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Abstract: This study aims to evaluate the climate- and human-induced impacts on two contrasting
river basins in India, specifically, the Ganges and the Godavari. Monthly discharge simulations from
global hydrological models (GHMs), run with and without human influence using CMIP5 projections
under the framework of the Inter-Sectoral Impact Model Intercomparison Project, are utilized to
address the scientific questions related to the quantification of the future impacts of climate change
and the historical impacts of human activities on these river basins. The five state-of-the-art GHMs
were considered and subsequently used to evaluate the human and climate change impacts on river
discharges (seasonal mean discharge and extreme flows) during the pre-monsoon, monsoon, and
post-monsoon seasons under the RCP2.6 and RCP8.5 emission scenarios. Results showed that human
impacts during the baseline period on long-term seasonal discharge in the Ganges and Godavari
River basins for the pre-monsoon season are around 40% and 23%, respectively, and these impacts
are stronger than the future climate change impact in the pre-monsoon season for the Ganges basin,
whereas, for the Godavari basin, the same pattern is observed with some exceptions. The human
impact in the course of the historical period on the pre-monsoon flows of both the Ganges and the
Godavari are more significant than on the monsoon and post-monsoon flows. In the near future
(2010–39) time slice, the impact of climate change on the streamflow of the Ganges is highest for
the post-monsoon season (13.4%) under RCP 8.5 as compared to other seasons. For Godavari, in
the near-future period, this impact is highest for the pre-monsoon season (18.2%) under RCP 2.6.
Climate-induced changes in both of the basins during both the monsoon and post-monsoon seasons
is observed to have a higher impact on future flows than direct human impact-induced changes to
flow during the current period. High flows (31.4% and 19.9%) and low flows (51.2% and 36.8%) gain
greater influence due to anthropogenic actions in the time of the pre-monsoon season compared to
other times of year for the Ganges and Godavari basins, respectively. High flows for the Ganges
during the near future time slice are most affected in the monsoon season (15.8%) under RCP 8.5 and,
in the case of the Godavari, in the pre-monsoon season (18.4%) under the RCP 2.6 scenario. Low flows
of the Ganges during the near-future period are most affected during the monsoon season (22.3%)
and for the Godavari, low flows are affected most for the post-monsoon season (22.1%) under RCP
2.6. Uncertainty in the streamflow estimates is more pronounced for the Godavari basin compared
to the Ganges basin. The findings of this study enhance our understanding of the natural and
human-influenced flow regimes in these river basins, which helps the formation of future strategies,
especially for inter-state and transboundary river management.
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1. Introduction

Human activities along with climate change play a crucial role in the future changes
to hydrological circulation around the globe. In recent years, there have been global
efforts to study the relationships between climate change and human activities and their
influence as the main drivers of streamflow changes in river basins [1]. The effect of climate
change and human activities together is referred to as environmental change, and this
has a direct influence on streamflow [2] and an indirect influence on drought [3]. Human
activities, including water abstraction for irrigation and drinking water supply, hydropower
generation, water use for industrial purposes, reservoir and dam operations, and other
human influences in the form of urbanization, agricultural practices, the construction
and operation of hydraulic structures, etc., influence monsoon peak flows and impact
pre-monsoon low flows [4].

To study the regional and river basin-scale differences and associated uncertainties in
a comprehensive way, the multi-model comparison approach is essential for employing
human impact parameterizations in combination with hydrological models under different
scenarios [5]. The Inter-Sectoral Impact Model Intercomparison Project (ISIMIP; www.
isimip.org/; accessed on 20 May 2019 [6]) is a good example of such a framework, given that
it focuses on the consistent evaluation of impact models with respect to the representation
of extreme events across various sectors [6,7]. Under this framework, multiple state-of-the-
art global hydrological models (GHMs) are joined with coupled model intercomparison
project phase 5 (CMIP5) projections taken from bias-corrected global climate models and
representative concentration pathways (RCPs) to obtain hydrologic simulations under
natural and human-influenced conditions. So far, ISIMIP simulations have been widely
used by many researchers studying water resources to evaluate the impacts of climate
change and human water management on flow regimes and droughts [6,8–11].

Though there are differences in process simulation, global hydrological models (GHMs)
are useful tools for evaluating the future flood and drought trend predictions under natural
and human-influenced settings. GHMs estimate sectoral water demands by using a com-
bination of socioeconomic and hydro-climatological parameters [12,13]. Researchers [14]
have used the PCR-GLOBWB model to assess groundwater depletion on a global scale.
Another detailed study [15] used an extended version of the VIC model proposed in a
previous study [16] to model runoff and discharge at the global scale. Researchers [17]
have also attempted to demonstrate the application of a state-of-the-art global hydrological
model (H08) to estimate the global virtual water flow. Another subsequent study [18] has
enhanced the water abstraction schemes of the H08 model and their application at regional
to global scales.

Sea level rise due to climate change and human activities exerts pressure on the coastal
ecosystems, such as mangroves, from both the seaward side and landward side in the
Godavari basin [19]. Studies indicating that a warmer climate is observed in a few sub-
basins of the Godavari show that if this warmer climate leads to water shortage in the
basin, the water-sharing agreements in the basin will be affected [20]. Due to different
hydro-climatic, social, and environmental conditions, researchers must study the current
effects on and future changes to the availability of freshwater resources for agricultural,
industrial, recreational, and social needs in these nationally relevant Indian river basins.

Though global scale studies have highlighted the strong impacts of human activities
on river discharge in Indian river basins, less understood is how the Ganges and Godavari
compare and contrast with each other in terms of human vs. climate change impacts. A
study [21] reported that surface water and groundwater losses were high in the Ganges
basin because of intensive irrigation. Another study suggested that human water use has a
considerable impact on the terrestrial water storage of the Ganges basin [13]. One recent
study shows that the combined impacts of climate change and anthropogenic activities
affects the sustainability of the Ganges–Brahmaputra–Meghna delta and highlighted the
river basin’s importance for the social and environmental sustainability dynamics of the
region [22]. Some researchers have highlighted that the incorporation of human impact

www.isimip.org/
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parameterizations in GHMs results in improved estimates of monthly discharges and
hydrological extremes [10]. A quantitative combined assessment of the impact of human
activities along with climate change, with the help of the ISIMIP-based impact model
simulations, would help to inform about the possible management strategies of water
resources in these river basins, and may provide guidelines to subsequent adaptation
measures.

This study attempts to incorporate GHMs with and without human impact parameter-
izations under contemporary and future climate projection scenarios to assess the impact of
climate variation and human water management on seasonal mean discharges and extreme
flows in the Ganges and Godavari River basins. To fulfill the aim of the study, the following
objectives are formulated: (i) quantify the relative contribution of impacts due to human
activities and climate change on seasonal discharge, and investigate the more prominent
impact in the two river basins; (ii) evaluate the contributions of climate change and human
activities to streamflow variability across seasonal timescales (pre-monsoon, core monsoon,
and post-monsoon); and (iii) assess and contrast the impact of human activities and climate
change on seasonal high flows (Q10) and low flows (Q90) to evaluate their relative contri-
bution. To accomplish these objectives, we have analyzed a set of streamflow simulations
from GHMs in combination with five bias-corrected, downscaled climate model projections
(CMIP5) for RCP 2.6 and RCP 8.5 scenarios.

