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ABSTRACT

Soil Water Assessment Tool (SWAT), Hydrologic Engineering Center-Hydrologic Modelling System (HEC-HMS), and Hydrologic Simulation Pro-
gram Fortran (HSPF) are explored for streamflow simulation of Lower Godavari Basin, India. The simulating ability of models is evaluated using
four indicators. SWAT has shown exceptional simulating ability in calibration and validation compared to the other two. Accordingly, SWAT is
used in the climate change framework using an ensemble of 13 Global Climate Models and four Shared Socioeconomic Pathways (SSPs).
Three time segments, near-future (2021-2046), mid-future (2047-2072), and far-future (2073-2099), are considered for analysis. Four SSPs
show a substantial increase in streamflow compared to the historical period (1982-2020). These deviations range from 17.14 (in SSP245)
to 28.35% (in SSP126) (near-future), 31.32 (SSP370) to 43.28% (SSP585) (mid-future), and 30.41 (SSP126) to 70.8% (SSP585) (far-future).
Across all timescales covering 948 months, the highest projected streamflows observed in SSP126, SSP245, SSP370, and SSP585 were
4962.36, 6,108, 6,821, and 6,845 m®/s, respectively. Efforts are also made to appraise the influence of multi-model combinations on stream-
flow. The present study is expected to provide a platform for holistic decision-making, which helps develop efficient basin planning and
management alternatives.
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HIGHLIGHTS

® SWAT performed ahead of HEC-HMS and HSPF in training and testing for all chosen indicators.

® Four SSPs show a substantial increase in streamflow compared to the historical period (1982-2020).

® Across all timescales, the highest projected streamflows observed in SSP126, SSP245, SSP370, and SSP585 were 4962.36, 6,108, 6,821,
and 6,845 m®/s, respectively.

® Four multi-model combinations were developed.
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1. INTRODUCTION

Water, the lifeline of society, has a remarkable role in serving the needs of irrigation, industry, drinking, and others. Over
time, these demands are increasing due to population growth, rapid urbanization, and industrialization (Heidari et al.
2021). Complementarily, the influence of climate change (CC) is evident as observed in the hydrological dynamics of the
basin, mainly temperature and rainfall patterns (Jain & Singh 2020). These inadvertently affect the availability of water. In
this context, it is essential to estimate the streamflow in a CC perspective for a river basin in a structured way. This assessment
helps to formulate long-term basin planning and management measures (Okiria et al. 2022). Against this backdrop, process
(Clark et al. 2017), conceptual (Reddy et al. 2023), lumped (Ghimire et al. 2020), physical (Al-Areeq et al. 2021), semi-distrib-
uted (Reddy & Pramada 2022), fully distributed (Bhanja et al. 2023), stochastic (Shabestanipour ef al. 2023), deep learning
(Sit et al. 2022), and hybrid deep learning (Ahmadi et al. 2023) based models were studied for the streamflow assessment by
various researchers. Keeping this in view, choosing an appropriate model that accounts for high variability is always challen-
ging. Another dimension is data availability, such as the climate and topography of the basin, soil type, land use, and
streamflow. In this regard, the present investigation is an effort to study the suitability of three physically based hydrological
models - the Soil Water Assessment Tool (SWAT), the Hydrologic Engineering Center-Hydrologic Modelling System (HEC-
HMS), and the Hydrologic Simulation Program Fortran (HSPF) for streamflow simulation in the Lower Godavari Basin,
India. These models were chosen due to their ease of use, limited data requirements, and suitability to diverse catchments
(Beven 2019; Keller et al. 2022). A brief but related literature review is as follows:

Tan et al. (2019) simulated streamflows in Southeast Asia using SWAT, and the model demonstrated satisfactory perform-
ance as evidenced by the chosen metrics. They emphasized adapting the model to changing climatic, geographical, and land
use conditions to improve its effectiveness. In continuation, numerous studies have employed the SWAT to review the effects
of DEM (Goyal et al. 2018), LULC changes (Astuti ef al. 2019), cumulative effects of DEM and LULC (Fan et al. 2021), res-
olution of soil and LULC (Kmoch et al. 2022), different precipitation scenarios (Zhang & Wang 2022), pre-processing
methods on rainfall (Abbas & Xuan 2020), and calibration methods (Makumbura ef al. 2022) on the performance. The earlier
studies show that LULC has demonstrated a relatively higher impact on the model performance than other factors. Thus, it is
essential to ensure the quality of LULC for deriving reliable streamflow predictions. Additionally, parameterization (White
et al. 2017) is a crucial factor affecting the model performance. There is a scope for analysing the model by altering parameter
combinations. However, SWAT performs exceptionally well when adequate spatio-temporal data is available.

