodoma and Iringa) to a high of 6647 mm in the
wet highland regions (Morogoro, Njombe, and Mbeya) (Figure 2). The rainfall distribution
also displayed a seasonal pattern, with approximately 90% of the annual rainfall occurring
between November and April. Furthermore, the average temperature within the basin
was recorded at 23.1 ◦C. Notably, the lowest temperatures are experienced during June
and July, while the highest is observed from September to November (Figure 2). In terms
of streamflow, it undergoes significant fluctuations across the seasons. The flood season,
corresponding to the heaviest rainy period, transpires from February to April.
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2.2. Data Processing and Modeling
2.2.1. SWAT Model

The SWAT model is a semi-distributed model. It was developed by the United States
Department of Agriculture Research Service (USDA-ARS) and Texas AgriLife Research [19].
The SWAT model links with different GIS software’s and also works with various tools and
interfaces such as Arc SWAT, QSWAT, MWSWAT, R-SWAT, and SWAT-CUP [20]. The SWAT
model splits the watershed into sub-basins. Then, it divides the sub-basins into hydrological
response units (HRUs) according to the soil properties, land use, and slope [21]. This study
employed QSWAT3_9 version 1.6 with QGIS 3.28.9 (long-time release).

2.2.2. Input Data

In hydrological modeling, data are constantly used, and they are vital. Both satellite
and observed data were used in this study. Available streamflow, rainfall, topography,
land use, soil map, and dam data for the entire Rufiji River Basin were collected to set,
calibrate, and validate the SWAT model. Observed data were collected from the Rufiji
Basin Water Board (RBWB) and Tanzania Electricity Supply Company Ltd. (TANESCO) in
Dodoma, Tanzania.

(i) Streamflow

Daily stream flows and reservoir discharge data were gathered from the Rufiji Basin
Water Board (RBWB). Daily streamflow data at Rufiji-Stigler’s (1K3B) and Kilombero-Swero
(1KB17) stations between 1982 and 2022 were utilized to calibrate and validate the results
of the SWAT model (Table 2 and Figure 1).

Table 2. Selected hydrological stations within the Rufiji River Basin.

ID River Name Station
Location

Coordinates Data Length No. of Years
%

MissingLatitude Longitude

1K3B Rufiji Stiglers −7.8014 37.8693 1982–2022 41 2
1KB17 Kilombero Swero −8.2311 36.9628 1982–2022 41 8
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(ii) Meteorology

Daily rainfall and temperature satellite data were collected from 8-point locations
(similar to existing rain gauge stations) scattered across the Rufiji River Basin between
1982 and 2022 (Table 3). The study planned to utilize the observed rainfall data. However,
due to the discontinuity of the observed rainfall data, the rainfall and temperature data
from 1982 to 2022 were downloaded from the NASA Power Data Access Viewer [22]. The
selection of the NASA Power Data Access Viewer was because it aligned with the simulation
period defined for the study (1982–2022) compared to other satellite packages. The SWAT
weather database simulated relative humidity, solar radiation, and wind speed. The
WGEN_US_COOP_1980_2010 with a 16,553 station count weather generator was utilized.

Table 3. Rainfall and temperature of satellite stations at Rufiji River Basin.

Name
Coordinates Elevation

(m)Latitude Longitude

Msembe −7.75 34.9 1000.32
Mtera −7.1281 35.9918 1080.59

Stiglers −7.8078 37.8701 132.75
Ilangali −6.8691 35.1395 1033.54

Mahenge −8.6667 36.7167 367.06
Echdina −8.53333 35.38333 1523.1

Yovi −7.576 36.7943 769.93
P1 −9.6284 37.1261 489.81

(iii) Digital Elevation Model

This research employed a void-filled digital elevation model with a resolution of 3 arc-
seconds from the Hydro SHEDS v1 collection (https://www.hydrosheds.org/hydrosheds-
core-downloads) (accessed on 22 June 2023). The DEM was generated by merging data
from the Shuttle Radar Topography Mission. The resulting DEM map was formatted as a
Type A spatial representation grid and utilized the Universal Transverse Mercator (UTM)
zone 37S (WGS 84/UTM zone 37S-EPSG:32737) coordinate system with a reference data
date of 2014.

