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Climatechangeandeffectivenessof dams
in flood mitigation in India
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India, the third-largest dam-building nation, highly relies on dams for irrigation, hydropower, and flood
control. Observations show that dams both mitigated and triggered floods across Indian river basins.
However, their effectiveness in mitigating floods under current and future climates remains unknown.
Using in-situ and satellite observations andmodel simulations for 178major dams, we show that flood
mitigation depends more on antecedent reservoir storage than upstream rainfall. Downstream floods
are more likely when reservoirs exceed 90% of their full capacity. The duration with reservoir storage
exceeding 90% is projected to increase threefold at 3 °Cwarming compared to 1 °C. A substantial rise
in compound events of high inflow and high antecedent reservoir storage is also projected from
0.55 ± 0.22 events/year at 1 °C warming to 1.1 ± 0.4 events/year at 3 °C warming. Our findings
highlight the need for advanced approaches for dam operations (maintaining buffer storage)
integrated with early warnings of extreme inflow in India.

India is the third-largest dam-building country, with over 6000 completed
large dams serving multiple purposes including irrigation, flood control,
hydroelectric power generation, drinking water supply, and fish
production1,2. The number of large dams in India has increased significantly
from 1106 in 1970 to over 6000 in the last 50 years. Notably, more than
2500 large dams were built in just two decades during 1971–1990 (NRLD,
2023), largely driven by the increasing irrigation water demands and
hydropower production. The primary role of dams in India is to provide
water for irrigation, which uses ~91% of available water3. Currently, there
are 150 major irrigation projects with 16.33 million hectares of culturable
command area4. At the same time, dam infrastructure has substantially
contributed to hydropower production, which accounts for the second-
largest share (13%) of the total energy produced in India5. Irrigation
requires water storage and release aligned with crop growth cycles, while
hydropower favors continuous flow for maximum power production,
resulting in conflicting operational objectives. In addition to irrigation and
hydropower, dams are also expected to mitigate floods, which demands
maintaining low reservoir levels during the summer monsoon season to
accommodate high inflows. Although the role of dams for irrigation water
supply and hydropower generation has been well acknowledged, their
effectiveness for flood control remains debatable6. This raises critical
question about whether dams, originally designed with specific climatic and
hydrologic assumptions, can be reliable for flood control under the
warming climate.

Dams are one of the several stressors affecting river flow during dif-
ferent seasons7. For instance, dams store water during the water surplus

season and release water during the dry season8. Therefore, dams can
considerably influence streamflow variability and are among the most
effective measures to mitigate the impacts of droughts9. In addition, dams
control floods in downstream regions by attenuating high inflows. Water
release from the dams in a controlled manner can help in reducing the
downstream peak flow and mitigate the flood risk10,11 by lowering the flood
peak and delaying the time to peak12,13. Palmer et al.14 reported that dam-
impacted basins are more likely to require management interventions such
as sediment management, dam retrofitting or removal, and floodplain and
ecosystem restoration to mitigate the impacts of climate change compared
to free-flowing river basins. This concern is particularly relevant in Indiadue
to its extensive dam infrastructure. Poor decision-making under critical
conditions associated with high inflow and high reservoir storage can
exacerbate flood events15. The dam-stimulated floods are more sudden and
intense, leaving a more disastrous impact on lives and properties16. Several
regions in India faced dam-stimulated floods in the recent past—for
example, sudden releases from Pandoh (Himachal Pradesh), Kaddam
(Telangana), and Sardar Sarovar (Gujarat) dams caused severe downstream
flooding in 202317. These events highlight a disconnect between existing
reservoir operation protocols and the increasing hydrological extremes
intensified by climate change.