2. Materials and Methods
2.1. Study Area Details

(A) Ganges Basin: The Ganga (Ganges) rises from the Gangotri Glacier in the Hi-
malayas (Figure 1). The extent of the basin is 73◦2′ to 89◦5′ E and 21◦6′ to 31◦21′ N. The
population in the basin is 329.16 M. The total drainage area of the basin is 1,086,000 km2.
A large part of the basin area lies in India (862,769 km2), followed by Nepal, Bangladesh,
and China. The Ganges and its tributaries flow through 11 states of India. The elevation of
the basin ranges from 8000 m to 0 m (near the coast). The annual rainfall varies between
400 mm and 2000 mm. Most of the rainfall occurs during the monsoon months, i.e., June to
October. There are 144 major and 334 medium-sized irrigation projects, 39 hydroelectric
projects, and 56 powerhouses in the basin. The Ganges river basin is mainly covered
with agriculture (66%) and forest area (16%), as depicted using the land use and land
cover map [23] in Figure 1. The total water resource potential is 525.02 BCM, out of which
250.0 BCM is utilizable surface water potential in Ganges river basin [24].

(B) Godavari Basin: The Godavari is the largest river in the Indian peninsular region
and the second largest river basin in India (Figure 1). The Godavari basin covers 10% of
the geographical area of the country (Figure 1). It covers an area of 312,812 km2 [25], out
of which 48.7% falls in Maharashtra, 23.7% in Andhra Pradesh, followed by Chhattisgarh,
Madhya Pradesh, Odisha, Karnataka, and the Union Territory of Puducherry. The Godavari
basin lies in the Deccan plateau with an extent between 73◦24′ and 83◦4′ E and 16◦19′ to
22◦34′ N. The annual rainfall varies from 755 mm to 1531 mm and the average annual
rainfall (1971–2005) is 1097 mm, out of which 84% of annual rainfall is obtained during the
monsoon season [20]. In the case of land cover and land use, 59.57% of the basin area is
covered with agricultural land, 29.78% is covered with forest, and 2.06% of the basin area is
occupied by water bodies (Figure 1). There are 70 major and 216 medium-sized irrigation
projects, and 14 hydro-electric projects in the basin. The total annual water potential is
110.54 BCM, out of which the utilizable surface water is 76.30 BCM [26].
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Figure 1. Study area location (the Ganges and Godavari basins) in India, overlaid upon dominant
land cover/uses.

A recent study [8] found that human activities resulted in the reduction of low flows
in Asia. In these regions, peculiar hydrological scenarios, such as (i) the impact of reservoir
operations being exceeded by water abstraction and (ii) extensive water withdrawals
leaving the rivers dried up in the pre-monsoon season, etc., are observed in certain river
basins. India as a country, though generally characterized by abundant water resources
due to the distributed nature of its monsoon and its larger river networks, is going through
tremendous hydrological and ecological stresses with regard to its river basins. India’s
water consumption is high in the agriculture sector (89% for irrigation) as compared to
the other sectors (7% for domestic and 4% for industrial purposes) [27]. India [28] also has
the second highest irrigated land area, which is about 70 Mha [29]. However, this study
focuses only on the above-mentioned two contrasting river basins of India, specifically,
the Ganges and the Godavari, with different socio-environmental and agro-climatological
settings. The Ganges is the largest river basin and the Godavari is the second largest river
basin in India, with distinct hydrological challenges. These river basins provide water for
drinking, irrigation, hydropower generation, and industrial, navigational, and recreational
purposes. Agriculture accounts for 66% of the Ganges basin [24] area and 60% of the
Godavari basin [26] area. The specific details of the selected river basins are given in the
Table 1.

Table 1. Main features of the Ganges and Godavari basins [24,26].

Features Ganges Basin Godavari Basin

Extent of the basin 73◦2′ to 89◦5′ E and 21◦6′ to 31◦21′ N 73◦24′ to 83◦4′ E and 16◦19′ to 22◦34′ N

Population served in millions 329.16 60.49

Drainage area (km2) 1,086,000 312,812

Elevation (m) 8000–0 2100–300

Annual rainfall (mm) 400–2000 755–1531
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Table 1. Cont.

Features Ganges Basin Godavari Basin

Projects

144 major irrigation projects
334 medium-sized irrigation projects
39 hydro-electric projects
56 powerhouses

70 major irrigation projects
216 medium-sized irrigation projects
14 hydro-electric projects

Agriculture area (%) 66 59.57

Forest area (%) 16 29.78

Total water resource potential in BCM
(billion cubic meters) 525.02 110.54

Utilizable surface water potential in BCM 250.000 75.30

2.2. Hydro-Climatic Datasets

The ISIMIP is an initiative for projecting climate change impacts across different sectors.
Five state-of-the-art GHMs, namely, H08 [17,30–32], MPI-HM [33], PCR-GLOBWB [12,34,35],
VIC [15,36,37], and WaterGAP2 [21,38–47], are considered in the study. The ISIMIP is a
community-driven project wherein global hydrologic simulations are conducted following
a protocol established within the global water sector. The GHM simulations considered here
refer to ISIMIP fast track runs [6], wherein a set of climate (Representative Concentration
Pathways; RCPs) and socio-economic (Shared Socio-economic Pathways; SSPs) inputs
were used to drive a set of GHMs. These GHM simulations help to study the implications
of changes to water resources and flooding, and the impacts of these on other related
sectors [6,8,10,11]. Here, we analyze monthly discharge simulations from above five GHMs,
which were combined with CMIP5 projections taken from five GCMs under two RCPs
(the low warming scenario, RCP 2.6, and the highest warming scenario, RCP 8.5). The five
GCMs considered are GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-CHEM,
and NorESM1-M. The outputs of the climate models are bias corrected and downscaled,
before being combined with the hydrologic models within the ISIMIP protocol, using a
trend preserving approach [48]. The GHMs were selected based on data availability and
a consideration of the hydrological processes, and specifically streamflow simulations,
under human intervention activities (e.g., irrigation, reservoir and dam operations, etc.). A
representation of the main processes accounted for within the selected GHMs, and other
details, are given in Table 2. Readers interested in more details on these datasets may refer
to the ISIMIP (www.isimip.org, access on 18 November 2021). External users who are
not participants of the ISIMIP can request access to the GHM simulations via the ISIMIP
website (https://www.isimip.org/gettingstarted/data-access/; accessed on 20 May 2019),
along with the runs that are available from the worldwide large river basin application
work based on the ISIMIP [49].

The monthly simulated discharges for this study are based on the ISIMIP (fast track
version). Gridded fields of monthly routed discharge from the ISIMIP were available
at 0.5-degree spatial resolutions for the period 1971–2099, with a historical period rang-
ing between 1950 and 2005 and future simulations under different RCPs from 2006 to
2099. As a community project, different modelling groups established their GHMs for
the ISIMIP-related simulations. In many cases, the underlying model parameterizations
were constrained using the global runoff data base of Global Runoff Data Centre (GRDC,
BAFG, Germany) and driven by observed climate forcings. The latter varied depending on
the model configuration and the modeler’s prior experience (e.g., CRU, GPCC, WATCH
forcing datasets). Details of each selected GHM settings and characteristics are provided on
the ISIMIP webpage (fast track version; https://www.isimip.org/impactmodels/ accessed
on 15 May 2019). Since our study relies on these (external) hydrologic simulation databases
that were pre-compiled, we analyzed the consistency and plausibility of GHM streamflow
simulations to study the river basins, and contrasted the modelled discharge with other

www.isimip.org
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observations. For this, we obtained observed monthly discharge (m3/s) data for a location
(Farakka) close to the outlet of the Ganges basin for the period 1961–1973 from the GRDC
database. The observed monthly discharge (m3/s) data for a location (Polavaram) close to
the outlet of the Godavari basin from 1971 to 2000 was taken from the India-WRIS website
(https://indiawris.gov.in/wris/ accessed on 6 November 2019).