(iv) Soil map

In this study, a vectorized soil map was acquired from the FAO-UNESCO Soil Map
of the World database (https://data.apps.fao.org/map/catalog/srv/eng/catalog.search#
/metadata/446ed430-8383-11db-b9b2-000d939bc5d8) (accessed on 22 June 2023). Subse-
quently, the soil map underwent processing and reclassification to tailor it specifically to
the requirements of the case study.

(v) Land use map

The land use and land cover map for the study area was prepared using a 10-m-
resolution Sentinel-2 dataset, which covers the entire world (https://www.esri.com/arcgis-
blog/products/arcgis-living-atlas/imagery/global-land-cover-revealed/) (accessed on 22
June 2023). In this study, the specific land use and land cover map for the year 2022 was
downloaded and subsequently processed using ArcGIS 10.8.

(vi) Dams

The Rufiji River Basin consists of three operating dams (Mtera, Kidatu, and Kihansi),
an under-construction dam (Julius Nyerere Hydroelectric Power Project, JNHPP), and a
proposed dam (Ruhudji) (Figure 1). This study incorporated the three operating reservoirs
into the SWAT model. The characteristics of the dams (such as operating rules, volume, wa-
ter level, water release, and construction year) were collected from the Tanzania Electricity
Supply Company (TANESCO) (Table 4).

https://www.hydrosheds.org/hydrosheds-core-downloads
https://www.hydrosheds.org/hydrosheds-core-downloads
https://data.apps.fao.org/map/catalog/srv/eng/catalog.search#/metadata/446ed430-8383-11db-b9b2-000d939bc5d8
https://data.apps.fao.org/map/catalog/srv/eng/catalog.search#/metadata/446ed430-8383-11db-b9b2-000d939bc5d8
https://www.esri.com/arcgis-blog/products/arcgis-living-atlas/imagery/global-land-cover-revealed/
https://www.esri.com/arcgis-blog/products/arcgis-living-atlas/imagery/global-land-cover-revealed/
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Table 4. Profile of three operating dams in the Rufiji River Basin.

Parameters
Reservoirs

Kidatu Mtera Kihansi

Catchment area (km2) 80,040 68,000 590
Area at F.S.L. (106 m2) live area 10 605 0.26

Area at M.S.L (106 m2) dead area 3.09 187 0
Live storage volume at F.S.L (106 m3) 125 3200 1
Dead storage value at M.S.L (106 m3) 1 500 0

Discharge capacity through turbines (m3/s) 140 96 24.9
First year of operation 1975 1981 2000

2.2.3. SWAT Model Setup

The SWAT model was configured by defining parameters, initial conditions, and
simulation duration. The watershed was delineated after drawing and snapping outlets and
three reservoirs at a threshold of 300 m. The basin was divided into 63 sub-basins and 568
HRUs. The subbasins were divided into eight land classes, thirty-one soil classes, and five
slope classes. The SWAT model simulation spanned 41 years, from 1982 to 2022. The model
results were carefully examined and effectively visualized to derive meaningful insights.

2.2.4. Reservoir Setup

The reservoirs were established with specific parameters. The setting of the reservoirs
focused on two key parameters: the hydraulic conductivity of the reservoir bottom (RES_K;
mm/h), and the number of days required to reach the target storage level from the current
reservoir storage (NDTARGR; days). Additionally, other parameters were included such as
the month and year the reservoir became operational (MORES and IYRES), the surface area
of the reservoir when filled to the emergency spillway (RES-ESA) in hectares, the volume
of water required to fill the reservoir to the emergency spillway (EVOL) in units of 104 m3,
the surface area of the reservoir when filled to the principal spillway (RES PSA) in hectares,
the volume of water needed to fill the reservoir to the principal spillway (RES_PVOL) in
units of 104 m3, and the initial reservoir volume (RES_VOL) in units of 104 m3 [23,24].