Despite the mitigation measures such as constructing flood control
infrastructures, implementing land use regulations, and enhancing early
warning systems, the losses that occurred fromfloods have increased during
the past few decades18. The increased inflow variability under the warming
climate makes dam operations and decision-making more complex and
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challenging. Examining the impacts of streamflow variability on dam sto-
rage is crucial formaking informeddecisions.While damsplay a crucial role
in regulating river flows and mitigating downstream flooding, their effec-
tiveness is increasingly being challenged by climate change-induced
alterations in hydrology19. Previous global-scale studies have provided
broad insights into future flood exposure20 and flood nonstationarity21.
However, they largely focus on global or continental scales, treat reservoir
regulation in a generalized manner, and offer limited coverage of Indian
river basins. The role of antecedent reservoir storage and inflowhasnot been
examined in the current and projected future climate for the major reser-
voirs in India. The vast network of large dams in India holds great potential
to control and alter the flow in downstream. However, there remains a
critical gap in understanding how the warming climate will impact dam
storage dynamics and the effectiveness of dams to attenuate extreme
inflows. Understanding the inflow and reservoir storage conditions is
essential for improving flood risk management strategies, optimizing
reservoir operations, and supporting climate-resilient water infrastructure
planning in India. To address these gaps, we investigate the following key
questions: 1) How do dams influence high-flow downstream of reservoirs
during the summer monsoon season in India? 2) To what extent pre-
cipitation in upstream catchments of dams and antecedent reservoir storage
affect high-flow variability downstream of the dams? and 3) How will the
effectiveness of dams in reducing flood risk change under projected future
climate scenarios? To address these questions,we use theH0822 land-surface
model combined with the CaMa-Flood23 hydrodynamic model to simulate
the historical and future dam dynamics in India and their role in floods in
downstream regions.

Results
Influence of dams on floods in India
First, we examined the role of dams in flooding in the downstream regions
based on the observational datasets. Dams play a crucial role in either

mitigating or intensifying downstream flooding (Fig. 1). For instance, the
TehriDamon theGangaRiver reducedflooding in thedownstream in2010,
2011, and 201324,25. Several large dams, including Nagarjuna Sagar, Krishna
Raja Sagar, and Ukai played a major role in reducing the flood risk in the
downstream regions26–28. During August 2019 flood in the Sutlej River, the
Bhakra Dam attenuated 82.33% of the inflow, while the Pong Dam main-
tained zero outflow throughout the event29. However, during the August
2023 floods in Punjab, sudden water release from the Bhakra and Pong
dams, both of which had already exceeded their full reservoir levels, con-
tributed to the flooding in the downstream regions30. In addition to large
water release, a high reservoir level prior to extreme high inflow conditions
can exacerbate downstream flooding. For example, during September 2023,
Sardar Sarovar Dam’s storage level remained close to the full reservoir level
despite forecasts of high inflows and extreme rainfall in the upstream
catchment31. This resulted in a high outflow from the dam, leading to
flooding in Bharuch city. Similarly, in 2015, a high discharge from the
Chembarambakkam Dam into the Adyar River led to severe flooding in
Chennai. In contrast, proactive dam management significantly reduced
storage levels ahead of widespread rainfall in 2023, effectively preventing a
similar disaster32 (Fig. 1). However, implementing such anticipatory
operations faces multiple policy and technical barriers, including frag-
mented data systems, limited forecasting capacity, and lack of institutional
coordination33,34.

Next, we use the model simulations to examine the influence of dams
on the frequency of high-flows (>99th percentile streamflow) in their
downstream regions under the two scenarios: natural conditions (NAT)
without considering the role of dams and with considering the role of dams
(DAM) on streamflow. We estimated the total frequency of high-flows
under theNATandDAMscenarios in the 30-year (1991–2020) period (Fig.
2A, B). In the NAT scenario, the high-flow frequency is notably higher for
the dams located in central and southern India than in northern India (Fig.
2A). More than 60% of the dams across India show a total high-flow

Fig. 1 | Reported cases highlighting the dual role of dams in flood events. Map illustrating the reported cases where dams played a major role in either mitigating or
stimulating floods
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frequency between 20 and 40, with median frequency of 35 during the 30-
year period (Fig. 2D). However, under the DAM scenario, dams effectively
reduce the total high-flow frequency compared to the NAT scenario (Fig.
2A,B). For instance, the total frequencyof high-flows is less than30 formore
than80%of the dams across India, with amedian of 13high-flowevents/30-
year under theDAMscenario (Fig. 2E). The effectiveness of dams to capture
high inflows and reduce downstream flooding depends on the available
reservoir storage capacity of the dams35. Thus, we analyzed the mean dam
storage one day prior to the high-flow event for each dam, calculated across
all the flood events under the DAM scenario to examine the antecedent
reservoir storage (Fig. 2C). Themedian value across all the dams shows high
antecedent reservoir storage (median 94%) [Fig. 2F] prior to high-flows,
suggesting that when floods occur downstream of dams,most reservoirs are
already near their full capacity, limiting their ability to mitigate floods. The
difference in the frequency of high flows under the NAT and DAM sce-
narios highlights that dams considerably attenuate floods in the down-
stream region. However, the high antecedent reservoir storage levels before
high-flow events remain the key driver in limiting the dam’s ability in
mitigating floods in the downstream regions.