2.3. Methodology

The basis of the study is an attempt to understand the effect of climate and human
factors on streamflow, which can be quantified in relative terms based on the comparison
of results from two different data slices. The study has considered the ISIMIP simulations
that make use of two socio-economic scenario runs: one is with the enabling of the human
impact parametrizations (HIPs) in all models, and this simulation run is known as the
pressoc scenario; another one is without enabling the HIPs, and is known as nosoc. In
the nosoc GHM simulations, the HIPs are switched OFF, which means the model simu-
lations involve (i) a naturalized flow condition, (ii) no human influences, except for year
2000 constant land-use patterns, (iii) no anthropogenic water abstraction (e.g., irrigation),
(iv) no consideration of reservoirs/dams, and (v) no population and GDP data prescribed.
In the case of pressoc simulations, the GHM runs are with HIP simulations switched ON.
That means that the model simulations (i) are with consideration of present-day human
impact runs (only the climate varies), (ii) keep all other settings (population, GDP, land use,
technological progress, etc.) constant at year 2000 values, (iii) maintain the adaptation pres-
sure under current socioeconomic conditions, and (iv) include present-day irrigation and
other water uses/reservoirs. From the baseline and future discharge simulations of pressoc
and nosoc, we estimated the climate change impact in the future and the human-induced
impact on historical periods, as discussed below.

The detailed methodology adopted in this study is given in Figure 2. The historical
period considered here is 1971–2000. The future simulation period under consideration
is 2010–99 and it has been divided into 30-year time slices, namely, 2010–39, 2040–69, and
2070–99. For each GCM–GHM–RCP-nosoc/pressoc scenario, the three-month moving
average of monthly discharge for the historical as well as the future period was calculated.
Then, 30-year long-term seasonal means were calculated for the pre-monsoon season (MAM:
Mar–Apr–May), the core monsoon season (JAS: Jul–Aug–Sep), and the post-monsoon
season (OND: Oct–Nov–Dec) [50]. The choice of these months was made (i) based on
the prominence of progress and the retreating of the monsoon in these river basins, (ii) to
maintain the uniformity in the analysis, and (iii) to avoid biasness in moving average due
to different time lengths. We, then, computed the contributions of human activities and
climate change on streamflow using the long-term seasonal means, as follows:

Climate change impact in future period =
f uture nosoc− histnosoc

histnosoc
× 100 (1)

Human− induced impact in historical period =
histpressoc− histnosoc

histnosoc
× 100 (2)

where, histnosoc and histpressoc are the simulated outputs corresponding to the historical
period considered (1971–2000) for the nosoc and pressoc scenarios, respectively. The future
nosoc refers to the nosoc simulations corresponding to future periods, i.e., the 30-year time
slices of 2010–39, 2040–69, and 2070–99.

https://indiawris.gov.in/wris/
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Figure 2. Flow chart depicting the main methodology adopted in this study.

As the distributions of the data from different GCM–GHM model combinations are
skewed, the mean of the relative change values may be affected by the outliers. Therefore,
here, we computed the ensemble median of the relative changes over the 25 combinations
of GCMs–GHMs (5 × 5) for a given RCP and time-slice window. Previous studies [50] (for
example, Almazroui et al. (2020)) also considered the ensemble median of CMIP6 models
to estimate the annual mean temperature and subsequent impact studies. Further, the
Taylor diagram is used for selecting GCM–GHM combinations that show good agreement
with the observed monthly mean streamflow values. The Taylor diagram consists of the
RMSE of the simulated data of the model, the standard deviation of the model and the
observed data, and the correlation coefficient of the model data with the observed data.
The selected best three ensemble model combinations are the ones with a higher correlation
coefficient, a lower RMSE, and a standard deviation closer to standard deviation of the
observed streamflow data. The ensemble median of the best selected combinations is
also calculated for further different seasonal comparisons. Note that the human-induced
changes mentioned in this study are represented only for the historical period during which
all GHMs consider the contemporary human intervention impacts [6,39]. During the future
climate projection periods, the human intervention activities are kept at the level of the
contemporary period [8,10,39]. Furthermore, the climate change impacts are considered
for the natural flows in the “nosoc” simulations, while the “pressoc” conditions are set to
contemporary levels. These experiments were established with the goal of contrasting the
future climate change-induced streamflow projections with the corresponding (streamflow)
changes caused by contemporary human interventions. In this way, we want to analyze
the level and time period at which climate change-induced streamflow changes contrast
with those of the current human-induced changes across the two large-scale Indian river
systems. In these experiments, apart from the seasonal mean streamflow changes, we
also analyze the projected changes in extreme streamflow conditions (see Figure 2 for
the methodological flow chart). To this end, we estimated the 10th and 90th percentile
of the seasonal flows characterizing the dry and wet streamflow states for each GCM–
GHM–RCP combination for the historical as well as the 30-year projected time slices. We
then calculated the relative change in the long-term seasonal discharges (extreme flows)
and then summarized the projected changes in the (seasonal) streamflow extremes as
an ensemble median alongside the variability, which were computed based on different
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model combinations for the considered emission scenarios (RCP 2.6 and RCP 8.5). The
ensemble median values of relative changes in extreme streamflow are also calculated for
the best selected GCH–GHM model combinations for comparison. In this study, we have
used a simple approach to calculate the ensemble mean and median to take care of the
model uncertainty by converting the timeseries data into monthly averaged data and then
stacking data from all 25 models one below another and taking the arithmetic average to
obtain monthly mean values of this ensemble dataset from the 25 model (5GCH*5GHM)
combinations.

Table 2. Main features of considered hydrological processes and human factors in selected GHMs [14–16,51,52].

Hydrological
Process

Global Hydrological Models [12,13,17,18]

H08 MPI-HM PCR-GLOBWB VIC WaterGAP2

Potential evapo-
transpiration

scheme

Bulk
formula

Penman–
Monteith Hamon Penman

–Monteith Priestley–Taylor

Snowmelt scheme Energy balance Degree day Degree day Energy balance Degree day

Surface runoff
scheme Saturation excess Saturation excess Saturation excess Saturation excess Saturation excess

River routing
scheme

Based on 30 m
drainage direction

map

Linear reservoir
cascade Travel time routing Linear reservoir

cascade
Linear reservoir

cascade

Human factors
considered

Agriculture,
household use,
business, and
desalination

Agriculture
sector

Agriculture,
household,

livestock, and
business.

Not included

Agriculture,
domestic, livestock,

production, and
business

Previous studies [21,35] reported that the human impact is always negative, which
means that the impact of dam and reservoir operations and return flows is exceeded by
water abstraction. The impact of climate change is sometimes positive, which means that
climate change increases the flows, and sometimes it is negative [35,53]. The main reason for
increased flow due to climate change is connected with the potential increase in snow melt
volume in the Ganges basin due to warming temperatures and changes to the monsoon
dynamics. As reported in previous studies, this increase is also governed by “enhanced
thermodynamic conditions due to atmospheric warming” [50,54]. If the average of the
relative change values of the future “nosoc” scenario with respect to historical “nosoc” is
taken, it may result in zero, indicating that climate change has no effect on discharge and,
thus, will lead to false conclusions. To avoid this, the absolute values of the relative change
are considered and the median of the absolute relative changes for the 30-year time slices,
i.e., 1971–2000 (historical period), 2010–39 (near future), 2040–69 (mid-future), and 2070–99
(far future), was calculated to quantify the impacts of climate change and human activities
on seasonal mean discharges. Similarly, in this study, we considered the Q90 and Q10 as
per the National River Flow Archive’s flow statistics derived by the UK Centre of Ecology
and Hydrology. Here, the Q10 (the 90th percentile flow) is the flow in cubic meters per
months that was equaled or exceeded for 10% of the considered flow data—it is a high
flow indicator. Q90 (the 10th percentile flow) denotes the flow in cubic meters per month
that was equaled or exceeded for 90% of the flow record. The Q90 flow is an indicator of
low-flow behavior.