2.2.5. Simulation Scenario

The study comprehensively assessed the long-term fluctuations in streamflow within
the Rufiji River Basin, spanning 41 years. The analysis examined the observed data and
various influencing factors such as reservoir operations, rainfall patterns, and land use.
The study concentrated mainly on the effects of reservoir operation and climate variability
on streamflow. In order to achieve the results, the study employed the SWAT model to
simulate two main scenarios spanning the years 1982 and 2022, with a focus on the period
2000–2022, when all three reservoirs (Mtera, Kidatu, and Kihansi) commenced operations.
Two significant scenarios were established: without-dam and with-dam. Notably, the
model’s parameters remained consistent across both scenarios. The reservoirs were deac-
tivated during the streamflow simulation without-dam scenarios. We included all three
reservoirs in the study and assessed their respective impacts. Each reservoir was indepen-
dently activated to examine its individual effects, and its releases were analyzed while the
other reservoirs were kept inactive. Subsequently, we evaluated the flow contribution rates
of the sub-basins under two scenarios.

2.2.6. Model Calibration and Validation

The sequential uncertainty fitting algorithm (SUFI-2) integrated within the SWAT-CUP
tool (SWAT Calibration and Uncertainty Procedures) was harnessed for both the calibration
and validation processes of the SWAT model. This tool also facilitated an assessment
of parameter sensitivity within the SWAT model, drawing from methodologies outlined
by [23] Additionally, using the SWAT-CUP tool with SUFI-2 enabled the application and
evaluation of model efficiency criteria. The study encompassed performance criteria,
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which were coefficient of determination (R2), Nash–Sutcliffe efficiency (NSE), Kling and
Gupta efficiency (KGE), root mean square error (RSR), and percent bias (PBIAS) criteria, as
outlined in previous studies [24].

The modeling simulation encompassed the time frame of 1982–2022. To ensure precise
outcomes, an initial warm-up phase spanning from 1982 to 1984 was implemented. The
calibration of the model was executed using the observed streamflow data extracted from
1985 to 1994. The validation process was conducted using independent observed streamflow
data from 1995 to 2004. Both processes were conducted using two stations: Rufiji-Stiglers
(1K3B) and Kilombero-Swero (1KB17). To perform validation, calibration parameters and
simulation numbers were maintained for iteration performance as outlined by [25,26].

Parameterization within the framework of SWAT-CUP encompasses, establishes, and fine-
tunes parameters within the Soil and Water Assessment Tool (SWAT) hydrological model. Twenty-
one parameters were selected. In this particular study, a global sensitivity analysis approach
was employed to comprehensively evaluate the parameter sensitivity. The analysis effectively
scrutinized p-values and t-statistic values to determine the extent of parameter influence.

3. Results
3.1. Calibration and Validation of SWAT Model

The graphs depicting the simulated and observed streamflow data for the calibration
and validation of two stations, Rufiji-Stiegler and Kilombero-Swero, can be found in
Figure 3a–d. The model’s performance was carefully assessed by five efficiency criteria
namely R2, NSE, PBIAS, KGE, and RSR. The efficiency criteria revealed that the simulated
streamflow aligned well with the observed data.
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Figure 3. Calibrated and validated streamflow results: Rufiji-Stiegler and Kilombero-Swero sta-
tions, calibration period (1985–1994), and validation period (1995–2004). The blue line represents
the observed streamflow, while the red line indicates the calibrated streamflow for (a,b) and the
validated streamflow for (c,d). The green and brown lines depict the upper 95th percentile prediction
uncertainty (U95PPU) and the lower 95th percentile prediction uncertainty (L95PPU), respectively.
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The model’s performance was good. Specifically, the R2 and NSE values fell within
the range of 0.65 to 0.75, RSR consistently hovered between 0.5 and 0.6, KGE spanned
from 0.75 to 0.9, and PBIAS remained consistently below 10%, all indicating good model
performance [24,25,27] (Table 5). Nevertheless, the simulated and observed flood peaks
had noticeable disparities and underestimations. These differences can be attributed to
uncertainties in the input data and model configuration. It is important to note that the
outlets are positioned downstream of the dam, resulting in flow patterns influenced by
dam operations. Unaccounted irrigation demands related to agricultural activities may
also contribute to these discrepancies. However, it is worth noting that this study has not
assessed the impact of irrigation demands.

