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Abstract
Many reservoirs have been built throughout the globe to satisfy the various water demands and control
�oods. A reservoir module is developed based on the Concept of Storage Zoning (CSZ) and implemented
in a newly developed National Hydrological Model-India (NHM-I). The developed reservoir module is
calibrated and validated independently for the Sardar Sarovar dam over 2010–2014 and 2015–2020.
Results show that the module can satisfactorily simulate the trend and temporal patterns of water levels
and spills from a reservoir. The Nash Sutcliffe E�ciency (NSE) value is estimated as 0.90 and 0.91 for
reservoir water level and 0.87 and 0.86 for reservoir spill-over during calibration and validation. Further,
the integrated NHM-I model is calibrated and validated for another catchment (Panchet catchment) in
Damodar valley, India having Tenughat and Panchet reservoirs. Results demonstrate that the integrated
model captures the reservoir in�ows, out�ows, and storage levels satisfactorily. Also, the model
simulation results with and without the reservoir module show that the model performance improved by
including the reservoir module. The integrated model will help assess the management practices adopted
in a reservoir-regulated river basin for effective water management.

1. Introduction
In the 21st century, water is an essential element in developing, planning and managing a region. Water
demand from agriculture, domestic usage and hydropower generation is increasing rapidly with
population increase. Many reservoirs have been built worldwide to satisfy the water demands and control
�oods. Reservoirs affect the hydrology of a river basin by reducing the high �ows and altering the low
�ows in catchment areas (Wang and Xia 2010). Construction of reservoirs is expected to further increase
in the near future; therefore, efforts have been made recently toward a clear understanding of the human
and hydrological system’s interaction (Bellin et al. 2016). Hydrological modelling is bene�cial for
understanding the water balance, impact of anthropogenic activities and water resources management
(Jung et al. 2012; Mulligan 2012; Sushanth and Bhardwaj 2018). Distributed hydrological models
explicitly account for the water exchanges among all hydrological components, including groundwater,
surface water and land surface processes (Mauser and Bach 2009; Jung et al. 2012). When the
distributed hydrological models operate on the major river basin scale, the signi�cance of incorporating
the reservoirs is high as we may �nd many reservoirs in the study areas. These reservoirs considerably
affect the water balance and water resources management in the respective study areas and need to be
considered while modelling.

Generally, the hydrological models may be classi�ed as hydrology-oriented and water management-
oriented models based on their simulation objectives. Water management-oriented models concentrate
more on management practices for water uses compared to hydrological processes. In contrast, the
hydrology-oriented models mainly focus on representing complex hydrological processes with simple or
no water management techniques (Bellin et al. 2016). Representing the reservoirs in these models is
challenging in many aspects. Many available models were initially developed to assess hydrological
variables, so further modi�cations are needed in the model structure to represent reservoirs. The data
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availability is also questionable as there is no information on reservoir operating rules and management
plans for most reservoirs (Zajac et al. 2017; Dang et al. 2020). In representing the reservoirs in
hydrological models, some researchers have used the relation between in�ow and out�ow or rating curve
technique to describe reservoirs in the modelling (Meigh et al. 1999; Wisser et al. 2008; Donnelly et al.
2016). These simple methods neglect the reality of reservoir operation, which mainly depend on water
demands and purpose. In this context, several researchers have worked on the generic optimisation
algorithms to set operation rule curves for individual reservoirs while modelling (Haddeland et al. 2006;
Hanasaki et al. 2008; Biemans et al. 2011; van Beek et al. 2011; Wada et al. 2016 Shin et al. 2019).
Although these techniques are easy to implement, such models do not accurately reproduce the observed
�ows and represent seasonality and inter-annual variability (Voisin et al. 2013; Coerver et al. 2018).
Researchers have also used Arti�cial Neural Networks (ANN) techniques to determine the reservoir
releases (Ehsani et al. 2016; Coerver et al. 2018; Yang et al. 2019). The limitation of these ANN techniques
is their inability to understand the mechanisms in reservoir operations due to their ‘black-box’ nature. It is
essential to consider reservoir zoning with site-speci�c operation policies for accurate modelling of the
operations of multipurpose reservoirs, provided the required data are available.