3. Results

Based on the methodology described above (see also Figure 2), the human-induced
effect for the historical period of 1971–2000 (historical-nosoc vs. historical-pressoc) and
climate change (historical-nosoc vs. future-nosoc) effect for the future period 2010–99 under
RCP 2.6 and RCP 8.5 are evaluated in this section. By contrasting these two sets of GHM
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simulations across the two large Indian river basins, the level at which the climate-induced
changes in the future dominate the contemporary level of human impact, or vice versa, can
be inferred.

Before moving forward with any analysis, it is crucial to know how close the observed
river flow is with the simulated streamflow from the 25 GCM–GHM combinations of the
Ganges and Godavari river basins during the overlapping baseline periods. Thus, we
began our analysis by comparing the India-WRIS and GRDC’s observational streamflow
data with those of the GHMs simulated flow at monthly temporal resolutions. As these
GHM runs are driven using climate model projections, though they are bias corrected,
we do not expect to catch the exact observed temporal dynamics (e.g., month-to-month
variability). To obtain the best match with the observed data, we have selected the three
best-performing GCM–GHM ensemble combinations based on the Taylor diagram. Figure 3
shows the Taylor diagrams with three different parameters, i.e., the RMSE (green dotted
lines), the standard deviation of the model data (black dotted lines), the standard deviation
of the observed data (red line), and the correlation coefficient (blue dotted lines). The
best three member GCM–GHM ensemble combinations for the Ganges are (WaterGAP-
NorESM1-M), (WaterGAP-MIROC-ESM-Chem), and (WaterGAP- HADGEM2-ES), and
for the Godavari River, the corresponding ensemble combinations are (WaterGAP-IPSL-
CM5A-LR), (WaterGAP-MIROC-ESM-Chem), and (WaterGAP-NorESM1-M). These models
are selected because they have lower RMSE values, higher correlation coefficients, and
standard deviation values closer to the model standard deviations. To this end, Figure 4
shows the observed and simulated long-term monthly mean discharge by each of the
25 GCM–GHM combinations. The ensemble means of the simulations across all the GHM
forcing combinations show a reasonable fit with the observed streamflow values, with R2

values of 0.87 and 0.79 in the Ganges and Godavari river basins, respectively. It is observed
from Figure 4 that the ensemble mean discharge of the three models selected from the Taylor
diagrams shows a better fit with the observed data compared to the 25-model ensemble
mean values for both the Ganges and Godavari basins. To know the impact of human
activities on seasonality in both of the basins, the long-term monthly mean discharge
was calculated and compared under “nosoc” and “pressoc” for the overlapping period
of 1971–2000 for each model combination. The average of the long-term mean monthly
discharge obtained from the 25 model combinations (5GCM × 5GHM) was calculated and
plotted as shown in Figure 5. It indicates that the peak flow occurs in August and September
in the Godavari and the Ganges, respectively. The percentages of the monthly discharge
changes under the “pressoc” condition with respect to the “nosoc” condition for the period
1971–2000 in the two basins are shown in Figure 5. The percentage change is calculated by
dividing the increase in the monthly streamflow values (historic nosoc–historic pressoc) by
monthly streamflow under the historic nosoc condition and then multiplying it by 100. The
percentage change in mean monthly discharges due to human activities during 1971–2000
are observed to be the highest during the pre-monsoon season in both the river basins—
these changes generally coincide with the low-flow season, with the river contribution
mainly coming from groundwater systems. Furthermore, we find a slightly higher human
impact on the Ganges basin than that on the Godavari basin during the pre-monsoon
season (Figure 5). The details in the figure might be attributed to the fact that the Ganges is
one of the most-populated river basins in the world and water use in that basin is connected
with regional social life, culture, agriculture, and demography [24,55]. Conversely, human
impact is low during the monsoon and post-monsoon seasons in the both the Ganges and
Godavari basins. In the Ganges and Godavari basins, the human impact is highest in May.
The results of this analysis in Figure 5 have revealed that the human influences in terms of
changes to streamflow in the Godavari river basin is more than that of the Ganges river
basin during September, October, and November. This change could be connected with the
time delays in the monsoon’s influence on both river basins.
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Figure 3. Taylor diagrams showing the performance of 25 GCM–GHM combinations for (a) Ganges
and (b) Godavari with three different parameters, i.e., RMSE (green dotted lines), standard deviation
of model data (black dotted lines), standard deviation of observed data (red line), and correlation
coefficient (blue dotted lines).

Figure 4. Observations and simulations corresponding to long-term mean monthly discharge for the
two study basins during the 1971–2000 period. Shown here are the individual model simulations (in
green) as well as the multi-model ensemble mean based on the entire (25) and the best three model
combinations.
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Figure 5. Seasonality and percentage change values of streamflow due to human activities in Ganges
and Godavari basins (1971–2000 periods).

3.1. What Attributes Contribute Most to Changes in Seasonal Flows: Current Human Activities or
Future Climate Change?

Figure 6 shows the quantification of the seasonal impact from climate change, com-
paring the change in the streamflow amount during the near future (2010–39), mid-future
(2040–69), and far future (2070–99) for the RCP 2.6 and RCP 8.5 scenarios in relation to
the historical period; it is contrasted against the corresponding historical human-induced
effect for the two basins. The medians of the absolute relative change in long-term seasonal
mean discharge (as discussed in the methodology) obtained from the 25 GCM–GHM com-
binations are shown with their corresponding 25th percentile and 75th percentile levels
(as error bars) in these figures. The median values of relative change in the mean seasonal
discharges from the three best GCM–GHM models are detailed in Table 3 to show its bias
with the results obtained from the ensemble of 25 GCM–GHM combinations. These figures
provide an understanding of (i) how the seasonal net streamflow is sensitive to human
activities and climatic changes in different seasonal time slices, and (ii) how close the effect
of climate change in the future period is to that of the human activities in the historical
period. These differences, according to the main three seasons for both study basins, are
discussed below.

Figure 6. Cont.
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Figure 6. Relative change (%) in the long-term mean monthly streamflows due to human impact in
the baseline period and climate change impact in the future time slices (under RCP 2.6 and RCP 8.5)
during the pre-monsoon, monsoon, and post-monsoon seasons in the Ganges and Godavari basin.
Shown here are the median (bar) and the respective 25th and 75th percentile values (red error bars) of
the relative changes based on 25 combinations of GCM–GHMs.