Floods in India predominantly occur during the summer monsoon
season (June–September)36. Therefore, we examine the changes in the high-
flow magnitude (exceeding the 99th percentile) downstream of the dams
under the DAM and NAT scenarios during the summer monsoon (Fig.
S1A). We find that all the dams are effective in reducing high-flows during
the summer monsoon. Dams with lesser reservoir storage capacity (<1000
MCM) can attenuate high-flows up to 30–43% (median change), whereas
dams with larger reservoirs (>1000 MCM) can reduce the magnitude of
high-flows by 47–59% (median change). Further, we examined the intra-
seasonal variability in high-flow attenuation within the monsoon season
(Fig. S1B–E). We hypothesize that the influence of dams in modulating
high-flow is higher during the early monsoon season (June and July) due to
lower initial dam storage. Our results show that the highest reduction in
high-flow magnitude occurs in July (Fig. S1C), aligning with the period
when dams begin to reach higher storage levels. The high-flow attenuation

persists through August and September (Fig. S1D, E) but with relatively
lower reductions compared to July. Only a few dams considerably attenuate
high-flow in June (Fig. S1B),whereas from July onwards, nearly all the dams
play a role in regulating downstream flows.

We estimated changes in the flows using three different thresholds
(exceeding 90th, 95th, and 99.9th percentiles) during the summermonsoon
season individually (Fig. S2). The majority of dams do not experience
extremely high flows exceeding the 99.9th percentile in June (Fig. S2L), as
major floods in India occur mostly in August and September37. June being
the onset month of the Indian summer monsoon, the frequency and
intensity of extreme precipitation is relatively lower38. In addition, the
absence of wet antecedent conditions does not create favorable conditions
for riverinefloods in June39. Lowering the threshold forhigh-flowconditions
(from the 99.9th to the 90th percentile) increased the sample size of high-
flow events, even during the June–July period (Fig. S2). As a result, several
dams attenuate high-flows exceeding the 90th and 95th percentiles in June,
while their influence reduces during August–September. This suggests that
low antecedent dam storage leads to greatermodulation of high-flow events
in the early monsoon season. Moreover, large dams are more effective than
small dams in reducing high-flow peaks during the onset period (Fig. S1B).

Linkage of catchment rainfall and antecedent reservoir storage
with dam-induced changes
We examined the relationship of changes in high-flows with annual pre-
cipitation in the upstream catchment and antecedent dam storage for all the
dams to understand how upstream hydrology influences downstream flow
regulation (Fig. 3A, B). From the relationship between change (%) in the
high-flow and antecedent dam storage (Fig. S3) for the four dams (Rengali,
Mettur, Konar, and Sriram Sagar) located in different climatic and geo-
graphical settings, the median decrease in the high-flows due to dams was
less in the years when higher rainfall in the upstream catchment was
recorded. In addition,wenote a considerable role of the antecedent reservoir
storage on the downstream flow (Fig. S3B). High-flows show minimal
change (less than 10%) inmagnitude (orange points)when damstoragewas

Fig. 2 | Changes in high-flow frequency and antecedent dam storage. A Total
frequency of high-flows in the downstream of the dams under the NAT scenario for
the 30-year period (1991–2020).B Total frequency of high-flows in the downstream
of the dams under the DAM scenario for the 30-year period (1991–2020).