Given the advances in computational resources and the growing availability of data, methods based on
the Concept of Storage Zoning (CSZ) seem to be the most promising technique for simulating reservoir
storage and releases (Yassin et al. 2019). CSZ is a unique technique in which total reservoir storage is
divided into several zones, with each zone having a speci�c service objective. Some researchers have
used ‘CSZ with operation rules or target storage’ to represent reservoir operations (Wu and Chen 2012;
Burek et al. 2013; Tinoco et al. 2016; Dang et al. 2019: Yassin et al. 2019; Giudici et al. 2021). The main
limitation of these studies is that they neglect the water demands, which guide the reservoir operations.
Also, the reservoir operation based on operation rules or target releases may not be applicable for all
Indian reservoirs (Jain et al. 1998). Zhao et al. (2016) used the ‘CSZ with water demands’ and
implemented it in the Distributed Hydrology Soil Vegetation Model (DHSVM). However, the developed
reservoir module does not simulate seepage losses, which could be signi�cant in large reservoirs. It
requires a large amount of input data, which makes the module complex. Also, the study does not
consider the operation rules on which some of the reservoirs work. Therefore, a parsimonious reservoir
module based on CSZ with water demands and rule curves is needed to represent the reservoir operations
in a hydrological model. The National Hydrological Model-India (NHM-I) (formerly, Satellite-based
Hydrological Model (SHM)) is a recently developed distributed hydrological model for India, which mainly
focuses on the spatial variation of hydrological variables for analysis of sustainable water resources
management at the scale of river basins (Paul et al. 2018). Older versions of NHM-I only focus on
representing complex hydrological processes with naturalised stream�ow; thus, the performance of NHM-
I in a reservoir-regulated river basin can be enhanced by including the reservoir operation.

The present study focuses on developing and testing a reservoir module that can be implemented in a
distributed hydrological model framework. Subsequently, the developed module is integrated into the
NHM-I, and the performance of the integrated model is assessed in a reservoir-regulated river basin.
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2. Methodology
2.1. Development of the reservoir module

The core of the reservoir module is based on the daily water balance simulation using the following
equation:

S 2 = S1 + I + P – E – O – W– SP (1)

Where S1 & S2 are the initial and �nal storage of the reservoir in a day, I is the in�ow to the reservoir, P is
the precipitation on the reservoir surface, E is the evaporation loss from the reservoir, O is the spill-over
from the reservoir, W is the withdrawal from the reservoir and SP is the seepage loss from the reservoir (all
units are in m3).

The �ow chart illustrated in Fig. 1 presents the steps followed in the development of the reservoir module.
These steps are brie�y discussed below:

The initial storage level (H1) for the �rst simulation day is user input and is necessary to run the reservoir
module. Initial storage volume (S1) is derived from the reservoir's elevation-storage relationship
corresponding to H1 (Eq. 2). The elevation-storage relationship is developed using the reservoir’s
bathymetric information (explained in subsequent section 2.1.1). The current reservoir level (Ht) is the
level in the reservoir after in�ow has been added to the initial storage. The release scheme uses Ht and
water demand to calculate the amount of water released from the reservoir as a spill-over (O) and
withdrawals (W). The detailed description of the release scheme is explained in section 2.1.2. Water
demand (D) plays a signi�cant role in the release scheme, but data availability is always a concern. The
daily water demand data, if available, is used as an input to the reservoir. However, in certain reservoirs,
releases solely depend on the storage level, without considering the demands. For calibrating the
performance of such reservoirs, observed withdrawal data is used directly as a demand.

After calculating the out�ows and withdrawals through the release scheme, precipitation, evaporation
and seepage losses are determined in volumetric units for the water balance equation. The precipitation
volume (P) is calculated by multiplying the daily precipitation depth (p) with the reservoir surface area
(A). The reservoir's surface area depends on the reservoir storage level, and it is calculated using the
elevation-area relationship (Eq. 3) of the reservoir. Evaporation losses (E) are calculated by multiplying
the daily evaporation rate (Er) with the reservoir surface area (A) corresponding to the reservoir storage
level. Seepage losses (SP) are calculated by multiplying the seepage rate (SR) with the reservoir surface
area, assuming that the wetting area is equal to the reservoir surface area. SR is calibrated against the
storage level, as seepage rate data is usually unavailable from the reservoir o�cials. The base value and
optimum range of SR can be taken from published �gures or �eld experiments. Finally, the �nal storage
volume (S2) is calculated using the water balance equation (Eq. 1), and the corresponding H2 becomes H1

for the next time step, and the procedure continues.
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2.1.1 Storage-Area-Elevation relationship

The crucial step in developing the reservoir module is calculating the reservoir's storage and water
surface areas at each time step. Since non-linear equations �t a reservoir's elevation-area and elevation-
storage relationships better (Zhao et al. 2016), we used the following exponential functions as default
options for these relationships:

Where a, b, c and d, e, f are the elevation-storage and elevation-area relationship coe�cients, respectively;
H, S and A are the reservoir water elevation (m), storage (m3), and water surface area (m2), respectively.
2.1.2 Release scheme

For developing the reservoir module, we have used two different release schemes: (1) the concept of
storage zoning and (2) the concept of storage zoning plus rule-curve.