3.1.1. Pre-Monsoon Season

The first two bars in Figure 6(ai,aii) represent the relative changes in the mean pre-
monsoon seasonal flow during the 1971–2000 (historical) period for the Ganges and Go-
davari river basins. One can note that during the pre-monsoon, human influence in the
Ganges has a dominant influence on streamflow change, while climate change has a less
significant impact. The effects of human activities on the variation of the pre-monsoon
streamflow in the Ganges basin (~40%) is almost 17% higher than that for the Godavari
basin (~23%). The impact of climate change on the Ganges basin, under RCP 2.6 during the
near future, mid-future, and far future, was on average about 4.4, 3.3, and 4.6 times weaker
than the human impact during the baseline period, and it is around 3.9, 4.6, and 2.7 times
weaker under RCP 8.5. In the mid-future under RCP 2.6 and far future under RCP 8.5, the
climate change impacts on Godavari are slightly stronger (1.05 and 1.08 times, respectively)
than the human impacts on streamflow during the baseline period. The median obtained
from the three best selected GCM–GHM combinations is on the lower side than that for
25 GCM–GHM combinations. This shows how the models selected based on certain criteria
perform differently than the ensemble of all available model combinations.
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Table 3. Ensemble median (25 member and 3 member) of relative change (%) in seasonal mean
flows due to human actions in historical period (refer to Equation (2)) and due to climate change in
future time slices (refer to Equation (1)) under RCP 2.6 and RCP 8.5 for the Ganges and Godavari
basins. Hist.: Historical period (1971–2000), NF: Near-future period (2010–39), MF: Mid-future period
(2040–69), FF: Far-future period (2070–99).

River
Basins Seasons Ensemble

Median
Hist.

RCP 2.6 Scenario RCP 8.5 Scenario

NF MF FF NF MF FF

Ganga

Pre-monsoon 25 total
members

(GCM–GHM)

39.86 9.08 12.24 8.67 10.11 8.72 14.60
Monsoon 5.79 8.83 15.97 15.52 8.13 23.68 28.12

Post-monsoon 5.90 6.79 10.50 12.59 13.36 23.65 35.64

Pre-monsoon
3 best members
(GCM–GHM)

33.60 3.61 6.918 5.60 8.93 5.84 6.68
Monsoon 8.65 14.21 18.35 27.41 10.99 23.68 36.94

Post-monsoon 22.20 3.35 10.24 12.56 14.06 15.31 26.81

Godavari

Pre-monsoon 25 total
memebrs

(GCM–GHM)

22.97 18.19 24.20 19.45 17.47 20.60 24.78
Monsoon 3.54 5.28 5.31 5.56 15.31 8.30 24.09

Post-monsoon 4.21 12.04 11.31 6.46 10.65 19.76 21.00

Pre-monsoon
3 best members
(GCM–GHM)

25.51 1.09 5.763 3.97 2.66 5.09 6.31
Monsoon 5.37 4.06 5.11 4.92 5.59 6.56 9.92

Post-monsoon 18.36 6.02 6.88 3.32 6.70 19.76 16.25

3.1.2. Monsoon Season

Figure 6(bi,bii) clearly shows a different trend in both river basins during the monsoon
season compared to the pre-monsoon season plots. The climate change impact in the future
under both the RCP scenarios dominates the human-induced effect on streamflow during
the historical period for both river basins. For the Ganges, the climate change impact
follows an increasing trend. Under the RCP 2.6, for the Godavari basin, the future climate
change impact is about 1.5 times stronger during all time slices than the historical human
impact (~3.5%). Whereas, under the RCP 8.5 scenario, it is more dominating during the
far future time slice (6.8 times and ~3.5%). The ensemble median of the relative change
values for the streamflow of the Ganges from the three GCM–GHM combinations (selected
from the Taylor diagrams) is on the higher side compared to that of the 25-model ensemble
median values. However, this trend is not followed during the mid-future period under
the RCP 8.5 scenario. For the Godavari basin, the ensemble median values of the three
GCM–GHM combinations shows good agreement with the 25-model ensemble median
values except for the near-future and far-future period under RCP 8.5.

In general, these results indicate that climate change is one of the main reasons for
substantial changes in the future monsoon season streamflow in the two river basins and
these changes will be higher than the already experienced streamflow changes due to
human activities. The projected streamflow for the Godavari basin shows more uncertainty
than the Ganges, which may be due to its geographical location (central India), meaning
that it is more affected by monsoon rainfall.

3.1.3. Post-Monsoon Season

Figure 6(ci,cii) shows the impacts of human activities on historical streamflow in the
Ganges and the Godavari and the climate change impact in the future during the post-
monsoon seasons. Climate change has a high impact on streamflow changes in the near
future (6.8% (RCP 2.6), 13.36% (RCP 8.5)), mid-future (10.5%, 23.65%), and far future (12.6%,
35.65%), and it is greater than the human impact in the historical period in the Ganges
basin (~5.9%). The corresponding changes under the RCP 2.6 and RCP 8.5 scenarios for
the Godavari basin were 12.05% and 10.65%, 11.32% and 19.76%, and 6.46% and 21%, for
the three timescales, respectively, which is more than the human-induced impact during
the historical period (~4.2%). Streamflow change for the Ganges basin under both RCP 2.6
and RCP 8.5 shows an increasing trend. A contrary decreasing trend is observed from the
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near future to the far future under the RCP 2.6 scenario for the Godavari basin. For the
Ganges basin during the future time slices under RCP 2.6 the ensemble median from the
three GCM–GHM combinations shows good agreement with the 25 GCM–GHM model
combinations. A large amount of uncertainty in the projected streamflow is observed for
the near-future and mid-future time slices under the RCP 2.6 scenario for both the basins.

It is observed that the error bars show a larger variation for the Godavari basin than the
Ganges for all the seasons, which signifies that uncertainty over the projected streamflow
values is high for the Godavari basin, which may be because the Godavari basin lies in
central India and is more vulnerable to changes in monsoon rainfall and scale issues; i.e.,
the Godavari basin is a smaller basin compared to the Ganges, and the global-scale models
may not well represent the basin-scale hydrology.

Overall, to summarize, the historical human impact is high during the pre-monsoon
season in both the river basins and is greater than the climate change impact, except for the
Godavari basin during the mid-future under RCP 2.6 and during the far future under RCP
8.5. The human impact is more in the Ganges basin compared to the Godavari basin in all
three seasons.

High monsoon precipitation during the monsoon season compensates for the reduction
in the water levels due to abstraction. Thus, the climate change impact signals dominated
over the anthropogenic impact during the monsoon and post-monsoon seasons for both
the Ganges and the Godavari under both the RCPs.

3.2. How Are the Extreme Flow Indices (Q90 and Q10) Influenced by Current Human Activities
and Future Climate Changes?

It is interesting to know how low and high flows in these river basins vary under the
climate scenarios. Therefore, we analyzed the changes in extreme streamflow conditions to
analyze their dependencies on human activities and future climate changes. To analyze
this, we computed Q90 (low flow) as the 10th percentile flow, i.e., the flow level that was
equaled or exceeded for 90% of the time, and Q10 (high flow) as the 90th percentile flow, i.e.,
the flow level that is equaled or exceeded for 10% of the time. At the end, we calculated the
seasonal values of Q10 and Q90 for the pre-monsoon, monsoon, and post-monsoon during
the baseline and three different future timeslots (near future, mid-future, and far future).
For each model combination, the absolute relative changes in seasonal Q10 and Q90 due to
human actions during the baseline period and due to climate change during the future time
slices were calculated using the same expression mentioned in the methodology section. All
the 25 values of absolute relative change from each model combination (5GHM × 5GCM)
are plotted using a box and whisker plot. The ensemble median values from the three
best-performing GCM–GHM combinations selected before using the Taylor diagrams for
the different seasons and RCPs are given in Tables S1 and S2 (refer to the supporting
materials file) and corresponding to the Ganges and the Godavari River basins, respectively.
The following section discusses the details of the relative changes in seasonal Q10 (high
flows) and Q90 (low flows) due to human activities during the historical period and climate
change impacts during the future time slices.