Table 5. Performance criteria of calibration and validation.

Performance
Criteria

Calibration
(1985–1994)

Validation
(1995–2004)

Rufiji-Stiegler Kilombero-Swero Rufiji-Stiegler Kilombero-Swero

R2 0.70 0.72 0.67 0.69
NSE 0.69 0.68 0.66 0.64

PBIAS (%) 0.4 6.6 −3.2 16.4
KGE 0.7 0.61 0.78 0.62
RSR 0.56 0.57 0.58 0.60

In general, the uncertainties in the model can be attributed to four primary factors:
(i) conceptual simplifications such as employing methods like the SCS curve number for
flow partitioning; (ii) omissions of specific processes occurring within the watershed that
are not integrated into the modeling program such as wind dynamics, erosion patterns,
and wetland interactions; (iii) incorporation of processes into the model, but with a lack of
information or accountability due to data limitations regarding their occurrences within the
watershed including factors like the influence of dams and reservoirs, water transfers, and
agricultural practices; and (iv) the quality of the input data utilized for modeling [28,29].

Moreover, when dealing with extensive watershed applications, it is expected to
encounter various forms of these uncertainties, which can lead to significant prediction
errors. For instance, the model’s performance may be affected by the large simulation area
and the limited number of available rain gauges for calibration. Additionally, factors like
the basin’s size and shape, along with the quality of input data such as digital elevation
models (DEMs), land use, and soil maps significantly influenced the simulation outcomes
since they remained consistent throughout the simulation period, while the reality varied
greatly [25,30]. Despite efforts to integrate remotely sensed data or automatically generated
weather files, improvements in the model’s accuracy may be constrained.

3.2. Sensitivity Analysis of SWAT Model Parameters

The Rufiji River Basin’s sensitivity to river discharge is most pronounced in the
following parameters: curve number (CN2.mgt), saturated soil hydraulic conductivity
(mm/h) (SOL_K(1).sol), moist bulk density (SOL_BD (1).sol), groundwater delay (days)
(GW_DELAY.gw), and threshold depth of water in the shallow aquifer for “revap” to
occur (mm-H2O) (REVAPMN.gw) (see Figure 4). Among all parameters, these five pa-
rameters exhibited notably higher t-statistic values (|∼=2 to 16|) and lower p-values
(0 to <0.05) [26]. These findings indicate that the soil’s characteristics and profile within
the basin significantly influence both the groundwater and surface flow dynamics. How-
ever, it is worth noting that three parameters, namely the groundwater revap coefficient
(GW_REVAP.gw), plant uptake compensation factor (EPCO.hru), and deep aquifer percola-
tion fraction (RCHRG_DP.gw), displayed minimal sensitivity to changes in river discharge.
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3.3. Effects of Cascading Reservoirs Operation on the Water Balance

We found that reservoir operations exert a slightly minor impact on both the quantity
and the streamflow pattern. Specifically, in the without-dam scenario, streamflow was
more abundant compared to the with-dam scenario. During the dry season at both Rufiji-
Stiegler and Kilombero-Swero stations, the streamflow exhibited a substantial increase in
scenarios with-dam when contrasted with scenarios without-dam (Figure 5a,b and Table 6).
However, the streamflow at Kilombero-Swero displayed negligible changes between the
scenarios with and without a dam (Figure 5b). Consequently, reservoir operations reduce
the availability of surface water resources, particularly during the rainy season (Table 6).
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Table 6. Changes in streamflow at two stations in the period (2000–2022), with-dam and without-
dam scenarios.