Concept of Storage Zoning (CSZ)

Many reservoir management agencies use the CSZ technique to manage the stored water e�ciently,
especially in India (Jain et al. 1998). CSZ divides the reservoir storage into several zones, with each zone
serving a speci�c objective to maximise the reservoir functionality (Fig. 2). The dead zone is the lowest
water level, which is provided for ecosystem protection and sediment deposition. Water for satisfying
various demands (municipal, agricultural, hydropower and environmental) is supplied from the
conservation zone. The �ood control zone, immediately above the conservation zone, stores water to
avoid �ood risks. Following the objectives of each zone, the scheme calculates the reservoir out�ows and
storage levels based on initial storage level, in�ows, the safe carrying capacity of the downstream
channel, and water demands using the �ow chart (Fig. 3):

Where Hd, Hc, Hf, Sd, Sc and Sf are the storage levels (m) and volumes (m3) at the dead, conservation, and

�ood control zones, respectively; Ht and St are the current storage level and volume (m and m3); D is the

water demand (m3); Q (= (St-Sc-D)/Δt) is the �ow rate (m3/s); Qc is the maximum capacity of the

downstream channel (m3/s); α is a discharge coe�cient, which is a calibration parameter that concerns
the operation of the dam gates; and Δt is the modelling time step (24 hours).

The proposed scheme works on the assumption that the withdrawal is taken �rst from the storage. As
described in the �ow chart (Fig. 3), if the current water level is in the dead storage zone (Ht < Hd), water
withdrawal is not permitted, and the spill-over is zero. If the water level is in between the dead zone and
the conservation zone (Hd < Ht < Hc), to avoid adverse withdrawal, we �rst need to check whether the
available storage is greater than the demand? If yes, the water withdrawal equals the water demand, and
the spill-over is zero. Water demand includes the water released for consumptive (agricultural, domestic
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and industrial) and non-consumptive (environmental �ow and hydropower) water uses. If the available
storage is less than the demand, the withdrawal equals the available storage (St-Sd), and the spill-over is
zero.

When the reservoir water level is between the conservation zone and the �ood control zone (Hc< Ht < Hf),
withdrawal equals the demand, and the excess water is released downstream. However, the release
cannot exceed the maximum downstream capacity (Qc). When Q < Qc, available storage is checked with
demand �rst before allocating the water to avoid negative values of spill-over. If the available storage is
less than the demand, the spill-over is zero; else, the spill-over equals the proportion of the available
storage minus withdrawal (α(St-Sc-D)). When Q > Qc, the water is released at the downstream capacity rate
(Qc × Δt). α is a decision-based parameter of the dam which deals with �ow regulation by gates. α ranges
from 0 to 1, with α = 1 representing an uncontrolled reservoir. When gates control the reservoir, α lies
between 0 and 1. Since α changes with the reservoir, it is usually considered as a calibration parameter.
Also, α can be lumped or distributed based on the season (monsoon, non-monsoon, summer) or month.
Finally, when high in�ows cause the water level to rise above the �ood control zone (Ht > Hf), the reservoir
will be evacuated up to the �ood control level.

Concept of Storage Zoning plus Rule-curve

In certain reservoirs, CSZ is used along with a rule curve to operate the reservoir effectively. We have used
another release scheme for such reservoirs by adding a rule curve to the CSZ release scheme. The rule
curve speci�es the storage to be maintained in the reservoir at different times of the year (Fig. 4). It is
constructed based on the assumption that the reservoir can ful�l its purposes by following the rule curve.
It is usually derived using the predicted and historic �ows and water demands for a reservoir. However, it
may not be feasible to follow the rule-curves on all occasions due to the high or low water demands and
low in�ows.

The CSZ plus the rule-curve scheme is the same as the CSZ release scheme, except when the water level
is in the conservation zone (Hd < Ht ≤ Hc). We �rst need to compare the current water level with the rule-
curve elevation (Hrc) for a particular day in this zone. If Ht > Hrc, then to avoid adverse withdrawal, we
check whether the difference between the current storage and the rule-curve storage (St-Src) is more than
the demand? If yes, the water is released based on the demand (D), and the spill-over is zero. Otherwise,
withdrawal is equal to the difference between the current and rule-curve storage (St-Src), and the spill-over
is zero. If Ht < Hrc, both withdrawal and the spill-over are zero and water is preserved to ful�l the future
demands.
2.1.3 Reservoir module overview

The present study aims to implement the reservoir module in the distributed hydrological model, NHM-I.
The module requires additional input data like storage-area-elevation relationships, initial storage level,
prescribed storage levels (Hd, Hc, Hf), water demand and rule-curve. The module also includes two
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calibration parameters: SR and α. The module outputs include the reservoir storage level, water
withdrawal and spill-over at each time step.
2.2 Independent testing of reservoir module

The developed reservoir module needs to be tested using the data of a well-managed reservoir to assess
its effectiveness. The testing could help determine the optimum parameter values and their range and
evaluate the module uncertainties.