HEC-HMS could be handy in streamflow simulation because its flexible model structure accommodates different loss,
transform, routing, and baseflow methods. It requires relatively less pre-processing time and data compared to SWAT.
Land use change due to urbanization significantly impacts the model performance (Ranjan & Singh 2022). Exploring several
plausible HEC-HMS combinations may assist in identifying a suitable one that would yield promising estimates (Sahu et al.
2023).

Lampert & Wu (2018) explained in detail about HSPF, improvements, and challenges from the programming perspective.
They also discussed the fusing of HSPF and high-level programming that handles most of the challenges. Wang ef al. (2015)
employed HSPF to study the effect of DEM resolution and rainfall on non-point source pollution (NPSP) and watershed
hydrology modelling of the Yixunhe watershed, China. The effects of both could lead to uncertainty in streamflow estimation
and NPSP. Similar studies are reported by Yan ef al. (2014) in Jiaoyi Watershed, China, and Lee ef al. (2023) in low-impact
development practices.

Kazezyillmaz-Alhan ef al. (2021) applied HEC-HMS and the rational method using the watershed management system for
simulating event-based flood modelling across the Ayamama watershed, Turkey. It was concluded that HEC-HMS would be a
viable tool for flood development plans in the basin compared to the lumped rational method.

Kumar & Bhattacharjya (2020) deployed SWAT and HEC-HMS to simulate the Alkhnanda and Bhagirathi rivers of Uttar-
akhand, India. SWAT performed slightly ahead of HEC-HMS based on NSE, RMSE, RMSE-standard ratio (RSR), and
percent BIAS (PBIAS). Shekar & Vinay (2021) applied SWAT and HEC-HMS to simulate daily streamflow over the Hema-
vathi catchment, India. Based on R? and NSE, they found that SWAT has demonstrated better performance than HEC-HMS.
Ferreira ef al. (2021) used SWAT and HEC-HMS for simulating daily streamflow in Rio Grande Basin, Brazil. Based on NSE,
PBAIS, and RSR, the SWAT has dominated HEC-HMS. Sempewo ef al. (2023) employed HEC-HMS and SWAT for the event
and continuous-based runoff simulation in Uganda’s Manafwa and Sezibwa catchments. HEC-HMS was found suitable over
SWAT based on p-scores obtained from the #-test.
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Aqnouy et al. (2023) examined the streamflow behaviour of Oued Laou Watershed, Morocco, using ATelier Hydrologique
Spatialisé (ATHYS), SWAT, and HEC-HMS. The SWAT is suitable compared to the other two based on R? NSE, PBIAS, and
RSR. Further, it was also suggested that integrating models could be handy in reliable assessments.

Fenicia et al. (2007) opined that combining the outcomes of individual models using appropriate ensemble mechanisms
would help boost the performance. Thus, it creates a scope for exploring various ensemble combinations to test their efficacy
in different catchments. Some researchers also explored CC impact, which is as follows:

Kumar & Bhattacharjya (2020) compared SWAT and HEC-HMS for the Bhagirathi-Alkhnanda catchment, India. The
SWAT was better than the others in the lean period. The impact of CC on future discharge was also studied for two Repre-
sentative Concentration Pathways (RCPs). It was observed that the range of increase of peak discharge of Alkhnanda was
27-47% for two RCPs. Larbi et al. (2021) applied SWAT for the Vea catchment, West Africa, to evaluate the impact of
CC on various aspects. They considered the RCP 4.5 scenario. An increase in mean annual temperature, evapotranspiration
(ET), was identified, and contrarily, a decrease in surface runoff was observed. Ebodé et al. (2022) employed SWAT to esti-
mate near-future and distant-future flows in the CC framework for Cameroon’s So’o River Basin. They considered RCP 4.5
and 8.5. They also discussed temperature and precipitation fluctuations and corresponding streamflow changes. Guo et al.
(2022) investigated the role of 21 Global Climate Models (GCMs) from Coupled Model Intercomparison Project Phase 6
(CMIP6) under three SSPs and 18 GCMs from CMIP5 framework under three RCPs to study runoff across the Yellow
River Basin, China. Streamflow estimation from SWAT was found to increase for both CMIP6 and CMIP5. Ougahi et al.
(2022) employed SWAT to visualize the influence of LULC on the Kabul River Basin using five GCMs and two RCPs.
Water yield and ET were predicted to decrease. Phy et al. (2022) studied the impacts on the flow in the lower Prek Thnot
River Basin, Cambodia. Three GCMs and two RCPs were considered. They integrated the Rainfall-Runoff-Inundation
model and the SWAT. Flood magnitude, water level, and inundated areas were projected to vary compared to baseline scen-
arios. Ukumo et al. (2022) assessed the water availability in the Woybo catchment, Ethiopia using HEC-HMS. Multiple
climate models and two RCPs were employed to project streamflow for 2050 and 2080. Rainfall and temperature were pre-
dicted to increase. An increase in discharge in 2050 and a decrease in 2080 were predicted. Tibangayuka et al. (2022)
evaluated the influence on streamflow in the Upper Ruvu River watershed using HEC-HMS for 2041-2060 and 2081-
2100. Climate studies were based on six GCMs and two RCPs. Streamflows were projected to increase in the two periods.
Furthermore, limited studies were made on ensembling CMIP6 GCMs for various case studies (Mishra et al. 2020), whereas
the advantages of ensembling GCMs were also discussed by Ngoma et al. (2021). Based on the literature review presented
here and elsewhere, no studies were reported on

* applying HEC-HMS, SWAT, and HSPF simultaneously in the CMIP6 perspective and
* ensembling of GCMs and combining multi-model outputs simultaneously.

Accordingly, the objectives formulated are applied to LGB, India, which are as follows:

1. To study the suitability of SWAT, HEC-HMS, and HSPF.

2. To project streamflow using a suitable model (based on objective 1) from a CC perspective using an ensemble of CMIP6
GCMs with four SSPs.

3. To study the impact of combining the outputs of chosen hydrological models on streamflow.

Strengths of the present study include analysing streamflow for a major river basin in India using three hydrological and
four resulting multi-model combinations. In addition, considering the impact of CC using a recently developed CMIP6 frame-
work is an added advantage. Future streamflow in three time segments immensely helps officials develop strategies for
sustainable water security.

Sections 2-7 describe the case study, methods, data collection, results, discussion, and conclusions.

2. CASE STUDY

Lower Godavari Basin (LGB) extends from 17°00’ to 19°00'N and 80°00’ to 83°4'FE. and borders Maharashtra, Andhra Pra-
desh, Odisha, Chhattisgarh, and Telangana. Its length and catchment area are 462 km and 39,180 km? (Figure 1). The
basin experiences a tropical monsoon climate comprising two climatic regions, humid and dry sub-humid. The relative
humidity is high in the basin during the southwest monsoon season, where maximum rainfall occurs. The highest relative
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Figure 1 | Lower Godavari Basin in India.

humidity is observed from July to August and the lowest from April to May. Maximum relative humidity ranges from 60 to
89%, whereas minimum relative humidity varies from 15 to 29.5%.

The basin receives 1,096.92 mm annually (Sarkar 2022). The mean temperature varies from 26 to 44 °C. Annual evapor-
ation values range from 1,401 to 2,606.40 mm (Jhajharia ef al. 2021). Forests, cultivated land, artificial surfaces, grassland,
wetland, and shrublands are the primary land covers in the basin. The soil conditions in the basin are diverse due to variations
in geology and landforms. The most common soil types are red soil (alfisols) and black soil (vertisols). Loam and clayey loam
black soils dominate this region. Requirements for drinking, agriculture, industry, canal stabilization, and inter-state depen-
dencies necessitate quantifying streamflows for the basin (Polavaram Project Authority 2021).

3. DESCRIPTION OF METHODS

SWAT, HEC-HMS, HSPF, and statistical indicators used in this study are discussed here, including modules, parameters, and
calibration processes. Water balance is the guiding principle for selecting the hydrological models.
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SWAT used in the QGIS interface was QSWAT (Arnold ef al. 2012). It facilitates various parameter combinations related to
management, groundwater, soil, hydrologic response unit (HRU), soil, channel type, sub-basin, and basin. The following are
the processes involved in modelling and the modules available in SWAT:

* The watershed delineation module facilitates the generation of the stream networks and delineation of the watershed by
assigning an outlet.

* HRUs module enables importing the LULC, soil, and slope classes to generate HRU. This module also facilitates the reclas-
sification of imported spatial databases.