C Corresponding antecedent dam storage one day before high-flow events in the
DAM scenario. D Distribution of high-flow frequency under the NAT scenario.
E Distribution of high-flow frequency under the DAM scenario. F Distribution of
the antecedent dam storage one day before high-flow events in the DAM scenario.
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above 90% of total capacity, with most flow reductions over 10% (blue
points) occurring in July andAugust, as dams typically reached full capacity
byAugust or September (Fig. S3C,D). Therefore, the relationship (based on
correlation coefficient) was estimated only for instances where a decrease in
flow greater than 10%was observed.We find a high correlation between the
change inhigh-flowswith antecedent damstorage than annual precipitation
in the upstream catchment for all the dams (Fig. 3). Themedian correlation
for all the dams exceeds 0.4 when correlated with both antecedent reservoir
storage and annual upstream precipitation. However, dams located in arid
and temperate climate zones exhibit a stronger relationshipwith antecedent
reservoir storage, with a median correlation exceeding 0.9. This can be
attributed to the relatively lowerprecipitation in such regions,which leads to
greater reliance on controlled releases from reservoirs to manage down-
stream flows40,41. Moreover, because precipitation events in arid and tem-
perate zones tend to be more episodic compared to tropical climates,
operators in these zones often maintain substantial buffer storage, thereby
allowing antecedent storage levels to more strongly determine high-flow
attenuation42. In contrast, the correlation between annual upstream pre-
cipitationand themediandecrease inhigh-flows is observed tobemore than
0.5 for 57% of dams. Overall, our results highlight that the antecedent
reservoir storage plays a more important role than precipitation variability
in the catchments upstream of the dams. Therefore, maintaining the buffer
reservoir storage that can accommodate high inflow is critical for the
mitigation of flooding in the downstream regions.

Influence of dams in reducing future flood risk
We estimated the projected change in the number of days when dams
remain above 90% of their live storage capacity under different global
warming scenarios (1.0–3.0 °C) compared to the historical period
(1995–2014) [Fig. 4]. We selected the 90% storage threshold based on the
observation that dams lead to minimal change in the high-flow in the
downstream regions highlighting their ineffectiveness in mitigating floods
(Fig. S3). An increase in the number of days when dams remain near their
full capacity is projected in the future at all thewarming levels.Moreover, the
duration in which dams can be ineffective increases with the increase in the

global warming level. The distribution shows a threefold increase in the
median number of days, from 4.7 ± 6.7 (median ± 1 std) days at 1.0 °C
warming to 14.6 ± 15.11 days at 3.0 °C warming (Fig. 4F). This trend sug-
gests that climate change-induced shifts in hydrologywill likely lead tomore
prolonged high-storage conditions in dams, increasing the flood risk in
downstream areas.

Next, we estimated the changes in the projected frequency of com-
pound extremes, definedhere as the simultaneous occurrence of high inflow
(exceeding the 99th percentile) and nearly full reservoir storage (>90%) [Fig.
5]. The frequency of the compound events is projected to rise across many
dams under the warming climate. For instance, the median frequency
across India remains relatively low at 0.55 ± 0.22 (median ± 1 std) per
year at 1.0 °C global warming level but projected to increase by
twofold (1.1 ± 0.4) per year at 3.0 °C warming (Fig. 5F). This suggests
that under the higher global warming levels, dams will likely
experience more frequent compound events of high inflow and high
antecedent storage. These findings highlight a pressing need for
adaptive dam management strategies to accommodate extreme
inflows and mitigate downstream flooding.

Discussion
Globally, India is among the largely affected areas under the impact of
dams43. The country’s extensivenetworkofdamsplays a crucial role inwater
and floodmanagement44. Several studies have examined the role of dams on
the downstream hydrological regime on a regional or global scale20,45. We
investigated the influence of dams in India on downstream river discharge,
analyzing the changes induced in floods causing high-flows. Our results
show that dams potentially reduce the high-flows during the onset of the
summer monsoon period owing to the dam filling, and the attenuation
capacitydecreases as themonsoonprogresses. The storage capacity of adam
before the occurrence of extreme weather events plays a critical role in
determining its ability to mitigate flood risks46. The reduction of down-
stream high-flows by dams shows a strong linkage with antecedent dam
storage and a moderate to strong correlation between peak flow reduction
and rainfall in the upstream catchment. For instance, Zhou reported a

Fig. 3 | Linkage of catchment rainfall and antecedent reservoir storage with dam-induced changes. ACorrelation between annual precipitation and the median decrease
in high-flows for that year within different climate zones. B Correlation between antecedent dam storage and the decrease in high-flows.
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strong association between the decrease in flood risk and the flood control
capacity of dams21.