2.2.1 Study area for reservoir module testing

Sardar Sarovar Dam, one of the best-managed reservoirs in India, has been chosen for testing the
developed reservoir module independently. The Sardar Sarovar dam (21°49′49″N; 73°44′50″E) is built on
the Narmada river, Gujarat, India (Fig. 5). The project was initially constructed with a lower height of
110.64 m in 2001, which was later increased by the Narmada Control Authority to 121.92 m in March
2006 and 138.68 m in June 2017. The dam is constructed for drinking water, irrigation and hydroelectric
power generation purposes.
2.2.2 Reservoir module input data

The primary data like the reservoir bathymetric information, such as reservoir elevation, storage, and
surface area, and the storage zone divisions of the Sardar Sarovar dam is obtained from the Sardar
Sarovar Narmada Nigam Ltd. (SSNNL). Table 1 presents the data pertinent to the storage zones in the
dam. Reservoir data such as daily in�ow, out�ow, and reservoir initial water levels are obtained from the
SSNNL. Total water demand is calculated by adding all water releases provided by SSNNL as a
schematic of water distribution to meet various demands. As the module is tested independently, we have
used the observed reservoir in�ow as input to the module. Daily evaporation data is obtained from the
SSNNL for 2010 - 2020. Daily precipitation data at the Sardar Sarovar dam location is obtained from the
India-WRIS portal (https://indiawris.gov.in/wris/#/) for the same period.

  
Table 1

Reservoir storage zoning of Sardar Sarovar, Tenughat and Panchet dams

Zone Elevation from Mean Sea Level (m)

Sardar Sarovar Tenughat Panchet

Dead storage zone (Hd) 89 249.02 119.48

Conservation zone (Hc) 121.92
(Before 17-June-2017)
138.68

261.34 124.97

Flood control zone (Hf) 140.21 268.83 132.59
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2.3 NHM-I model

The assessment of water resources using spatial data is a challenging assignment for an immense
nation like India. Thus, distributed hydrological modelling of the large river basins in India has been a
progressive work to do. A fully distributed conceptual model, NHM-I (formerly SHM), is developed (Paul et
al. 2018). NHM-I has a �exible grid resolution option (1 km×1 km, 2.5 km×2.5 km, 5 km×5 km and 10
km×10 km) for entire India. The land cover and soil characteristics at the grid centre are assumed as
characteristics of the entire grid. Initially, there were �ve modules named Surface Water (SW), Forest (F),
Snow (S), Ground Water (GW) and Routing (ROU) in NHM-I. The F and S modules simulate the
hydrological variables in the forest and snow land cover grids, respectively, whereas, SW module
simulates the hydrological processes in the remainder of the grids. In�ltration from all grids is given as an
input to the GW module, which simulates the base�ow at channel grids. The ROU module routes this
base�ow from channel grids and surface runoff from all grids to a prescribed outlet as stream�ow. For
further details on NHM-I, please refer to Paul et al. (2018).
2.4 Implementation of Reservoir module in NHM-I

2.4.1 Implementation concept

Generally, runoff from the catchment is routed by the channel routing to the reservoir as in�ow. The
reservoir module releases a part of the in�ow to the downstream channel as spill-over. The water released
as spill-over is routed to the next reservoir and joins the runoff generated from the catchment of that
particular reservoir. Unlike earlier versions of NHM-I, which could simulate the stream�ow at a single
outlet, in a reservoir module-integrated model, the stream�ow must be calibrated at multiple reservoir
sites before use as an input to the reservoir module. Therefore, a multi-outlet approach has been
introduced in NHM-I to simulate the stream�ow at different outlets upstream of the target reservoir or
outlet. Fig. 6 illustrates the conceptual representation of the multi-outlet approach. In the multi-outlet
approach, the stream�ow from the catchment grids of the �rst reservoir or outlet is simulated using an
independent parameter set. The stream�ow from the remaining catchment grids of the second reservoir
or outlet is simulated using another parameter set. The process continues until the last outlet. The multi-
outlet approach permits the independent calibration of the parameter set for individual outlets
considering variations in the climate, soil and land use. Thus, the multi-outlet approach helps in adopting
the spatially distributed approach for the model simulations.
2.4.2 Integration of Reservoir module with NHM-I

The developed reservoir module has been implemented in NHM-I using a point reservoir, i.e., a single
model grid representing the actual dam location and the reservoir. The precipitation and evaporation
depths needed for the reservoir water balance are taken from the NHM-I input data for the particular
reservoir grid. During the reservoir module implementation, the model involves three phases at each time
step. For example, in a river basin having a reservoir inside the basin boundary, the steps would be (1)
routing of stream�ow from reservoir’s catchment through ROU module to reservoir; (2) reservoir water
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balance simulation to determine the spill-over through reservoir module; (3) routing of stream�ow from
remaining catchment and the spill-over from the upstream reservoir through ROU module to the outlet.
2.5 Integrated model application: a case study in the Panchet catchment

