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Abstract Integrated watershed planning, management and decision-making are
important for the efficient utilization of available water resources. The physics-
based hydrological models enable quantitative and qualitative evaluation of water
at different spatial and temporal scales. The current study aims to ascertain the relia-
bility of hydrologic simulations using the SWAT hydrologic model. The model was
developed for a climate-sensitive and agriculturally dominated catchment, i.e., the
Middle Tapi basin (MTB), between Hatnur and Ukai reservoirs. The monthly inflows
of the Ukai reservoir were utilized to calibrate and validate the SWAT model for
1998-2007 and 20082013, respectively. The simulated potential evapotranspiration
(PET) at the basin scale was compared with CRU-PET data to ascertain the reliability
of the simulated variable. The global sensitivity analysis shows that GWQMN.gw,
REVAPMN.gw, GW_REVAP.gw, SOL_K.sol, CNCOEF.bsn, SOL_AWC.sol are the
most sensitive parameters at 5% significance level. The model performance metrics,
namely KGE, NSE, R? and PBIAS with respect to observed streamflow during calibra-
tion (validation) period are 0.98 (0.98), 0.98 (0.97), 0.98 (0.97) and 0.6% (—1.2%),
respectively. The similar statistics for PET during simulation period (1998-2013)
are 0.73, 0.84, 0.94 and —4.36%, respectively. The model performance metrics show
that the hydrologic model reliably simulates monthly inflows into the Ukai reservoir
and PET in MTB. Thus, the developed model can accurately forecast hydrologic
changes in response to climate instability in the study area, allowing for better water
management practices.

Keywords Potential evapotranspiration (PET) - Soil and water assessment tool
(SWAT) - Sequential uncertainty fitting version-2 (SUFI-2) - SWAT-calibration and
uncertainty prediction (SWAT-CUP) - Middle Tapi basin

P. Dwivedi () - L. K. Gehlot - P. L. Patel

Department of Civil Engineering, Sardar Vallabhbhai National Institute of Technology Surat,
Surat 395007, India

e-mail: prabhat20011996 @ gmail.com

P. L. Patel
e-mail: plpatel @ced.svnit.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 23
P. V. Timbadiya et al. (eds.), Hydrology and Hydrologic Modelling,

Lecture Notes in Civil Engineering 312,

https://doi.org/10.1007/978-981-19-9147-9_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-9147-9_2&domain=pdf
mailto:prabhat20011996@gmail.com
mailto:plpatel@ced.svnit.ac.in
https://doi.org/10.1007/978-981-19-9147-9_2

24 P. Dwivedi et al.

1 Introduction

The physics-based spatially distributed watershed models can predict the integrated
response of the changing climatic conditions and anthropogenic activities in the
watershed. These models/tools can effectively address the potential environmental
and water management threats pertaining to climate variability, land-use change,
reservoir operation, water yield, soil erosion, etc. The degree of accuracy and uncer-
tainty of hydrologic model simulations is primarily a function of model inputs, model
structure, calibrating variables, etc., affecting the decision-making. The researchers
utilize remote sensing (RS) and geographic information systems (GIS) products,
available at various spatiotemporal scales, for modeling uncertainty due to different
data sources [1]. The quantification of uncertainties in hydrological simulations helps
hydrologists and government authorities make decisions for long-term water resource
planning and management.

The Soil Water Assessment Tool (SWAT), a hydrologic response unit (HRU)-
based watershed model, evaluates the effects of topography, land development activ-
ities, climate variability and alternative watershed management strategies on water,
sediment and nutrient yields from the basin [2, 3]. The SWAT model is globally
accepted to simulate various water balance components and processes in the water-
shed. The Sequential Uncertainty Fitting (SUFI-2) in SWAT-CUP (calibration and
uncertainty program) is widely used to account for parametric sensitivity and uncer-
tainty in hydrologic simulations [4, 5]. However, calibration of the hydrologic model
using a single variable, particularly in heterogeneous catchments, may lead to unre-
alistic hydrologic model predictions due to the non-uniqueness of the model param-
eters and uncertainty associated with parameters range [5—8]. This requires a thor-
ough evaluation of the model’s goodness using multivariable/multisite calibration
techniques [9-13].