We find a significant increase in the frequency of high flows under a
warming climate in the dam downstream when dams are ineffective in
reducing the magnitude attributed to the full antecedent dam storage
conditions. Under the warming climate, downstream regions of dams are
projected to experience increased flooding attributed to prolonged high
storage levels and increased high-flow frequency. Dams are projected to
experience high storage levels for a prolonged period. Non-availability of
adequate buffer storage in reservoirs during the summer monsoon season
results in an increased riskofflooding in thedownstream47. For instance,Lee
and You48 estimated the risk of dam overtopping under climate change for
Shihmen Reservoir in Taiwan and found an increasing trend.

Our findings highlight the crucial role of antecedent reservoir storage
in determining the effectiveness of dams in flood mitigation under the
current and future climate. For instance, during the 2024 summermonsoon
season, KrishnaRaja Sagar damonCauveryRiver remained full for a record
172 days49. Furthermore, the dams are projected to receive highly variable
and extreme inflows attributed to the precipitation changes under the
warming climate. The projected increase in themagnitude and variability of
inflow has been reported for different dams across the world50–52. The
combination of extreme inflow and high storage level conditions is likely to
result in more intense downstream flooding53. Globally (excluding dams in

China), approximately one-tenth of large dams are partially dedicated to
flood mitigation, while another one-tenth are fully devoted to flood miti-
gation (mainly in US)54. In an agriculture-dominant country like India,
damsprimarily designed for irrigation andhydropower production can also
be used for efficient flood mitigation. Lempérière54 reported that climate
change can significantly increase the need for flood mitigation in many
countries, necessitating the repurposing of existing or new dams for flood
control. In recent years, the operationalflexibility of damshas demonstrated
positive impacts under extreme climate scenarios55. Furthermore, dam
inflow forecast plays a major role in maintaining a safe storage level during
the summermonsoon period to prevent flooding downstreamandmeet the
required demand during the dry period56. Effective reservoir management,
incorporating advanced inflow forecasting and adaptive operational stra-
tegies, is crucial to mitigating downstream flood risks under a warming
climate, especially in highly vulnerable regions like India.

We introduced a large-scale analysis incorporating 178 major dams
across India using a consistent hydrological-hydrodynamic modeling fra-
mework, enabling a country-wide assessment of dam impacts under a
warming climate. The combined modeling framework based on the H08-
CaMa Flood model was used to estimate the dam-induced hydrological
changes downstream. The hydrological modeling framework performed
well against the observed flow and dam storage. The role of 178major dams
was considered in simulating the dam dynamics for historical and future

Fig. 4 | Change in days with high dam storage levels under a warming climate.
Change in the number of days when dam storage remains fullmore than 90%of their
live storage capacity for the selected global warming levels (A 1.0 °C, B 1.5 °C,
C 2.0 °C,D 2.5 °C, E 3.0 °C). The change is computed against the historical reference

period (1995–2014). F Distribution of change in the number of days when dam
storage remains full more than 90% of their live storage capacity for the global
warming levels shown through (A–E). The median ± standard deviation is calcu-
lated across all GCMs.
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climate. The CaMa-Floodmodel uses a generic dam operation scheme that
does not incorporate site-specific operational rules or real-time manage-
ment decisions. Dam releases are influenced by a range of factors such as
reservoir purpose, inflow forecasts, socio-political priorities, andoperational
constraints. The absence of site-specific operational rules in the model
means that certain release decisions, such as pre-releasing water in antici-
pation of extreme inflows, are not adequately captured. Shin et al.45 dis-
cussed the drawbacks of relying on the generic reservoir scheme, such as
limiting the model’s ability to fully capture the complex dynamics of real-
world reservoir operation. While we used the combination of high inflow
and storage levels exceeding 90% to indicate elevated overtopping risk,
estimates of Probable Maximum Flood (PMF) and dam-specific spillway
design standards, and overtopping risk can further assist in quantifying the
overall effectiveness of dams in flood mitigation under the current and
projected future climate in India. These limitations may lead to an over- or
underestimation of a dams’ effectiveness in mitigating floods. The una-
vailability of operational rule curves anddesignfloodhydrographs limits the
accuracy of reservoir representation in the model.