Change Season
Rufiji Basin

Rufiji-Stiegler Kilombero-Swero

Change in flow
(m3/s)

Dry 30.36 1.46
Rainy −105.6 −2.58

Annual −37.61 −0.56

Change in flow (%)
Dry 4 1

Rainy −2 0
Annual −1 0

At Rufiji-Stiegler station, downstream of the Mtera, Kidatu, and Kihansi Reservoirs,
there was an average monthly streamflow rise of approximately 30.38 m3/s during the dry
season. This increase brought the average streamflow up from 823.40 m3/s to 853.78 m3/s.
The increase is attributed to the continuous turbine release from the upstream reservoir
(Mtera, Kidatu, and Kihansi). However, during the rainy season, the streamflow at this
specific station witnessed a notable 2% decrease, falling from 6133.71 m3/s to 6028.11 m3/s
(see Figure 6a,d and Table 6). This observed reduction in streamflow is attributed to the
presence of upstream reservoirs, which retain most of the upstream runoff.
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to 2022. (a,b) Dry season (June–November), (c,d) rainy season (December–May). Difference is equal
to without-dam minus with-dam.

On the other hand, at Kilombero-Swero station, dry and rainy seasons experienced
negligible increments and reductions in streamflow during the dry season and rainy season,
respectively (Figure 6a–d). The small changes may be because the Kihansi Reservoir is
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small, causing minor impacts. In a broader context, annually, Rufiji-Stiegler and Kilombero-
Swero exhibited a significant 1% decrease in streamflow and negligible impact, respectively
(Table 6).

Within the Rufiji River Basin, the primary purpose of the reservoirs is power genera-
tion. The operation of these reservoirs for power generation has brought about changes in
downstream flows, the extent of which varies based on factors such as location, reservoir
volume, turbine capacity, and more. These reservoirs are managed in alignment with the
power generation requirements and seasonal management, particularly during the flood
season. The dry season is not part of the reservoir operation or water release considerations.
Instead, the release of water is dependent on generational demands. The fluctuations in power
generation directly impact the volume of released water. Each reservoir is also subject to daily
power production targets, ensuring that water is released as needed to meet the daily energy
demand. Release rates are determined regarding the cascading reservoirs and environmental
flow requirements. During the flood season, if the inflow exceeds the maximum capacity for
hydropower discharge and water levels rise above the flood control zone, any excess water
will be discharged through spill channels to manage the situation effectively.

3.4. Effects of Cascading Reservoirs Operation on the Naturalized Discharge

The examination of natural flow simulations from 1982 to 2022 revealed minor
yet noteworthy differences between the scenarios with and without dams at both the
Rufiji-Stiegler and Kilombero-Swero stations (refer to Figure 7). Both without and with
dam scenarios at both stations displayed a greater abundance of surface water resources
(Figure 7 and Table 7). Additionally, across both dam scenarios, rainy seasons consistently
demonstrated substantial streamflow, while dry seasons exhibited lower flows at Rufiji-
Stiegler and Kilombero-Swero (see Figure 5). Specifically, the average annual streamflow at
Rufiji-Stiegler was higher with dams than without, similar to Kilombero-Swero. Median
streamflow at both stations followed a similar trend, with dams resulting in lower values
compared to scenarios without dams (refer to Table 7).
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Table 7. Annual streamflow at Rufiji-Stiegler and Kilombero-Swero.

Scenarios

Rufiji Basin

Annual Discharge (m3/s) Median (m3/s)

Rufiji-Stiegler Kilombero-Swero Rufiji-Stiegler Kilombero-Swero

Without-dam 3273.31 1031.30 3040.93 1032.20
With-dam 3233.63 1031.32 3001.74 1031.22