3.2.1. Pre-Monsoon Season

In the Ganges river basin for the pre-monsoon season, the human-induced effect on
extreme flows (both Q10 and Q90) during the baseline period is more than the climate
change effect during the future time slices under both the RCP 2.6 and RCP 8.5 scenarios
(Figure 7(ai,aii)). In the future periods, the climate change impact on high flows (Q10) is
higher during the mid-future (median value ~16.4%), followed by the near future (~12.1%)
and the far future (~6.8%) under RCP 2.6. The climate change impact on low flows (Q90)
under RCP 2.6 in the Ganges decreases from the near future (13.4%) to the far future (9%).
However, under the high emission scenario, the climate change impact on both high flows
and low flows reaches the highest by the end of the century. The three-member ensemble
median values (Table S1) are lesser than the 25-member ensemble values for high flows
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under RCP 2.6 and for low flows under the RCP 8.5 scenario. During the baseline period,
the uncertainty when predicting the low flows is higher than that for the high flows. For the
high flows, the highest amount of uncertainty when predicting the climate change impact
was observed for the mid-future (RCP 2.6) and the far future (RCP 8.5). Similarly, for the
future low flow estimates, the near future and mid-future values show more uncertainty
under RCP 2.6 and RCP 8.5, respectively.

Figure 7. Relative change (%) in high flows (Q10) and low flows (Q90) due to human impact during
the baseline period and the climate change impact during the future time slices, i.e., near future, mid-
future, and far future (under RCP 2.6 and RCP 8.5) for pre-monsoon, monsoon, and post-monsoon
seasons in the Ganges basin. Shown here are the median (bar) and the respective 25th and 75th
percentile values (red error bars) of relative changes based on 25 combinations of GCM–GHMs.
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For the Godavari river basin (Figure 8(ai,aii)) during the pre-monsoon season, most
of the time, the climate change impact during the future is observed to be greater than
the human impact (19.9%) during the historical period on high flows, whereas the human
impact (36.82%) on low flows was greater than the future climate change impacts under
both the RCP 2.6 and RCP 8.5 scenarios. The climate change effect on high flows and
low flows shows the highest value during the near future (21.6%) and far future (28.8%),
respectively, under RCP 2.6. Under RCP 8.5, the climate change effect on high flows and
low flows shows an increasing trend from the near future (18.4% and 15.31%, respectively)
to the far future (32.14% and 31.4%, respectively). In the case of the three-member ensemble
median (Table S2), the results are lower than the 25-model ensemble median values for
both the high and low flows under both the RCP scenarios. Under RCP 2.6 scenario, the
highest amount of uncertainty is observed during the near future, and it varied between
1.2% and 652.1% for high flows and 0.52% to 323.52% for low flows. Under RCP 8.5, the
peak uncertainty is observed during the far-future period, and it ranged between 2.9% and
1158.1% for high flows, and 2.7% and 281.6% for low flows.

Figure 8. Cont.
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Figure 8. Relative change (%) in high flows (Q10) and low flows (Q90) due to human impact during
the baseline period and the climate change impact during the future timeslices, i.e., near future, mid-
future, and far future (under RCP 2.6 and RCP 8.5) for pre-monsoon, monsoon, and post-monsoon
seasons in the Godavari basin. Shown here are the median (bar) and the respective 25th and 75th
percentile values (red error bars) of relative changes based on 25 combinations of GCM–GHMs.

3.2.2. Monsoon Season

For the Ganges river basin (Figure 7(bi,bii)), the human-induced effect on streamflow
during the historical period prevails for low flows (7.8%) compared to high flows (2.9%) in
terms of numerical values. The climate change impact on high flows and low flows under
both RCP scenarios is greater than the human impact during the historical period. The
climate change impact on high flows under both RCP scenarios indicates an increasing
trend from the near future to the far future, whereas no such trend is observed in the case of
low flows. Slightly more deviation of the three-member ensemble median is observed for
low flows during the near future (RCP 2.6) and for high flows during the mid-future and
far future under RCP 8.5, and also for the far future under RCP 2.6 (Table S1). Under RCP
2.6, the highest amount of uncertainty is seen during the mid-future for both high flows
(ranging from 0.45% to 66.61%) and low flows (ranging from 0.67% to 72.4%). Under RCP
8.5, uncertainty in the estimates of high flows is high for the near future. On the contrary,
for low flows, uncertainty is high for the far future (ranging from 0.14% to 118.8%).

For the Godavari basin (Figure 8(bi,bii)) during the monsoon season, the human effect
on high flows (3.17%) and low flows (7%) during the baseline period is less significant than
the future climate change effect during the future under both RCP 2.6 and RCP 8.5. Under
RCP 8.5, the climate change impact on high flows and low flows shows an increasing trend
from the near future (15.1% and 11.8%, respectively) to the far future (50.2% and 18.6%,
respectively), whereas no such distinctive trend is observed under the RCP 2.6 scenario.
The Q10 and Q90 values are high for the far future under both RCPs, which shows that
climate change has the highest impact on extreme flows at the end of the century under
both of the emission scenarios during the monsoon season. The three-member ensemble
median values are lower than those of the 25-member ensemble median values for both
high and low flows under both the RCP scenarios for the Godavari basin (Table S2). The
uncertainty regarding the historical values of low flows (varying between 0.57% and 52.5%)
is more than that for high flows (varying between 0.14% and 15%). Under RCP 2.6 in
the Godavari basin, the highest amount of uncertainty is observed for high flows for the
mid-future and for low flows for the far future. Uncertainty over the low flow estimates
under RCP 8.5 is much higher than for the high flow estimates. The far future values of
both high flows and low flows under RCP 8.5 are observed to be the most uncertain for the
Godavari basin.
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3.2.3. Post-Monsoon Season

In the Ganges basin (Figure 7(ci,cii)), the human-induced effect on low flows (9%) is
more than that on high flows (4.4%). Conversely, future climate change effects exceeded
the human impact, during the historical period, on both high flows and low flows for the
RCPs. The projected climate change impact on both high flows and low flows is increasing
from the near future to the far future under RCP 2.6 and a similar trend is observed in
the case of RCP 8.5. The post-monsoon analysis of the Ganges (Table S1) indicates that
the ensemble median of the best selected models shows values which are higher than
the 25-model ensemble median values for high flows. A larger amount of uncertainty is
observed in the projected climate change impact on high flows for the far-future period,
with values ranging from 0.5% to 79.4% under RCP 2.6 and 0.8% to 122.8% under the RCP
8.5 scenario, respectively. Low flow estimates show larger amounts of uncertainty for the
mid-future period, which varied from 0.85% to 86.5% and 14.16% to 205.73% under RCP
2.6 and RCP 8.5, respectively.

For the Godavari River basin (Figure 8(ci,cii)), the human impact during the historical
period on low flows (11.9%) is more than that on high flows (3.14%). The climate change
impact on high flows is highest during the mid-future period, with values of 17.6% and
26.6% under RCP 2.6 and RCP 8.5, respectively. Conversely, the climate change impact on
low flows decreases from the near future (22.05%) to the far future (10.18%) under RCP 2.6.
For high flows, the three-member ensemble median values are lower than the 25-member
ensemble median values for all the future time slices under both of the RCPs (Table S2).
The uncertainty over the historical estimates of low flows is greater when compared to the
uncertainty over high flows. Under the low emission scenario, the peak of uncertainty in
the estimation of high flows (ranging between 0.06% and 161.14%) and low flows (ranging
between 1.17% and 509.9%) is observed for the mid-future. Under RCP 8.5, the highest
amount of uncertainty occurs for the far future for both high flows (3.37% to 315.1%) and
low flows (1.86% to 552.5%).