Although most Indian dams are multi-purpose, incorporating dam-
specific purposes and operational rules would provide a more realistic
representation of release strategies. These modeling constraints need to be
considered when drawing policy conclusions, as real-world operational
flexibility could alter outcomes under future climate scenarios. Zhou et al. 57

used design flood hydrographs to optimize cascade reservoir operations in
the Upper Yangtze River Basin, which highlights the need to consider the
operations of multiple dams for flood mitigation. In addition, structural
issues such as gate failures, reduced storage capacity due to sedimentation,
and delayed operational response can compromise the effectiveness of dams
during high-flow events, which can lead to increased downstream flood risk
are often not fully captured in model-based assessments. The use of daily
time-step modeling, due to the unavailability of sub-daily meteorological
observations, may underestimate the occurrence and magnitude of flash
floods, which typically occur over sub-daily timescales. Additionally, we have
not examined the role of dam operations over multi-day windows, which
may be relevant for large reservoirs where storage and release decisions
unfold over longer durations. Projected increase in inflow can further reduce
the storage capacity due to sedimentation, which not only reduces the life
span of the dam but also potentially increases the overtopping risk58. Dams in
India experience a 0.72%/year sedimentation rate against the global average
of 0.96%/year59. The loss of storage capacity due to sedimentation adds to the
challenges associated with reducing flood risk under climate change.

Methods
Data
We used gridded precipitation60 and temperature61 observations from the
India Meteorological Department (IMD) for the period 1901–2020. We

Fig. 5 | Frequency of the compound events of high inflow and nearly full dam
storage under a warming climate. Frequency of high inflow events when dam
storage is more than 90% of total live storage for the selected global warming levels

(A 1.0 °C, B 1.5 °C, C 2.0 °C, D 2.5 °C, E 3.0 °C). F Distribution of frequency of the
compound event for the global warming levels shown through (A–E). The med-
ian ± standard deviation is calculated across all GCMs.
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regridded the 1° gridded temperature data to 0.25° using bilinear inter-
polation, accounting for the lapse rate, to ensure consistency with the
gridded precipitation data. Gridded daily precipitation and temperatures
datasets from IMD have been widely used for hydrological modeling
applications in India62–64. IMD’s observational network only covers the
Indian region, therefore, meteorological data for the region outside India
were obtained fromPrincetonUniversity65. Gridded datasets from Sheffield
et al. show a good agreement with IMD observations and have been used in
hydrological applications in India62,63,65,66. The additional meteorological
forcing input variables (shortwave and longwave radiation, surface pressure
and specific humidity) for the H08 land-surface model were obtained from
Kushwaha et al. 67.

We obtained observed daily streamflow and dam storage from India
Water Resources Information System (India-WRIS). For transboundary
river basins, where daily streamflow data is not publicly available from
India-WRIS, we used daily streamflow data from the Global Runoff Data
Centre68. In addition, we used the monthly dam storage estimates from the
Global Reservoir Storage (GRS) dataset69. TheGRSdataset is preparedusing
multi-source satellite data to estimate storage variations of 7245 global
reservoirs from1999 to 2018. Li et al.69 validated the performanceof theGRS
dataset against in situ measurements for 22 Indian dams and reported that
the storage capacity values from the Global Reservoir and Dam database
(GRanD) were significantly larger than those from the India-WRIS. This
discrepancy can lead to overestimation of storage values, particularly
for reservoirs lacking accurate capacity information. To minimize
this issue, we only used GRS data for reservoirs where observed
storage data from India-WRIS were unavailable. While this may still
introduce some uncertainty, it enabled us to include key reservoirs
that would otherwise be excluded due to data gaps. The information
regarding other dam-related parameters was obtained from the
National Register of Large Dams (NRLD).