Due to its unique geographical setting, the Tapi river basin (TRB) is climati-
cally heterogeneous in Peninsular India. The TRB is subdivided into Upper (UTB),
Middle (MTB) and Lower (LTB) Tapi basins based on the geographic location of
major hydraulic structures/dams. The MTB, an agriculture-dominated landmass, gets
frequently affected due to scarce rainfall, and prolonged dry spell durations over the
year [ 14] may lead to over-dependency on groundwater resources. The anthropogenic
changes, hydro-climatic variability and streamflow regulation from major hydraulic
structures (Hatnur and Girna dams) have severely impacted aquatic life and water
demand for socio-economic growth in the region [15—17]. Thus, understanding the
hydro-climatic variability and hydrological modeling can help derive better regional
water management practices. The key objective is to develop a SWAT hydrologic
model for MTB, calibrate and validate using streamflow data and ascertain the reli-
ability of the developed model by comparing the simulated PET form hydrologic
model with PET data of Climate Research Unit; https://crudata.uea.ac.uk/cru/data/
hrg(CRU)).


https://crudata.uea.ac.uk/cru/data/hrg(CRU)
https://crudata.uea.ac.uk/cru/data/hrg(CRU)
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2 Study Area and Data Sources

2.1 Middle Tapi Basin

The TRB is India’s sixth largest river basin with total flow length of 724 km and
drainage area of 65,145 kmZ2. At an elevation of 752 m, the Tapi River rises from
Multai in the Betul Plateau and flows into the Arabian Sea, where it joins the Gulf
of Khambhat. The MTB lies between Hatnur and Ukai dam/reservoir, having total
watershed area of 32,925 km? (see Fig. 1). The study region has basaltic hills in
peripheral part and alluvial plains in central region. The Middle Tapi River has
five major tributaries on its left side, i.e., Girna, Waghur, Bori, Panjhra and Buray,
while three are on its right side, i.e., Aner, Arunavati and Gomai. The Hatnur dam,
an earthen dam in Maharashtra with gross (live) storage capacity of 388.0 (255.0)
MCM (10° m?), forms the upstream boundary for MTB, while Ukai dam, Gujarat’s
second largest earth-cum masonry dam with gross (live) storage capacity of 7414.29
(6730.00) MCM and located 300 km downstream of the Hatnur dam, serves the
downstream boundary for MTB. The watershed elevation varies from 63 to 1563 m
above mean sea level as shown in Fig. 1.

The climatology of MTB can be characterized by a hot summer and persis-
tent dryness throughout the year with low monsoon rainfall. The daily minimum
(maximum) temperature ranges from 8 °C (34 °C) in January month to 22 °C (44 °C)
in May month. The average annual rainfall and PET (period 1990-2013) in the basin
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are 791 mm and 2248 mm, respectively. The aridity index (ratio of rainfall to PET)
in the research area is 0.35, indicating that the climate is semi-arid. Agricultural
land is the most frequent land use in the region, followed by deciduous forest and
fallow land. The dominant soil classes in the region vary from very gentle sloping to
moderate and level surface. The soil texture ranges from loamy to clayey and deep
black soil. The major historical floods were observed in the years 1998 and 2006 in
the MTB, after the construction of Hatnur dam [15].

2.2 Data Sources

The SWAT model requires topography, land use and land cover, soil, slope
and weather data. For delineation of watershed features, the open-source Shuttle
Radar Topographic Mission (SRTM, https://earthexplorer.usgs.gov) Digital Eleva-
tion Model (DEM) of 30 m grid size was used. The LULC data from NRSC, Hyder-
abad, with a spatial resolution of 56 m and soil map of NBSS&LUP, Nagpur (at a scale
of 1:2,50,000) have been used for the development of the model. The daily rainfall
data of 24 stations and daily maximum and minimum temperature data, interpolated
to 0.5° x 0.5° from 1.0° x 1.0° using bilinear interpolation, have been obtained
from India Meteorological Department (IMD), Pune. The daily streamflow data and
releases from the Hatnur dam were obtained from Central Water Commission, Surat
Division, and Tapi Irrigation Development Corporation, Jalgaon. The monthly PET
data of CRU, at 0.5° x 0.5°, is used as a reference dataset for assessing simulated
PET from the model.

3 SWAT Model

The SWAT model demarcates the watershed and sub-watersheds depending
upon user-specified outlet points and the drainage area threshold. Each sub-
watershed/subbasin is further subdivided into multiple hydrological response units
(HRUs), representing a unique combination of land use, soil and slope class in the
watershed. The SWAT uses land phase hydrology to control the amount of water,
sediments and nutrients entering the main channel while the routing phase controls
the flow of water, sediments and nutrients from the watershed drainage network to
the outlet. The mathematical representation of the hydrologic cycle adopted by the
SWAT model is based on the water balance equation (see Eq. (1), all having unit as
mm H;0).

t
Sﬁnal = Sinitial + Z(Pday - Qoverﬂow - Eactual - Wsepage_Qground) (1)

i=I


https://earthexplorer.usgs.gov

Model Performance Evaluation using Streamflow and Potential ... 27

where Sinigial, Sfinals Pday’ Qoverflow, Eactual Wsepage, Qground represents the initial soil
moisture content, final soil moisture content, precipitation, surface runoff, evapo-
transpiration, percolation and return flow, respectively, on day i; and 7 is time in days.
The hydrological response is anticipated separately for each HRU and subsequently
routed through each subbasin in the watershed [2, 3]. In this study, the SCS-CN
method with slope adjustment in CN2, plant ET method and Hargreaves method
are employed to estimate land phase water balance parameters in the catchment,
whereas the variable storage method is used to develop a hydrograph at the outlet of
each basin in the main channel.