3.5. The Influence of Individual Reservoir Operations on Downstream Streamflow

When operated independently, the impact of three reservoirs (Kidatu, Mtera, and
Kihansi) on downstream streamflow was examined and differentiated. The extent of their
influence varied depending on their geographical location, storage capacity, and distance
from hydrological stations. Notably, the operation of the Kidatu, Mtera, and Kihansi
Reservoirs had a relatively limited impact on the Rufiji-Stiegler station, primarily because
of their considerable distance from this station (as depicted in Figure 8a–c). Conversely,
the Kihansi Reservoir had a significantly pronounced influence on the Kilombero-Swero
station, which is close to it (as illustrated in Figure 8d). Additionally, the distance factor
became evident when comparing the impact of the Kihansi Reservoir at Kilombero-Swero
versus Rufiji-Siegler (as seen in Figure 8c,d).
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The operation of reservoirs exerts a significant influence on the downstream basins.
Specifically, the operation of Kidatu Reservoir resulted in a decrease in downstream stream-
flow during the rainy season and an increase during the dry season, as depicted in Figure 9a.
Similarly, Mtera Reservoir exerted a streamflow impact downstream that mirrors Kidatu’s
influence due to its downstream position relative to Kidatu (Figure 8b). In contrast, Kihansi
Reservoir increased the downstream streamflow during the rainy season, followed by a
gradual decrease, which remained at elevated levels throughout the dry season. It is worth
noting that Mtera and Kidatu had no effect on Kilombero-Swero station since they are
situated in different river systems, as depicted in Figure 2.
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Moreover, Kidatu Reservoir prolonged the duration of the dry season and shortened
the rainy season at Rufuji-Stiegler. Conversely, Mtera Reservoir had the opposite effect,
reducing both the dry and rainy seasons along with the overall streamflow. Additionally,
Kihansi Reservoir altered the streamflow patterns at both Rufiji-Stiegler and Kilombero-
Swero, with varying impacts on different seasons (Table 8).

Table 8. Impact of each reservoir on the seasonal and annual streamflow at Rufiji-Stiegler and
Kilombero-Swero.

Reservoir

Rufiji-Stiegler Kilombero-Swero

Dry
Season

(%)

Rainy
Season

(%)

Annual
(%)

Dry
Season

(%)

Rainy
Season

(%)

Annual
(%)

Kidatu 4 −4 1 _ _ _
Mtera −5 −6 −5 _ _ _

Kihansi −3 −6 1 5 8 9
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3.6. Contribution of Streamflow of Sub-Basins on Rufiji River Basin

The hydrological responses and contributions of each group of cascading dams differed
according to the sub-basin locations and periods. The basin was distributed into nine main
sub-basins to reflect the three main rivers (Great Ruaha, Kilombero, and Luwegu Rivers)
found in the Rufiji River Basin. The Great Ruaha and Kilombero Rivers are among the
main rivers contributing significantly to the Rufiji River Basin. Additionally, the Mtera and
Kidatu Reservoirs are found in the Great Ruaha River, and the Kihansi Reservoir is in the
Kilombero River.

The Great Ruaha River sub-basins contributed the most significant streamflow from
2000 to 2022, as stipulated in Table 9. The Great Ruaha River sub-basins contributed an
annual streamflow of 1265.63 m3/s and 1265.75 m3/s in the with- and without-dam scenar-
ios, respectively, while the Kilombero River sub-basin contributed an annual streamflow of
1200.92 m3/s and 1200.32 m3/s in the with- and without-dam scenarios, respectively. This
explains the reasons for contracting dams along the Great Ruaha River (Mtera and Kidatu)
and the Kilombero River (Kihansi Dam).

Table 9. Contribution and flow characteristics of the main sub-basins on the Rufiji River Basin rivers.

Rivers/Main
Sub-Basin

With-Dam Without-Dam
Change m3/s

Contribution m3/s % Contribution Contribution m3/s % Contribution

Great Ruaha River
250.06 7% 250.06 7% 0
44.15 1% 44.15 1% 0

971.42 26% 971.54 26% 0.12

Kilombero River 1200.92 32% 1200.32 33% −0.6

Luwegu
River 631.82 17% 631.82 17% 0

Kilombero
+

Luwegu
62.07 2% 62.07 2% 0

Lower Rufiji River 361.7 10% 324.49 9% −37.21
187.88 5% 187.88 5% 0

Rufiji River 3710.02 100% 3672.33 100% −37.69

The reservoir’s existence brought about changes in the sub-basin streamflow contri-
bution. As shown in Figure 9a,b and Table 9, one of the Great Ruaha sub-basins and the
Kilombero sub-basin experienced an annual streamflow increase and decrease of 0.12 m3/s
and 0.6 m3/s between the dam and without-dam scenarios, respectively. Additionally,
sub-basins located downstream and near the outlet of the basin, experienced negative
streamflow contributions of 0.09 m3/s and 37.21 m3/s between the dam and without-dam
scenarios. Three dams and other human activities upstream can be associated with these
changes. Additionally, the streamflow contribution of sub-basins without reservoirs re-
mained the same in the with- and without-dam scenarios. Between 2000 and 2022, all Rufiji
River sub-basins exhibited a reduction in streamflow contribution of 37.69 m3/s (Figure 9
and Table 9).