To summarize the results of the extreme flows analysis, it is observed that in the
pre-monsoon season, the human impacts during the baseline period on high flows and
low flows overshadowed the climate change impacts (under both RCP 2.6 and RCP 8.5)
during the future period for the Ganges basin. For the Godavari basin, most of the time, the
future climate change impact on high flows under both RCPs dominated the contemporary
human impact. For the monsoon and post-monsoon seasons, the future climate change has
a greater impact on high flows and low flows when compared with human impacts during
the baseline period for both river basins.

4. Discussion
4.1. Effect of Human Activities and Climate Change on Seasonal Mean Flows

Earlier studies have focused on the effect of projected climate changes on seasonal
streamflow with the help of hydrological model studies, using projected climate data
from GCM (global climate model) simulations [53,56,57]. Some researchers have studied
the effect of climate change on flood magnitude and timing [58], whereas some studies
have focused on analyzing the trend of seasonal flows in the historical period [59,60]. A
published study highlighted the effect of climate change on the seasonality of streamflow
for the major 11 river basins across the globe, including the Ganges, reporting that climate
change will cause an increase in the flows mostly during monsoon season rather than in
the pre-monsoon season [53].

In this study, we analyzed the historical human impact on seasonal streamflow and
contrasted this to the climate change impact on future seasonal streamflow. This study has
focused on highlighting whether a relative change in seasonal streamflow due to human
actions in the baseline period is greater or less than the relative change due to climate
change effects on future seasonal flows for the Ganges and the Godavari river basins. It
is observed that human impacts are more predominant in both the Ganges and Godavari
basins during the pre-monsoon season (Figure 6(ai,aii)) compared to the climate change
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impact on streamflow during the future period. The streamflow of the Godavari basin
during the mid-future and far-future periods under RCP 2.6 and RCP 8.5 shows a slight
deviation from this trend. In the Ganges, the human effect (~40%) is more dominating
compared to the Godavari (~23%) during the pre-monsoon season, and this may be due to
the population difference between the two basins (the population around the Ganges is
329.16 million, and around the Godavari is 60.49 million).

Our study results generally agree with the findings of a previous study [49] that has
projected streamflow seasonality, which indicates that streamflow volumes increase in
response to monsoonal precipitation in many major global rivers, including the Ganges.
Some other previous studies have explored the future tendencies of streamflow during the
monsoon season for the Ganges and Godavari basins under the effect of climate change
in different scenarios [53,61]. Our study highlights that during the monsoon season,
streamflow variation due to climate change increases from the near future to the far future,
and this variation is always greater than the change in streamflow due to human actions in
the baseline period in both of the river basins. The outputs are in line with the findings
of earlier studies [53] on the Ganges which state that the annual streamflow volume
increases by +125 mm (+26%) under RCP 8.5 and +77 mm (+16%) under RCP 2.6. The huge
uncertainty in the simulations in our study is in agreement with the observations made by
other researchers [62], indicating that water resource responses to climate change are hugely
dependent on data and information sources, climate models, and hydrological models.
However, here, we did not focus on the quantification of the corresponding future impact
of human activity on streamflow and the influence of its dampening or magnification
effects on streamflow, as the model runs without considering changes in future human
activities (socio-economic conditions) because these are not considered in this study for
the selected ISIMIP model runs. Some studies from the Brazilian Amazon that assess
future human activities in terms of land-use change partially counteract the climate-driven
diminishing trend in river flows [63]. Thus, we have considered an evaluation of how
future anthropogenic disturbances in water use and land-cover dynamics would influence
the river flows of the Ganges and the Godavari to be the future scope of this work to see
how the inter-annual and intra-annual flow variability would change under such settings
and also to see the combined effect of human activities and climate change.

An earlier analysis performed by researchers [64] has shown that surface runoff is
projected to increase in the majority of the sub-continental river basins in post-monsoon
seasons. In the current study, in the post-monsoon season in both river basins, the variation
in future streamflow due to climate change is greater than the variation due to human
actions in the historical period. During the post-monsoon season, in the Ganges basin,
streamflow variation under RCP 2.6 and RCP 8.5 shows an increasing trend, which shows
how climate change has a more dominant effect in the far future. In the case of the Godavari
basin under RCP 2.6 scenarios, the climate change impact on streamflow decreases from
the near future to the far future, whereas, on the contrary, it shows an increasing trend
from the near future to the far future when observed under the RCP 8.5 emission scenario.
The values corresponding to the Ganges during the post-monsoon were 12.2%, 22.5%, and
36.9% for the RCP 8.5 scenario during the three time slices, respectively. The corresponding
post-monsoon RCP 8.5 projected runoff values were 17.6%, 25%, and 72% in the Godavari
during 2010–2039, 2040–2069, and 2070–2099, respectively. Our study results indicate that
the larger amount of uncertainty regarding the precipitation projections from the GCMs are
translated to the GHMs seasonal simulations as reported in the prior study conducted by
our group of investigators [65]. Uncertainty in the future streamflow prediction is observed
to be more for the Godavari compared to the Ganges, which may be due to the fact that
the Godavari is in central India and, therefore, is more exposed to the early influence of
monsoonal precipitation during the early summer months. There is also a lack of glacier
reserves in the basin.



Water 2022, 14, 194 20 of 26

4.2. Effect of Human Activities and Climate Change on Seasonal Extremes (High Flows and
Low Flows)

In the literature, most of the studies on global rivers focused only on the examination
of the effect of climate change alone on streamflow [66–69]. Some of the exceptions are
those focusing on assessing (i) the effect of human activities and climate change on stream-
flow [3,70], (ii) how human water management is intensifying the hydrological drought [71],
(iii) how streamflow is affected by land-use change along with climate change [72], and
(iv) how multiple river flow characteristics are influenced by choices of multiple GCH and
GHM scenarios [73]. In our study, an effort has been made to understand the impact of
climate change on high flows and low flows and then to contrast this with the impact of
human action on these extreme flows during the contemporary period. A similar attempt
has been made by scholars earlier [74] to assess how the combined impact of human water
use and climate change results in water stress and surface water availability in Iran. Some
researchers have studied [61] how high flows become affected by climate change during
the future period as compared to the historical period for the Godavari basin and reported
the observation that high flows increase in the future, and this upsurge is greater under
the RCP 8.5 than the RCP 2.6 scenario. The same trend is observed in our study, with the
effect of climate change on extreme flows the highest during the far future for the Godavari
basin under the RCP 8.5 scenario, showing relative change values of 32.15% (high flows)
and 31.36% (low flows) in the pre-monsoon season, 50.19% and 18.59%, respectively, in the
monsoon season, and 24.31% for low flows in the post-monsoon season. This trend is not
followed by the post-monsoon season (26.58%) for high flows, as the climate change impact
during the mid-future is dominating. However, our study focuses on analyzing the impact
of human actions and climate change on extreme flows in terms of absolute relative change
and does not aim to quantify the increasing or decreasing trend of extreme flow values.

An earlier study has highlighted that uncertainty regarding changes in long-term
average river discharges in terms of Q10, Q50, and Q90 in the monsoon-dominated basins
are dependent on GCMs–HMs–RCPs combinations and the nature of the river [75]. Re-
searchers have analyzed the impact of climate change on the future flows of 12 major river
basins worldwide and, in the context of the Ganges, reported an increasing trend in high
flows under RCP 8.5 by the end of this century [49]. A similar trend is observed in our
analysis, showing the larger impact of climate change on high flows as well as on low
flows for the far future in the Ganges under the RCP 8.5 emission scenario with values
of 13.9% and 15.1%, respectively, during the pre-monsoon season and 22.85% and 34.4%,
respectively, during the post-monsoon season. During the monsoon season, the same trend
is followed by high flows with a value 24.4%, but low flows (25.35%) show slight deviation
and are more affected in the mid-future period. Greater disturbances with low flows are
observed during the near future for both the pre-monsoon (13.4%) and the monsoon (22.3%)
seasons, whereas for the post-monsoon season (26%), it is highest during the far future
under RCP 2.6 for the Ganges basin.