* Edit SWAT input database module helps import the rainfall and temperature data, warm-up period, and time scale of cali-
bration. It also creates tables to facilitate model runs.

* The viewing output module displays the global summary statistics of hydrological components. The simulated streamflow
values can be saved in the output file.

The SWAT - Calibration and Uncertainty Procedure (SWAT-CUP) interface enables the calibration of parameters for
streamflow simulation using four different algorithms. It can accommodate more than 400 parameters. Selected parameters
with corresponding maximum and minimum values are presented in columns 2-4 of Supplementary Table S1 for an under-
standing of governing mechanism of SWAT. However, the results section discusses the basis of optimum values and related
information.

HEC-HMS (Scharffenberg 2013) enables the computation of the streamflow of a basin. Relevant modules are:

o Terrain data module enables importing the DEM, pre-processing using GIS component to build stream network, and deli-
neating the watershed.

o The Basin module enables the selection of loss, transform, baseflow, and routing methods. Methods that can be exercised in
each component are mentioned as follows:
m Loss methods (SCS-CN, initial and constant, initial and deficit, Green and Ampt, Soil Moisture Accounting, and Smith

Parlange).

m Transform processes (SCS-UH, Clark UH, ModClark, Kinematic wave transform, and Snyder UH).
m Routing methods (Normal Depth, Modified Puls, Muskingum, Muskingum-Cunge).
m Baseflow methods (Constant Monthly, Bounded Recession, Nonlinear Boussinesq and Recession, Linear Reservoir).

o Meteorological and time series modules enable importing of climate data into the model.

o The control specifications module accommodates space for several input records.

o The optimization module allows tuning the parameters using a univariate optimization technique.

o The simulation module helps calculate the streamflow and displays the statistics and graphs, which helps to interpret the
model performance.

Selected parameters and related information are presented in Supplementary Table S2.
HSPF enables the estimation of the streamflow of a basin with relevant modules (Johanson et al. 1980). Relevant infor-
mation is as follows:

o Better Assessment Science Integrating Point and Non-point Sources (BASINS) generates stream networks and delineation.
o The SARA time series utility function provides the meteorological data.
o The User Control File (UCI) enables the creation of three primary segments:
o Pervious land (PERLND) from which water related to the pervious (PWATER) module can be obtained.
o Impervious land (IMPLND) from which water related to the impervious IWATER) module can be obtained. It consists of
parameters associated with IWAT-PARM1, 2, 3, and IWAT-STATE1 sub-modules.
o Reach or reservoir (RCHRES) from which water related to the reach and reservoir (HYDR) module can be obtained.
o The output tab enables streamflow simulation and interpretation of the performance.

Selected parameters and related information is presented in Supplementary Table S3.

Statistical indicators, Index of Agreement (IoA), Nash—-Sutcliffe Efficiency (NSE) (Nash & Sutcliffe 1970), Kling Gupta Effi-
ciency (KGE), and correlation coefficient (r) are chosen to assess the simulating ability of the hydrological models. KGE is
based on the Eucledian distance philosophy covering correlation, bias, and variability (Gupta ef al. 2009). IoA can detect the
additional and proportional differences between means and variances (Willmott 1981). r specifies the strength of the
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relationship between two continuous variables. Related mathematical expressions are as follows:
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where O;, S; are the observed and simulated discharge (m®/s); O, S are the corresponding means whereas ogyps, 0gim are stan-
dard deviations, and # is the sample size.

SSP scenarios are used in CMIP6 to explore different futures of human society and their CC implications. Here, SSP126,
SSP245, SSP370, and SSP585 refer to the first, second, third, and fifth trajectories reaching a radiative forcing of 2.6, 4.5, 7.0,
and 8.5 W/m? by 2100. Narratives of the SSPs are as follows:

* SSP 126 visualizes a society focusing on sustainable development, low consumption, low population growth, reduced
inequality, high economic growth, and low challenges for mitigation and adaptation.

* SSP245 emphasizes free markets, high consumption, moderate population growth, reduced inequality, moderate economic
growth, and moderate challenges for mitigation and adaptation.

» SSP 370 focusses on security, high consumption, high inequality, socioeconomic growth, and high challenges for mitigation
and adaptation.

* SSP585 focusses on free markets, high consumption, reduced inequality, high economic growth, high challenges for mitiga-
tion, and low for adaptation.

More details on SSPs are available in van Vuuren ef al. (2017).
Relevant details of data required for modelling are presented in the next section.