We used daily precipitation, maximum and minimum temperatures
from five general circulationmodels (GCMs; BCC-CSM2-MR, INM-CM5-
0, MIROC6, NorESM2-MM, and TaiESM1) that were part of the Coupled
Model Intercomparison Project (CMIP)-6 to examine the changes in the
inflow and dam storage under the projected future climate. The selected
GCMseffectively reproduce theobserved seasonal variations in temperature
and precipitation across the Indian monsoon region5,70. We used three
scenarios: historical climate (1951–2014), and two shared socioeconomic
pathways consisting of a low-emission scenario (SSP1-2.6; 2015–2100) and
a high-emission scenario (SSP5-8.5) considering radiative forcing of 2.6 and
8.5W/m2, respectively by the end of 21st century. We selected these two
scenarios as SSP1-2.6 represents a sustainable future, whereas SSP5-8.5
represents the most aggressive scenario because of fossil-fueled develop-
ment. SSP5-8.5 also reflects a trajectory with high energy demand and
continued dependence on fossil fuels71, which remains a significant com-
ponent of India’s current energy sources72. We bias-corrected the CMIP6
projections for the five GCMs using the trend-preserving bias correction
approach73, ensuring the removal of bias while preserving the long-term
climate signal. The bias-correction was performed against the observed
precipitation and temperature datasets.

Hydrological and hydrodynamic models
We used the H08 land surface model22,74 and the CaMa-Flood hydro-
dynamic model23 to simulate streamflow and dam storage. The H08 model
uses daily precipitation, air temperature, short and longwave radiations,
wind speed, surface pressure, and specific humidity as inputmeteorological
forcing to calculate runoff based on saturation excess non-linear flow74. Soil
parameters (Soil Depth, Field capacity,Wilting point, Gamma, Tau) for the
H08 model were obtained from the Harmonized World Soil Database
(HWSD). Additionally, albedo and soil type datasets are taken from the
Global Soil Wetness Project (GSWP)75. We ran the H08 model at 0.25°
spatial and daily temporal resolution from1901 to 2020.We considered five
years as the model’s spin-up period and the final run for 1901–2020 was
started after themodel spin-upwasover.The runoff generated fromtheH08

model at 0.25° is used in the CaMa-Floodmodel to rout streamflow at 0.05°
spatial resolution.

TheCaMa-Flood is a hydrodynamicmodel, which simulates the river-
floodplain dynamics23,76. Globally, the CaMa-Flood model has been exten-
sively used for simulating streamflow77,78. The CaMa-Flood simulates river
floodplain dynamics by solving shallow water equations of open channel
flowwhile explicitly accounting for backwater effects using the local inertial
approximation. The model offers a reservoir operation scheme, which has
been used in many global and regional studies45,64,79–81. The CaMa-Flood
model has beenpreviously used to examine the hydrological changes caused
by dams in various basins82,83. The dammodule of the CaMa-Flood has also
been extensively used for several other purposes such as flood dynamics
downstream of dams and analyzing long-term hydrological changes84–86.
We incorporated the influence of 178 major dams (>3 MCM storage) in
India within the CaMa-Flood model based on the availability of observed
reservoir storage. However, the exclusion of smaller dams and those lacking
consistent observed data, including some on transboundary rivers, repre-
sents a limitation and may lead to an underestimation of localized hydro-
logical impacts. Previous studies reported that small reservoirs, despite their
individual scale, can collectively have substantial effects on stream
discharge87. However, the collective impact of small reservoirs in a basin is
often difficult to quantify due to limited data of reservoir parameters and
operational activities. The model simulations were performed for the two
scenarios: natural conditions (NAT) without considering the role of dams
on streamflowandwith considering the role of dams (DAM)on streamflow.

We manually calibrated the H08 model by adjusting the four para-
meters (single-layer soil depth, gamma, bulk transfer coefficient, and tau)
against the daily streamflow observations at gauge stations74,88,89 [Fig. S4].
We considered 60 gauge stations across 18 river basins to calibrate and
evaluate themodel. For the three transboundary river basins (Indus, Ganga,
and Brahmaputra), where daily observed streamflow data were unavailable,
we used observed monthly streamflow for calibration. We used the coeffi-
cient of determination (R2), Nash-Sutcliffe efficiency (NSE)90 and Kling-
Gupta Efficiency (KGE)91 to determine the performance of themodel.Most
gauge stations showed R2, NSE, and KGE above 0.5 (Fig. S4A–C). In
addition, we evaluated the model’s performance in simulating annual
maximum flow at different locations using bias in high-flow peaks and
timing error (Fig. S4D, E). However, we did not perform this analysis for the
transboundary rivers (Ganga, Brahmaputra, and Indus) due to the una-
vailability of daily streamflow observations. While most gauge stations
exhibited moderate bias, a few stations in the Cauvery, Sabarmati, Krishna,
and Mahi River basins showed a notable dry bias in the simulated mean
annual maximum flow. The poor performance of the model at a few gauge
stations can be attributed to the limited availability of long-term observa-
tions and the considerable influence of human interventions including
irrigation, dam storage, and water diversions. Additionally, daily flow
observations can be affected by measurement errors, changes in gauge
location, and inconsistencies in data recording practices92. Themean timing
error between the simulated and observed peak streamflow is less than two
days at more than 80% of the gauge stations and less than three days for all
the stations. Timing errors in the simulated peak flow can largely be
attributed to errors in model structure, parameters, and initial conditions93,
which can be improved through data assimilation94.