A comparative analysis of the extreme flows of both the river basins shows that during
the pre-monsoon season, the anthropogenic impact on high flow and low flow is more than
the future climate change impact for the Ganges, whereas this is applicable for low flows
only in case of the Godavari basin. In the monsoon and post-monsoon seasons, the climate
change impact during the future time slices dominates in comparison to the human impact
during the current period for both river basins.

A Word of Caution

Though ISIMIP is a well-studied framework and data source, many studies have high-
lighted its total uncertainty for assessing future climate impacts [76,77] and uncertainties
over human impact considerations [78]. The GCMs and GHMs considered in this study
also have their own uncertainties connected with the model structure and scenario designs.
Apart from that, this kind of study, focusing on small subsets of the CMIP5, can be expected
to underestimate both the total uncertainty of the future climate impact [78]. It must also be



Water 2022, 14, 194 21 of 26

stressed that uncertainty must be translated and attributed to different the GHMs used for
these two river basins. In this study, we have performed the cross-checking of effectiveness
of the GHM simulations with a limited amount of data due to the classified nature of
the Ganges River basin and other data-related constraints. Even though we are relying
on the previously simulated ISIMIP datasets, which are well-established in the impact
community, the evaluation outputs will be more meaningful if we make a validation with
longer flow datasets from different gauging locations in the river basins to see how well
the ISIMIP GCMs and GHMs perform during the baseline period. The inclusions of human
impact parameterizations in different ISIMIP GHMs are rather simple in nature and are
different from one another. These differences in the parameterization of human impacts,
which are associated with between-model uncertainties, will have an influence on the
findings of such subset studies that focus on five CMIP5 models, as shown here. However,
detailed investigation of the connection between the model uncertainty resulting from
the inclusion of human impact parameterizations and subsequent simulated river flows
are well studied by some researchers [78]. Therefore, we urge the data users to consider
how such uncertainty differences exist between the two experiments (i.e., ‘pressoc’ and
‘nosoc’) when they are used for hydrological impact assessments, policy implications, and
related management decisions. We must also consider the uniformity of human impact
parameterizations among the GHMs and their detailed representations in the GHM mod-
ules. Only then will the analyses similar to this study become more meaningful for a better
understanding of future water flow in Indian river basins with regional variations and
contrasting human influences. More detailed and elaborate human impact scenarios need
to be taken into consideration for better realistic estimates, in which the human influences
also change in the future in conjunction with climate change, something which is lacking in
this study. Thus, the findings and outcomes from this study may be considered to be one of
the possible water flow scenarios with a rather low probability of human impact, as current
ISIMIP or impact model runs do not provide those runs with elaborate considerations of
all possible human impacts. The ISIMIP GHMs are calibrated with limited regional flow
datasets, which itself highlights the need for the comprehensive calibration of GHMs for
better and more reliable simulations of regional river basins. However, we expect that
more robust and confidential future projections of river regime changes under a changing
climate, and human impact tendencies with more regional focus, will arrive in the future,
with widespread use of ISIMIP3a and its successive data sources. Another point to note
is that in this study, the specific application of GHMs is not calibrated at the basin scale.
Though it is a well-accepted fact that the global- and continental-scale models are mostly
applied using a multi-model ensemble with minimal basin-scale calibration, some studies
have highlighted that the basin-scale calibration of GHMs could improve their credibility
of streamflow projections [79]. Further incorporation of post-processing techniques, such
as Bayesian model averages, can help to improve the accuracy of model simulations in
studies similar to this case study from the Ganges and Godavari basins.

5. Conclusions

The goal of this study was to assess and compare the impact of climate change during
three different future timeslots with human-induced impacts during the historical period
on long-term seasonal mean flows and seasonal extreme flows (low flow and high flow) in
two contrasting Indian river basins. Based on the results of our study, the main conclusions
drawn can be summarized as:

• The best performing GCM–GHM model combinations based on observations from the
Taylor diagrams for the Ganges are (WaterGAP-NorESM1-M), (WaterGAP-MIROC-
ESM-Chem), and (WaterGAP-HADGEM2-ES), and for the Godavari, (WaterGAP- IPSL-
CM5A-LR), (WaterGAP -MIROC-ESM-Chem), and (WaterGAP-NorESM1-M). The
ensemble mean monthly streamflow from these combinations shows good agreement
with the observed data, with correlation coefficients ranging between 0.93 and 0.99.



Water 2022, 14, 194 22 of 26

• During the pre-monsoon season, the historical human impacts on long-term seasonal
discharge in the Ganges and Godavari River basins are around 40% and 23%, re-
spectively, which is mostly greater than the climate change impact during the future.
Likewise, it is also more than the contemporary human impact during the monsoon
and post-monsoon seasons for both the basins, though it could be due to less irrigation
requirements during the monsoon and post-monsoon periods in the Himalayan peren-
nial river (the Ganges) and the sub-continental non-perennial river (the Godavari). On
the other hand, during the monsoon and post-monsoon seasons, the climate change
impact during the future period is higher compared to the human impact during the
historical period.

• For both the Ganges and Godavari basins, under the RCP 8.5 scenario, the climate
change impact during the far-future period is strictly more than during the other
future time slices under both of the RCPs. For the Ganges, it is highest during the
far-future period for post-monsoon season (~35.6%) and for the Godavari, it is at its
maximum during the far-future period for the pre-monsoon season (~24.8%).

• The human impact during the historical period on both high flows and low flows is
greater during the pre-monsoon season compared to the monsoon and post-monsoon
season in both the river basins.

• During the pre-monsoon season, both high flows and low flows become more affected
by human action in the baseline period compared to the climate change impact during
the future periods for both the basins. The exception is for the Godavari, where,
for most of the time, the climate change impact on high flows under both the RCP
scenarios overshadowed the contemporary human impact.

• For the monsoon season, high flows show the most disturbance during far future, with
values increased to 20.7% and 24.4% in the Ganges basin, and 16.3% and 50.2% in the
Godavari River basin under both the RCP 2.6 and RCP 8.5 scenarios, respectively.

• Under the RCP 8.5 scenario in the post-monsoon season, for the Ganges basin, the
climate change impact during the far future is dominant on both high flows (22.8%)
and low flows (34.4%), whereas in the Godavari basin, the highest impact of climate
change on high flows is observed during the mid-future (26.6%) and on low flows, it
is during the far future (24.3%).

• Uncertainty in the streamflow estimates is observed to be greater for the Godavari
basin for both the long-term seasonal mean discharge values and extreme flow values
compared to the Ganges.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14020194/s1, Table S1: Ensemble median (25 member and
3 member) of relative change (%) in high flow (Q10) and low flow (Q90) during historical period
due to human action (refer equation 2) and during future time slices due to climate change (refer
equation 1) under RCP2.6 and RCP8.5. for the Ganges basin; Table S2: Ensemble median (25 member
and 3 member) of relative change (%) in high flow (Q10) and low flow (Q90) during historical period
due to human action (refer equation 2) and during future time slices due to climate change (refer
equation 1) under RCP2.6 and RCP8.5 for the Godavari basin.
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