4. DATA COLLECTION
The essential meteorological and spatial datasets for modelling are as follows:

o Rainfall and temperatures for 52 grid locations with a spatial grid resolution of 0.25° and 1°, respectively, for 1982-2020
were obtained from the India Meteorological Department. The temperature was further interpolated using the nearest
neighbourhood interpolation method to achieve a resolution of 0.25°.

o Streamflow values for the Polavaram outlet of the basin from 1982 to 2020 were obtained from the Central Water
Commission.

o A DEM tile with 30 m resolution was downloaded from the Shuttle Radar Topography Mission. The terrains in most of the
basins were ‘level to strongly rolling’ in nature.

o The LULC map was obtained from GlobeLand30 of 30 m spatial resolution. The major extent of the basin consisted of cul-
tivated land at 43.71% and forests at 42.13%.

o The soil map with a spatial resolution of 1 km was acquired from the Food Agriculture Organization. The composition of
soil included loam (51.78%), clayey loam (27.8%), and sandy clayey loam (17.05%).
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5. RESULTS

5.1. Model performance of SWAT, HEC-HMS, and HSPF from a historical perspective

The SWAT parameters were optimized in the SWAT-CUP interface using the Sequential Uncertainty Fitting algorithm.
Eight SWAT parameter combinations ranging from 6 to 20 were evaluated using indicators, IoA, KGE, NSE, and r to deter-
mine the best one. The selected parameters were adjusted using absolute relative and replaced operators with 1,500
iterations. Parameter combinations with indicators exceeding the behaviour threshold were only considered for the analy-
sis. Accordingly, 18 parameter combinations (CN2, ALPHA BF, GW_DELAY, GWQMN, REVAPMN, GW_REVAP,
ESCO, EPCO, CANMX, SOL_AWC, SOL_K, SOL_Z, SOL_BD, CH_N2, CH K2, CH N1, CH_K1, and SURLAG) (pre-
sented in column 2 in Supplementary Table S1) were identified. This combination has a slight edge over the other
combinations explored with IoA, KGE, NSE, r of 0.94, 0.8, 0.8, and 0.91, respectively. The optimum values of these 18
parameters and inferences are presented in columns 4-5 of Supplementary Table S1. The SWAT-CUP interface also aids
in interpreting the local sensitivity of these parameters, allowing ranking. However, in the present study, all 18 identified
parameters are assumed equally sensitive to streamflow. It has also shown consistency in validation with an IoA, KGE,
NSE, and r of 0.94, 0.56, 0.75, and 0.89, respectively. Significant underestimations (overestimations) were observed in
the years 1987, 1990, 1994, and 2013 (1986, 2005, and 2009), respectively, for the calibration period (Figure 2(a) and
2(b)). In the validation, no underestimation was observed, whereas overestimation was found in 2015 and 2017 (Figure 2(a)
and 2(b)).

The HEC-HMS parameters were calibrated using a univariate optimization method. This study explored six combinations
of Loss, Transform, Baseflow, and Routing methods to understand suitable combinations that yield better simulation. It was
noticed that SCS-CN-SCS-UH-Recession-Muskingum combination comprising nine parameters (IA, I, CN, T ag, Qinit, RC,
RP, K, and X) (refer to column 2 of Supplementary Table S2) was preferred to the six combinations. Corresponding I0A,
KGE, NSE, and r values in calibration were 0.87, 0.71, 0.62, and 0.78, respectively, whereas 0.76, 0.54, 0.41, and 0.7 were
in validation. Corresponding optimum values and inferences are in columns 4-5 of Supplementary Table S2. Interestingly,
KGE and NSE values are less in validation compared to calibration. Substantial underestimations (overestimations) in
1982, 1983, 1984, 1987, 1990, 1992, 1995, and 2013 (2014, 2016, 2018, and 2020) were observed in the calibration
period. Underestimations (overestimations) were observed in 1986, 2000, 2003, 2009, and 2010 (2015 and 2017) in the vali-
dation period (Figure 2(a) and 2(b)).

HSPF parameters were calibrated using a manual method. A combination of IWAT-PARM2 and IWAT-STATE1 was found
suitable (with relevant parameters LSUR, SLSUR, NSUR, RETSC, RETS, and SURS) among the four selected with an IoA,
KGE, NSE, and r of 0.87, 0.73, 0.56, and 0.81, respectively. The corresponding optimum values and inferences are in columns
4-5 of Supplementary Table S3. A similar underestimation (overestimation) trend is observed for HSPF compared to other
models (Figure 2(a) and 2(b)).