4. Discussion
4.1. Effect of Cascade Dams on the Streamflow Downstream

Reservoir construction and operation have long been recognized for their potential
to disrupt downstream flow patterns. While some studies [31] have reported significant
alterations in streamflow regime and seasonality due to reservoir operations, others [32]
have suggested more minor impacts. This study contributes to the ongoing discourse by
revealing relatively minor alterations in downstream streamflow quantity and patterns
when comparing scenarios with- and without-dams (Table 6).
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The observed subtle changes can be attributed to several factors including the sub-
stantial distance between the hydrological station and reservoir as well as the size of the
reservoir itself. In the Rufiji River Basin, where hydrological stations such as Rufiji-Stiegler
and Kilombero-Swero are used for calibration and validation, these stations are notably
distant from the Kidatu, Mtera, and Kihansi Dams (Figure 1). This distance likely dampens
the direct impact of reservoir operations on the streamflow observed at these stations.

The most significant impact of the operation of the reservoirs was observed at the
reservoir outlets and in the immediate downstream reaches, with its influence decreasing as
one moves farther downstream. In the Rufiji River Basin, the hydrological stations (Rufiji-
Stiegler and Kilombero-Swero) used for analysis are located far from the Kidatu, Mtera, and
Kihansi Dams (Figure 1), which most likely accounts for the minor alterations observed.
The attenuation of impacts downstream can be partly explained by the buffering effect of
the river network, intervening landscape features, and the dispersion of water over distance.
Therefore, the impact at the outlets and immediate downstream reaches is more evident.

When investigating the streamflow at the reservoir outlets, the impact was displayed
clearly, as illustrated in Figure 10a,b. Additionally, when examining the effects of reser-
voir operation on an ungauged sub-basin immediately downstream of Kidatu and Mtera
Dams, substantial changes in streamflow were evident between the scenarios with- and
without-dams (see Figure 11a,b). Conversely, the streamflow at the reservoir outlets and in
the ungauged downstream sub-basins of the Kihansi Dam exhibited negligible changes
(Figures 10c and 11c). This may be attributed to the relatively small size of the Kihansi
Dam compared to the other dams in the Rufiji River Basin (Table 4). Therefore, reservoir
operation affects the downstream streams, and its influence decreases as one progresses
farther downstream.

Understanding the spatial dynamics of dam impacts on downstream hydrology is
crucial for the accurate assessment and management of water resources. The findings
underscore the need for integrated approaches that consider both the local and downstream
effects when planning and managing reservoir operations in river basins.
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4.2. Effect of Cascade Dams on the Hydrological Response

The impact of cascade dams on the hydrological response is multifaceted and varies
depending on factors such as dam size, storage capacity, location, and operational strategies.
Our study sheds light on these effects, revealing both subtle and notable alterations in
the streamflow dynamics. Figure 9 and Table 9 demonstrate that specific sub-basins
experienced alterations in annual streamflow between the dam and without-dam scenarios,
emphasizing the influence of reservoirs on these hydrological dynamics.

One notable finding is the minor alterations observed in the downstream streamflow
quantity and patterns when comparing scenarios with- and without-dams. Despite the
presence of cascade dams such as Kidatu, Mtera, and Kihansi in the Rufiji River Basin, the
overall impact on the downstream streamflow is relatively minor. This observation aligns
with previous research [32], suggesting that reservoir operations may have less pronounced
effects on streamflow than initially anticipated.
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However, a closer examination revealed that the impact of cascade dams was more
pronounced at specific locations. For instance, at the outlets and immediate downstream
reaches of the dams, there were clearer signs of altered streamflow patterns. This was
particularly evident in ungauged sub-basins immediately downstream of the Kidatu and
Mtera Dams, where substantial changes in streamflow were observed between the with-
and without-dam scenarios.