2.5.1 Study area

Panchet dam catchment, including the Tenughat dam, is selected for testing and assessing the reservoir
module integrated NHM-I. The Panchet dam catchment (Fig. 7) is a part of the Damodar Valley
Corporation (DVC), located at the state boundaries of Jharkhand and West Bengal (23º40’N; 86º46’E),
India. The total area of the Panchet dam catchment is 11038 km2. Panchet dam was constructed in 1959
to control the �oods and generate hydropower. The Tenughat dam with a catchment area of 4480.7 km2

was constructed in 1981. The primary purpose of the Tenughat dam is the industrial water supply.
2.5.2 Input data

A 30-meter-high resolution Digital Elevation Model (DEM) data is downloaded from the USGS Earth
Explorer platform. Using QGIS software, the information is projected and resampled to the model
resolution (5 km × 5 km) while performing �ll, �ow direction and �ow accumulation operations. At
Tenughat and Panchet dam sites, outlet points are created; and watershed boundaries corresponding to
each outlet are delineated. The Tenughat and Panchet catchment areas have 209 and 436 grids of 5 km
× 5 km resolution, respectively. A high spatial resolution daily gridded rainfall data (0.25 x 0.25 degree)
and maximum and minimum temperature data (1 x 1 degree) for ten years (2009-2018) is downloaded
from the India Meteorological Department (IMD). The data is interpolated using the linear interpolation
method for each grid and used as the model input. The zone division and bathymetric information for
Tenughat and Panchet dams are obtained from the Damodar Valley Corporation (DVC) (Table 1).
Reservoir data such as in�ows, withdrawals and reservoir initial water levels were also obtained from the
DVC. Total water demand of reservoir is calculated by adding all water releases to various demands of
respective reservoirs. In�ows to the Tenughat and Panchet dams are used as the observed stream�ow
data for the performance evaluation of the model.
2.6 Evaluation criteria

We have used the coe�cient of determination (R2), Nash–Sutcliffe e�ciency (NSE; Nash and Sutcliffe,
1970), and per cent bias (PBIAS) to evaluate the simulated reservoir storage and out�ows.

NSE is a transformed and normalised measure of the overall root mean square error. It varies between -∞
and 1, with 1 representing the perfect �t. It is expressed as,

Where Qo is the observed stream�ow (m3/s), Qsim is the simulated stream�ow (m3/s), 
−

Qo is the average

observed stream�ow (m3/s), and N is the number of observations.
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R2 represents the proportion of the variation in the simulated variable with respect to the observed
variable. It varies between 0 and 1, 1 being the ideal value. It is given as,

Where  is the average simulated stream�ow (m3/s).

PBIAS shows the model performance based on the difference between simulated and observed variables,
expressed as a percentage of the observed variable (Moriasi et al., 2007). Its acceptable range varies
from -25–25%. It is expressed as,

3. Results And Discussion

1.7 Results of independent testing of Reservoir module

1.7.1 Storage-Area-Elevation relationship
Bathymetric information of the Sardar Sarovar dam, i.e., the elevation and the corresponding storage
data, were �tted into the Elevation-Storage relationship (Eq. 2) to get the coe�cient values of a =
1.37×105, b = 21.28×10−5 and c = -1.38×105, with a coe�cient of determination (R2) of 0.99 (Fig. 8(a)).
Similarly, the elevation and the corresponding surface area data were �tted into the Elevation-Area
relationship (Eq. 3) to get the coe�cient values of d = 1.89×105, e = 1.14×10−5 and f = -1.89×105 with R2

of 0.98 (Fig. 8(b)). As evident from the �gures, the developed exponential equations �t the observed data
well. Therefore, the developed relationships can be effectively used in the reservoir module.

1.7.2 Calibration and validation of reservoir module
The developed reservoir module was calibrated against the observed reservoir water levels and out�ows
of the Sardar Sarovar dam during 2010–2014. The observed water level of 114.2 m on 1st July 2010 was
used as the initial reservoir level. The calibrated values of SR and α were found as 0.25 mm/day and 0.55,
respectively. During calibration, R2, NSE and PBIAS were found as 0.96, 0.90 and -0.05% for water levels,
and 0.89, 0.90 and -0.71% for out�ows, respectively. Using SR and α, the reservoir module was validated
against the observed water levels and out�ows during 2015–2020. During the validation, R2, NSE and
PBIAS were found as 0.98, 0.92 and 0.15% for water levels, and 0.96, 0.93 and 0.13% for out�ows,
respectively. Figs. 9 and 10 present the observed and simulated reservoir water levels and out�ows during
the calibration and validation. Based on the visual observations and R2, NSE and PBIAS values during the
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calibration and validation, we may infer that the reservoir module performs satisfactorily in simulating
the reservoir water levels and out�ows (Moriasi et al., 2007).