It is observed that SWAT showed exceptional performance over the HSPF and HEC-HMS (Figure 2(a) and 2(b)). Thus, the
SWAT was further used in projecting streamflow in the LGB for 2021-2099 in four SSPs. The time horizon was split into
three segments, namely, near-future (NF) (2021-2046), mid-future (MF) (2047-2072), and far-future (FF) (2073-2099). In
addition, the impact of combining the outputs of chosen hydrological models, i.e., HEC + SWAT, SWAT + HSPF, HEC +
HSPF, and HEC + SWAT-HSPF on streamflow was also studied and presented in the later section.

5.2. Projecting streamflow for 2021-2099

Rainfall and temperature predictions for 2021-2099 were collected from the repository of 13 GCMs for SSP126, SSP245,
SSP370, and SSP585 (Mishra et al. 2020). It was observed that streamflows (from the suitable model, SWAT) increased in
three time segments for all four SSPs compared to the baseline scenario (1982-2020). Efforts were also made to identify sig-
nificant events (SEs) based on a threshold of 1,280 m>/s. This value is nothing but the minimum of all Qs values.

Salient results are described in the following order: mean, percentage deviation of streamflow about the baseline, Q;, Qs
and the number of SE for each SSP (Nuzzo 2016).

 SSP126: NF are 1,175.73 m>/s, 28.35, 982.7 m>/s, 1,398 m>/s, and 117. Changes in these values for MF (relative to NF) are
76.19 m%/s, 6.2, 60.8 m>/s, 43.25 m®/s, and 19; 18.89 m>/s, 2.05, —866.55 m>/s, 1,096.68 m>/s, and —8 for FF (relative to
NF) (Figures 3(a) and 4(a)-4(c)).
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Figure 2 | Discharge plots for models in (a) calibration and (b) validation periods. (continued.).
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Figure 2 | Continued.

» SSP245: NF are 1,073.04 m3/s, 17.14, 890.05 m>/s, 1,280.5 m>/s, and 78. Corresponding values in MF and FF relative to
NF are increasing (except Q; in FF). Interestingly, the mean values and SE difference are relatively high (Figures 3(b)
and 4(a)-4(c)).

* SSP370: NF are 1,115.61 m®/s, 21.79, 939.13 m%/s, 1,345.75 m?/s, and 97. Similar inferences were that of SSP245
(Figures 3(c) and 4(a)-4(c)).
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Figure 3 | Box and whisker plots for NF, MF, and FF using SWAT (a) SSP126, (b) SSP245, (c) SSP370, and (d) SSP585.

 SSP585: NF are 1,094.5 m®/s, 19.48, 916.03 m®/s, 1,302.5 m®/s, and 88. Similar inferences were that of SSP245 (Figures 3(d)
and 4(a)-4(c)).

Mean streamflow, deviation from baseline, Q; Qs, and SE from SSP126 to SSP585 across different time segments show
neither an upward nor downward trend. Related results are as follows:

* In NF, the order (highest to lowest) of parameters is SSP126, SSP370, SSP585, and SSP245.

* In MF, the order (highest to lowest) of parameters is SSP585, SSP126, SSP245, and SSP370, except for deviation from the
baseline scenario. In this case, SSP585, SSP245, SSP126, and SSP370.

* In FF, the highest and lowest values tend to be observed in SSP585 and SSP370, respectively, for mean Q5 and SE. Also, the
highest deviation from the baseline can be observed in SSP370, followed by SSP585.

* The number of SE is relatively more in the MF scenario than in NF and FF. The highest number is 161 across all time scales
for SSP585.

* The highest projected mean streamflow is 1,564.65 m®/s, observed in the FF time segment under SSP585.

In summary, the range of deviation in projected streamflow observed across all four SSPs, 17.14-28.35% (NF), 31.32-
43.28% (MF), and 30.41-70.8% (FF), indicate increment. Overall, it can be inferred that NF and MF exhibit low interquartile
ranges compared to FF in all four SSPs. Predictions in FF challenge the policymakers due to low streamflow magnitudes in
the lower quartile. Similar challenges in NF and FF, due to high values, sometimes double the upper quartiles discharge.