We examined the performance of the models to simulate reservoir
storage. Over 70 dams exhibited NSE above 0.5, while more than 95 dams
showedKGEabove 0.5 in simulating live reservoir storage (Fig. S5A,C). The
dams calibrated against the observations from India-WRIS exhibited better
skills than those calibrated against the GRS dataset (Fig. S5B, D). Li et al.
reported a large bias in the GRS dataset for a few Indian dams, which can be
attributed to uncertainties such as reservoir sedimentation, reservoir geo-
metry approximation, input data inconsistencies, water area representation,
and overestimation69. The reservoir operation scheme may vary from one
dam to another based on several factors, such as purpose, water demand,
and dam location. These operation rules are altered based on the variations
in inflow patterns and they highly influence the release from the dams95.
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This study used the generic dam operation scheme available within the
CaMa-Flood dam module, as the actual dam operation scheme is not
available.

Effect of dams and its linkage with catchment precipitation and
antecedent dam storage
We examined the influence of dams on high-flows in the downstream
regions by estimating the changes in the frequency of high-flow events
considering the influence of dams. Todo this, we calculated the frequency of
high-flows exceeding the 99th percentile threshold over a 30-year period
(1991–2020) under the NAT and DAM scenarios. The 99th percentile
threshold was determined based on the long-term (1901–2020) streamflow
time series under the NAT scenario at each location. Furthermore, we
calculated the mean antecedent dam storage one day before a high-flow
event in the downstream of a dam under the DAM scenario to assess the
ability of dams to reduce the number of high-flow events and to determine
the antecedent storage conditions when dams fail tomitigate high-flows. In
addition, we analyzed the changes in themagnitude of high-flows under the
DAM scenario compared toNAT scenario. For each dam, we estimated the
change in downstream and reduction in the number of high-flow events.
Additionally, we calculated the changes in high-flowmagnitudes exceeding
90, 95 and 99.9th percentile thresholds. We accounted for different thresh-
olds to examine how dams influence high-flow events of varying intensity.
We also examined the linkage of dam-induced changes in river flows with
the precipitation in the upstream catchment and antecedent dam storage.

We examined the projected change in duration (number of days)
during which dams remain full under different global warming levels. In
addition, we estimated the change in the frequency of compound events
where high inflow events (>99th percentile) occur when dam storage
exceeds 90%of their capacity,which indicates thenumber of instanceswhen
dams may become ineffective in mitigating downstream floods under dif-
ferent global warming levels. To simulate future dam dynamics under
changing climate conditions,weuse bias-corrected climate projections from
the GCMs to run the H08 and CaMa-Flood models.

Data availability
The data used in this study are properly cited in the relevant sections. All
data used for analysis are from publicly available sources. IMD data can be
downloaded from the IMD website (https://imdpune.gov.in/cmpg/
Griddata/Rainfall_25_NetCDF.html). The Princeton Global Forcing data-
sets are available from the online repository (https://hydrology.soton.ac.uk/
data/pgf/). Streamflowdata can be accessed from the IndiaWaterResources
Information System (I-WRIS) website (https://indiawris.gov.in/wris/#/
timeseriesdata). The Global Reservoir Storage (GRS) dataset is available
from the Zenodo repository (https://zenodo.org/records/7855477).
The CMIP6 climate projections datasets are available from the CEDA
archive (https://data.ceda.ac.uk/badc/cmip6/data/CMIP6). The codes
that support the findings of this study are available from the author
on request.
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