The module also captures the conservation zone level (Hc) change from 121.92 m to 138.68 m,
introduced by the reservoir authorities in June 2017. It may be noted that during the simulation period, the
water level remained mainly in the conservation zone, exceeding Hc occasionally during the monsoon
season (Fig. 9). Spill-over was observed to be less between the non-monsoon seasons of 2014-15 and the
monsoon seasons of 2016-17 as there were no �ooded in�ows from the upstream area (Fig. 10). After
the conservation zone was raised in June 2017, spill-over got curtailed as the water level remained mainly
below the Hc level, except during the monsoon season in the past two years, i.e., 2019-20 and 2020-21.
Since the reservoir module performance in the conservation and �ood control zones depends highly on
the water demand data and α, respectively, special care should be taken in assigning these values.

1.8 Results of integrated model testing
As discussed in Section 2.5.1, the integrated hydrological model NHM-I was tested in the Panchet dam
catchment having two reservoirs, i.e., Tenughat and Panchet, in the study area. The integrated NHM-I
model was calibrated from 2009 to 2013 and validated from 2014 to 2018 for both the reservoirs.
Different parameter sets (including NHM-I and reservoir module parameters) were used to calibrate each
reservoir (section 2.4.1). In the process, NHM-I model parameters were only calibrated in simulating the
reservoir in�ows. After successful calibration and validation of in�ows, the reservoir module parameters
were calibrated for accurate reservoir water levels and out�ows.

1.8.1 Calibration and validation results
Figure 11 presents the daily variations in the simulated and observed in�ows to the Tenughat and
Panchet reservoirs during calibration and validation. Table 2 presents the statistical indices (R2, NSE and
PBIAS) of integrated NHM-I during the calibration and validation. The graphical comparison of the
observed and simulated in�ows and the corresponding statistical indices (Table 2) show that the model
performed satisfactorily (Moriasi et al. 2007). It is observed that the model simulated the peak �ows well
but was inconsistent in simulating the medium �ows. The results here were similar to those reported by
Paul et al. (2018).
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Table 2
Statistical indices of NHM-I for Tenughat and Panchet reservoir

Reservoir Variables Calibration Validation

R2 NSE PBIAS R2 NSE PBIAS

Tenughat In�ows 0.60 0.59 17.7% 0.60 0.57 38.88%

Water levels 0.89 0.88 -0.02% 0.85 0.79 -0.14%

Out�ows 0.64 0.64 7.25% 0.78 0.77 7.75%

Panchet In�ows 0.63 0.61 18.17% 0.66 0.64 33.16%

Water levels 0.88 0.87 0.07% 0.89 0.88 0.05%

Out�ows 0.89 0.89 -2.27% 0.90 0.89 -1.57%

NHM-I showed promising results in simulating the water levels of Tenughat and Panchet reservoirs.
Fig. 12 presents the time series plots of the observed and simulated reservoir water levels. It is evident
from the �gure that the model captured the trend and temporal pattern of the reservoir water levels well.
Thus, based on the graphical evaluation and the values of the performance measures (Table 2), the
model performance may be categorised as ‘very good’ in simulating the reservoir water levels (Moriasi et
al. 2007). However, at times, the Tenughat reservoir water levels were over or under-estimated. This erratic
performance may be due to errors in estimating water demands, leading to incorrect reservoir releases.
Therefore, care must be taken in estimating the water demand as even a minor error may have a
cascading effect on the model performance.

The model also satisfactorily simulates the Tenughat and Panchet out�ows (Fig. 13; Table 2). However,
the model showed some discrepancies in estimating the peak out�ows from the reservoirs. The erratic
performance may be due to the lumped property of the parameter α that may introduce inaccuracy in the
spill-over estimation from the reservoirs during �ooded conditions. Also, the model performed better in
simulating the out�ows from the Panchet reservoir compared to the Tenughat. The erratic water level
simulations in the case of Tenughat, as discussed earlier, may be responsible for the inaccuracies in the
out�ow estimation.