5.3. Effect of combining streamflows of hydrological models

Equal weighted averaging is employed to connect outputs of HEC and SWAT; SWAT and HSPF; HEC and HSPF; HEC,
SWAT, and HSPF; to assess the impact of possible multi-models on streamflow. These combinations are termed A, B, C,
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Figure 4 | (a—c) Projected streamflow in NF, MF, and FF time segments in four SSPs (Q126, Q245, Q370, and Q585-projected streamflow for
SSP126, SSP245, SSP370, and SSP585, respectively).

and D for simple representation. Related results (mean streamflow and number of SE) of these combinations are compared
with SWAT (suitable individual model) across SSPs and three time segments (Table 1). Salient observations in comparison to
SWAT are:

o In SSP126, mean streamflow is more in the FF time segment and less in NF and MF for A. It is more in all time segments
for B.

o It increased in MF and FF and decreased in NF for C and D. The three time segments’ highest and lowest mean values are
1,329.42 and 1,034.93 m>/s (occurred in A, respectively, for FF and NF). Higher and lower SE are 137 and 91, respectively.

o In SSP245, mean streamflow decreases in all time segments in A and D. The number of SE increased in NF and FF, whereas
it is vice versa in MF for A, B, C, and D.

o In SSP370, the mean decreased in NF and FF, increasing in MF for A. It is declining in all time segments in B and D. SE
decreased in NF and MF, whereas FF increased for A. There were patterns for B, C, and D.

o In SSP585, the mean decreased in all time segments in A, B, C, and D. SE increased in NF and FF in A, B, C, and D. It is
vice versa for MF.

From a CC perspective, the highest streamflow observed is 1,564.65 m>/s (Table 1). This may necessitate policymakers to
analyse possible storage facilities required. It may lead to severe flooding if the situation is not suitably handled.

6. DISCUSSION

Calibration is an essential aspect affecting the streamflow simulation. The present study considers vast training data of 32
years, nearly three times the previous studies (Anshuman ef al. 2018; Sharma & Regonda 2021). More training data enables
the model to train for diverse climatic situations of the basin. According to Kunnath-Poovakka & Eldho (2019), simpler
models represent fewer parameters and are ineffective at capturing spatially distributed flows influenced by land use, topo-
graphy, and soil changes. Anshuman ef al. (2018) and Reddy ef al. (2023) drew similar inferences for long-term predictions.
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Table 1 | Comparative analysis of SWAT and multi-model combination

HEC-HMS + HEC-HMS + HSPF  HEC-HMS +
SWAT SWAT (A) SWAT + HSPF (B) (C) SWAT + HSPF (D)
SSP and time
segment M(@md/s) N M(md/s) N M (mé/s) N M@md/s) N M(@md/s) N Highest M Lowest M DifferenceinM Highest N Lowest N Difference in N
SSP126 NF 1175.73 117 1034.93 91 123928 106 109848 104 1123.11 104 1239.28 1034.93 204.35 117 91 26
MF 125192 136 1223.13 112 1291.72 115 126293 123 1258 119 1291.72 1223.13 68.59 136 112 24
FF 119462 109 132942 137 1219.38 120 1304.66 125 1283.2 130 132942 1194.62 134.8 137 109 28
SSP245 NF 1073.04 78 984.21 89 112581 95 1036.98 97 104795 97 1125.81 984.21 141.6 97 78 19
MF 123251 128 1227.81 112 123846 108 1233.76 116 1232.11 113 123846 1227.81 10.65 128 108 20
FF 135896 114 1283.09 126 131292 122 1329.14 125 1307.07 127 1358.96 1283.09 75.87 127 114 13
SSP370 NF 1115.61 97 1022 93 104895 88 955.34 90 1007.75 90 1115.61 955.34 160.27 97 88 9
MF 1202.97 114 1203.15 106 1091.84 87 1092.02 104 1127.87 102 1203.15 1091.84 111.31 114 87 27
FF 136823 111 1363.26 134 1358.83 117 137266 122 1363.55 126 1372.66 1358.83 13.83 134 111 23
SSP585 NF 10945 88 1002.76 96 1034.56 91 942.82 97 992.39 97 1094.5 942.82 151.68 97 88 9
MF 131254 161 129397 118 1308.26 112 1289.69 118 1296.01 114 1312.54 1289.69 22.85 161 112 49
FF 1564.65 127 1487.8 148 1529.09 135 1523.36 134 1511.9 136 1564.65 1487.8 76.85 148 127 21
Highest 1564.65 161 1487.8 148 1529.09 135 1523.36 134 1511.9 136
Lowest 1073.04 78 984.21 89 1034.56 87 942.82 90 992.39 90
Difference 491.61 83 503.59 59 494.53 48 580.54 44  519.51 46