Furthermore, the size and operational strategies of individual dams play a significant
role in determining their impact on downstream hydrology. Larger dams with greater
storage capacity such as Mtera exhibited more noticeable effects on the streamflow dy-
namics compared to smaller dams like Kihansi. This suggests that the magnitude of
dam-induced alterations in hydrological response is directly related to the size and capacity
of the reservoir.

Another aspect worth considering is the seasonality of streamflow alterations. While
cascade dams may have a minimal impact on the overall streamflow quantity, they can
still influence the seasonal distribution of water. For instance, in our study, we observed
shifts in the streamflow patterns between dry and rainy seasons, particularly at locations
downstream of the dams. This indicates that cascade dams may play a role in modulating
the timing and availability of water resources, which can have implications for downstream
ecosystems and water users.

In summary, the effect of cascade dams on the hydrological response is complex
and multifaceted. While overall streamflow quantity may not be significantly altered,
the presence of dams can still influence downstream streamflow patterns, particularly at
specific locations and during different seasons. Understanding these effects is crucial for
sustainable water resource management and effective decision-making regarding dam
operations in river basins.

5. Conclusions

This comprehensive study provides valuable insights into the hydrological impacts
of cascade dams in the Rufiji River Basin. Through calibration and validation of the SWAT
model and sensitivity analysis of its parameters, coupled with spatial and temporal evalua-
tions, we explicated the complex dynamics of streamflow influenced by reservoir operations.

The modeling outcomes indicate substantial impacts of the Kidatu, Mtera, and Kihansi
Dams on downstream streamflow. When all reservoirs operate, there is a 1% annual
decrease in streamflow at Rufiji-Stiegler, with a 4% increase during the dry season and
a 2% decrease during the rainy season. Kihansi Dam, however, exhibits a 1% increase
in dry season streamflow, with minimal changes annually and during the rainy season
at Kilombero-Swero. Kidatu Dam individually causes a 4% increase and decrease in
streamflow during the dry and rainy seasons at Rufiji-Stiegler. Conversely, the Mtera
and Kihansi Dams display 5% and 3% decreases during the dry season and 6% decreases
annually. Kilombero sub-basin (2) and Great Ruaha sub-basins (9, 13, and 18) contribute
the most significant streamflow. Sediment yields at Kidatu, Mtera, and Kihansi Reservoirs
increase annually, with downstream sub-basins experiencing notable changes in sediment
transport. Kihansi Reservoir has a minor impact, while Mtera and Kidatu Reservoirs
experience more pronounced effects on streamflow and sediment dynamics downstream.

The findings highlight that while cascade dams exert some influence on downstream
hydrology, the overall impact on streamflow quantity is relatively minor. However, subtle
alterations in streamflow patterns were observed, particularly at the outlets and immediate
downstream reaches of the dams. These alterations may have implications for downstream
ecosystems and water users, underscoring the importance of understanding and managing
the hydrological response to dam operations.

Furthermore, our study emphasizes the role of factors such as dam size, storage
capacity, location, and operational strategies in determining the magnitude and spatial
distribution of dam-induced alterations in streamflow dynamics. Larger dams with greater
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storage capacity tend to have more noticeable effects, while smaller dams may exert a
minimal influence on downstream hydrology.

Additionally, we identified seasonal variations in streamflow patterns, indicating that
cascade dams may modulate the timing and availability of water resources, potentially
affecting downstream water users and ecosystems differently across dry and rainy seasons.

In conclusion, this study contributes to our understanding of the hydrological impacts
of cascade dams in river basins, providing valuable information for sustainable water
resource management and decision-making regarding dam operations. Moving forward,
integrated approaches that consider both local and downstream effects are essential for
effectively managing and mitigating the impacts of cascade dams on hydrological systems.
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