A closer look at the reservoir out�ows shows that the spill-over from both the reservoirs occurred
simultaneously (Fig. 13). Thus, it may be concluded that the Tenughat spill-over signi�cantly in�uences
the spill-over from the Panchet reservoir. Also, the water level in the Tenughat reservoir rises above the
conservation zone level (261.34 m) occasionally, indicating the storage availability to handle �ooded
in�ows (Fig. 12). On the contrary, the Panchet reservoir water level is mostly above the conservation zone
level (124.97 m), which may cause �oods in downstream areas. Thus, a better operation of the Tenughat
reservoir can effectively reduce the �ood risks in the Panchet downstream areas. Thus, the integrated
model demonstrates its capability to capture multiple reservoirs' inter-dependency in a river basin.
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We tried to analyse the performance of the integrated NHM-I model with the earlier reported attempts of a
similar kind. We found three similar studies that adopted the CSZ principle for the reservoir operation and
linked them to a hydrological model. Wu and Chen (2012) reported a new reservoir scheme based on
target releases for the SWAT model. The integrated model performance was satisfactory (NSE > 0.50) in
simulating the storage and out�ow at daily, weekly and monthly scales. However, the scheme neither
considered the actual water demands nor the reservoir operation. Instead, it assumed the out�ow in a
given day to be proportional to the average long-term out�ow with the help of three decision-based
parameters. These decision-based parameter values varied with time (year to year), making the
calibration challenging. In contrast, Yassin et al. (2019) developed the Dynamically Zoned Target Release
(DZTR) model and implemented it in the MESH model. The DZTR model used target releases and
storages (maximum, normal and critical) to decide the out�ows without referring to the actual reservoir
operation and water demands. The model alone consists of six parameters (of target releases and
storages) that can vary for different months of the year. The integrated model was tested in seven
reservoirs of Western Canada. The model performance varied from moderate to satisfactory for reservoir
releases, but the performance for the storage levels was poor. Zhao et al. (2016) developed a reservoir
module based on water demands and integrated it with the distributed model DHSVM. The DHSVM
model performance in simulating the reservoir releases and storage of two reservoirs was good (NSE >
0.70) except in a few instances. However, the model used calibrated monthly water demand as study
reservoirs did not have daily demand data. The model also required excessive input data about
downstream conditions, control points and sedimentation. Though we cannot compare the results of
these studies directly with ours due to varying conditions, we may infer that our model performed better.
Also, our module has fewer parameters and requires lesser input data than the models reported in the
above studies. Thus, our module is simple and satis�es the “principle of parsimony”.

1.8.2 Impact of Reservoir module on stream�ow
For analysing the Reservoir module's impact on the model performance and stream�ow, the NHM-I model
for the Panchet reservoir was also calibrated and validated without the Reservoir module. The daily
in�ows to the Panchet reservoir were calibrated and validated over 2009-2013 and 2014-18, respectively.
The statistical indices during the calibration period were R2 = 0.59, NSE = 0.56 and PBIAS = 9.62%. The
model also performed satisfactorily during the validation, with R2 = 0.63, NSE = 0.61and PBIAS = 26.94%.

NHM-I validation results (2014 - 2018) under the two scenarios, i.e., NHM-I with and without the reservoir
module, were compared to analyse the impact of the reservoir module on the stream�ow simulations.
Table 3 presents the R2, NSE and PBIAS, along with the Root Mean Square Error (RMSE) for the two
scenarios. As evident, R2, NSE and RMSE were better when the reservoir module was integrated with
NHM-I, but PBIAS showed some discrepancy. The results showed that the inclusion of the reservoir
module had a positive impact on the stream�ow simulations. Table 4 presents the basic statistics of the
simulated stream�ows. The mean and variations of the simulated stream�ow were expectedly reduced
due to reservoir storage and withdrawal when the reservoir module was included. Further, with the
inclusion of the reservoir module, the simulated stream�ow distribution (25, 50, 75 percentile) and Inter
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Quartile Range (IQR) were reduced due to the alteration in low �ows. However, the maximum stream�ow
had only a marginal difference in the two scenarios.

Table 3
Comparison of the objective functions of NHM-I, with and without the

reservoir module
Reservoir Consideration R2 NSE RMSE (m3/s) PBIAS (%)

Without 0.63 0.61 188.85 26.94

With 0.66 0.64 177.74 33.16

Table 4
Comparison of basic statistics of simulated stream�ows, with and without the reservoir

module
Reservoir

Consideration

Mean S.D. Min. Percentile Max. IQR

25% 50% 75%

Without 74.45 212.28 0.81 2.63 10.02 66.55 3694.67 63.92

With 68.38 211.82 0.8 1.15 4.71 54.15 3487.9 53

(S. D. = Standard Deviation; IQR = Inter Quartile Range; All units are in m3/s)

Figure 14 presents the annual stream�ows and peak discharges during 2014-2018 as bar plots. We
observed a reduction in the annual stream�ow and peak discharges in all years in the second scenario,
i.e., simulations with the reservoir module included. The maximum difference (2509.87 m3) between the
annual stream�ow of the two scenarios was observed in 2018. The difference in the annual stream�ow
in the remaining years was almost identical, i.e., around 2000 m3. The maximum difference between the
peak discharges of the two scenarios (206.77 m3/s) was observed in 2017. In upstream �ooded
conditions, the reservoir takes time to release the water through the spillway, which may be the reason
behind only a marginal reduction in the peak discharge.