Bold represents the highest value in each time segment across SSPs.
M indicates mean streamflow in m%/s; N indicates the number of SE for a threshold of 1,280 m%/s.
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Further climate conditions of the basin also influence the suitability of the model. The present study is situated in humid
and dry sub-humid conditions. It is humid subtropical, borderline Mediterranean, and oceanic type of climate for the study of
Kazezyllmaz-Alhan et al. (2021), Tropical climate (Sempewo et al. 2023), Subtropical climate (Kumar & Bhattacharjya 2020),
Humid subtropical (Shekar & Vinay 2021), and Sub-humid (Agnouy ef al. 2023). It is observed that SWAT was mostly found
superior and suitable in different climate conditions.

According to the present study, the SWAT identified 18 parameters compared to 10 in HEC-HMS and 6 in HSPF. The
improved performance of SWAT can be attributed to its ability to accommodate more parameters while accounting for
the basin’s spatial variability. CN2, SOL_AWC, ALPHA_BF, GW_REVAP, and ESCO were the most sensitive parameters
similar to the studies reported by Saraf & Regulwar (2018) and Anshuman et al. (2018). These are SOL_AWC, CN2, and
ESCO, as studied by Shekar & Vinay (2021), and SOL_AWC, ESCO, GW_DELAY, ALPHA BF, CN2, and GWQMN
suggested by Ferreira ef al. (2021).

The SCS-CN-SCS-UH-Muskingum is the most suitable combination amongst HEC-HMS loss-transform-routing combi-
nations for the present study and matches the analysis of Kumar & Bhattacharjya (2020). It is Green-Ampt-ClarkUH-
Kinematic wave in the study of Kazezyillmaz-Alhan ef al. (2021) and SMA-ClarkUH-Muskingum in the study of Sempewo
et al. (2023).

The present study has witnessed slight underestimations in a few training and testing periods similar to that reported by
Sharma & Regonda (2021). It requires a superior calibration mechanism, which can be considered for further study. The
study is based on the climate variables corresponding to 13 CMIP6 GCMs (Mishra ef al. 2020) that were bias-corrected, redu-
cing systematic errors and consequently influencing the structural and scenario uncertainties (Wang et al. 2020).

Increasing streamflow trends were observed, echoing our studies for the far-future situation for SSP585; however, the differ-
ence in magnitude exists. No significant trend is observed for near- and mid-futures (Chatterjee et al. 2023; Mohseni et al.
2023; Reddy et al. 2023). Reddy et al. (2023) employed EC-Earth3, one of the 13 GCMs used. Mohseni et al. (2023) employed
a simple average method over ACCESS-CM2, BCC-CSM2-MR, and CanESM5. Several studies reported high streamflows in
the SSP585 (Reshma & ArunKumar 2023; Zhang ef al. 2023).

The streamflows emanating from the four multi-model combinations deviate from those considered by Wan et al. (2021)
and Gelete et al. (2023), due to various model combinations and averaging techniques. In general, results could significantly
vary for different river basins due to climate changes, topography, land use, soil type, and other basin-related parameters., as
evident from the studies of Fan ef al. (2021), Kmoch ef al. (2022), Zhang & Wang (2022), and Makumbura et al. (2022).

7. SUMMARY AND CONCLUSIONS

Streamflow projections are significant to policymakers for basin management. In this regard, SWAT, HEC-HMS, and HSPF
were studied for their applicability, and their performance was evaluated using NSE, KGE, IOA, and r. SWAT performed
ahead of the other two, and it was further used in projecting the streamflows in the near-future (2021-2046), mid-future
(2047-2072), and far-future (2073-2099) time segments. The future climate variables over 13 CMIP6 GCMs were considered
using a simple average. Four SSPs show a substantial increase in streamflow compared to the historical period. Across all
timescales, the highest projected streamflows ascend from SSP126 to SSP585. Efforts are also made to examine the influence
of multi-model combinations on streamflow and found to perform similarly to SWAT.

The present study is based on three hydrological models and 13 GCMs. Enough opportunity exists to include more appro-
priate models for a broader streamflow prediction. The study also can be extended with different ensembling mechanisms,
indicators, and suitable SSP. SUFI-2 is considered in the present study for calibration, and enough scope exists to employ
Ensemble Kalman Filter (EnKF) (Bayat et al. 2023).
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