1.9 Sensitivity analysis of the reservoir module parameters
and demand
After the practical testing of the reservoir module, uncertainty in the model results was addressed. The
local sensitivity analysis, i.e., one-parameter-at-a-time, was carried out for the Panchet reservoir during the
validation period (2014-2018). The reservoir module parameters (α and SR) and the water demand were
considered in the analysis. The module objective function NSE was chosen as the output in the analysis.
The sensitivity of a parameter (x) at a given level of perturbation (Δx) is calculated by the change in the
module output (NSEx+Δx – NSEx−Δx) due to the change in the parameter value ((x + Δx) - (x-Δx) = 2Δx).
Table 5 presents the sensitivity of parameters at different perturbation levels in simulating the reservoir
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storage levels and out�ows. It is evident that α is the most sensitive parameter in simulating the out�ows.
On the other hand, the reservoir storage levels are in�uenced by the water demand.

Table 5
Sensitivity of parameters at different levels of perturbation in simulating the reservoir

storage levels and out�ows
Parameter For storage levels For out�ows

Δx = 5% 10% 15% 20% Δx = 5% 10% 15% 20%

α -0.01 0 0 0.01 -0.14 -0.29 -0.43 -0.57

SR 0.01 0.03 0.03 0.05 0 0 0 0

Demand 0.36 0.73 1.09 1.42 0.01 0.01 0.01 0.01

The sensitivity analysis shows that the dam gates operations, represented by parameter α, play a
signi�cant role in governing the out�ows. However, controlling the number of gates to operate when the
water level is in a �ood control zone may be di�cult for a modeller, and we must have real-time data.
Moreover, the lumped nature of α may also cause uncertainties. Though the α value can be distributed
based on the season (monsoon, non-monsoon and summer) or month to decide whether to store or
release the water at that particular time, lumped nature of α may not be eliminated. Therefore, special
care should be taken while �xing its value. The demand data also have a considerable effect on reservoir
module performance (Table 5). However, the accuracy of demand data is always questionable, and the
demand data may not be available for all reservoirs. The required demand data can be carefully taken
after calibrating the monthly or seasonal demands in scarce data conditions. Also, it may be emphasised
that reservoir in�ow modelling plays a crucial role in module e�ciency as the reservoir in�ows
signi�cantly affect the reservoir water balance.

4 Conclusions
Man-made structures like reservoirs signi�cantly affect the downstream �ows in a river basin. In this
study, a reservoir module was developed based on the concept of storage zoning (CSZ) and implemented
in a distributed hydrological model to analyse the reservoir out�ows and storages. The developed module
performed well in capturing the daily reservoir releases and storage variations. The inclusion of the
reservoir module in the hydrological model improved the model performance in capturing the altered
stream�ow distribution and peak �ow variations. Therefore, the study may help the reservoir o�cials in
better decision making for effective management of reservoirs in the study area and other similar areas
elsewhere.

Though the integrated NHM-I model was tested in only the study basin, it can also be applied to other
basins as CSZ guides most reservoirs' operation. However, the integrated model also allows applying it
for the reservoirs being operated based on rule curves. Future research may include testing the integrated
NHM-I model for reservoirs that operate on rule curves and multi-reservoir basins under climate change
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conditions. A water demand module may be embedded with the existing reservoir module to improve its
performance. Also, the model performance may be tested with the short-term rainfall forecasts to how the
reservoir levels and out�ows vary in near real-time.
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Figure 1

Reservoir module �owchart
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Figure 2

Reservoir with a storage zoning
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Figure 3

Release scheme considering CSZ

Figure 4

Reservoir's rule-curve

Figure 5

Location of the Sardar Sarovar dam

Figure 6

Conceptual representation of the multi-outlet approach

Figure 7
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Location of the study area

Figure 8

The �tted (a) elevation-storage, (b) elevation-area relationships for the Sardar Sarovar dam

Figure 9

Time series plot of the observed and simulated reservoir water levels during the calibration and validation

Figure 10

Time series plot of the observed and simulated reservoir out�ows during the calibration and validation
periods

Figure 11

Time series plot of the observed and simulated reservoir in�ows (a) Tenughat (b) Panchet

Figure 12
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Time series plots of the observed and simulated reservoir water levels (a) Tenughat (b) Panchet

Figure 13

Time series plots of the observed and simulated reservoir out�ows (a) Tenughat (b) Panchet

Figure 14

Effect of the reservoir on the annual stream�ow and peak discharge