In the watershed delineation process, 48 subbasins were delineated in the MTB
between the Hatnur dam, at the upstream boundary and Ukai dam, at the downstream
boundary, wherein releases from the Hatnur dam act as inlet points to the MTB. The
SWAT model resamples the spatial inputs, i.e., soil and land use, to match the input
DEM grid size. The LULC map (see Fig. 2) obtained from NRSC is reclassified
into six major classes, namely agriculture (AGRC- 49.88%), wasteland (BARR-
10.58%), built-up (URML -1.79%), current fallow land (AGRR-16.26%), deciduous
forest (FRSD-17.80%) and water body (WATR-3.70%). The primary soil texture,
particularly hydrologic soil groups C and D, ranges from silty clay to clays and
clay loam. The soil database comprising soil properties including hydrological soil
group, texture, soil water content, soil depth, saturated hydraulic conductivity, bulk
density, organic carbon content and percentage of soil texture was given as an input
database to the SWAT model. In addition, the basin is divided into three major slope
classes, 0—2%, 2—5% and more than 5%, fairly representing flat, moderately sloping
and steep sloping land features, respectively. The area under smaller HRUs was
restructured/redefined using HRU thresholds of 2, 5 and 10% for land use, soil and
slope, thereby reducing total HRUs from 5186 to 2144. The CN values for each
HRU are corrected for the slope class greater than 5% in the subbasin. The current
study used a freely available weather generator database derived from IMD daily
gridded data of 85 years with a spatial resolution of 1° x 1°. The station-based
(24 nos.) rainfall data and grid-based minimum and maximum temperature data are
used, remaining weather parameters, i.e., solar radiation, wind velocity, and relative
humidity, are simulated by a weather generator. The Hatnur dam outflow from the
spillway crest was given as inlet discharge into the MTB hydrological model.

The SWAT model’s parameters are process-based and should be adjusted within
an acceptable uncertainty range. The most frequent causes of model uncertainty are
anomalies in the spatial inputs, meteorological data, calibration variables and model
assumptions. The calibration process involves the identification and regionalization,
if permissible, of sensitive parameters and minimizing the uncertainty for a particular
set of local conditions in the watershed or sub-watershed. The approach of calculating
the average rate of change of the output variable/objective function of the model in
relation to changes in model parameters is known as sensitivity analysis. The key
parameters with specific range must be identified in the calibration process, followed
by independent validation to determine whether the model will precisely replicate the
watershed process-based on objectives [6]. The model is calibrated and validated for
observed streamflow data for the period of 1998—-2007 and 2008-2013, respectively.
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Fig. 2 a Sub-watersheds during watershed delineation, b LULC map of MTB

The four-year warm-up period (1994-1997) has been used for the stabilization of
the initial model parameters. The model performance is regarded as acceptable if
NSE > 0.5, R?> > 0.5, and PBIAS < +25% [18]. Furthermore, the reliability of the
simulation of the watershed process was ascertained by independent validation of
the simulated PET with the PET data obtained from CRU due to the non-availability
of the measured meteorological variables in the study region.

4 Results and Discussion

The calibration being an inverse modeling process invites parametric uncertainties;
thus, parameter selection plays a crucial role for a model to represent the watershed
hydrology. The parameters selected for calibration of the model comprise parame-
ters related to water in various phases of hydrological processes, i.e., groundwater
(.gw), land management (.mgt), soil (.sol), main channel (.rte), hydrological response
units (.Aru) and basin parameters (.bsn) (see Table 1). The uncertainty in simulated
streamflow is determined statistically based on the p-factor, the percentage of obser-
vations encapsulated by the 95SPPU (percentage prediction uncertainty) band, and
r-factor, relative thickness of the 95PPU band with respect to the standard deviation
of observed flow [5]. The objective function adopted for selecting the best param-
eters is Kling—Gupta Efficiency (KGE). The model calibration, validation, sensi-
tivity ranks of the parameter during the final calibration range and uncertainty in
the model simulation are assessed by SUFI-2 in SWAT-CUP. Table 1 lists the model
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calibration parameters and their original and calibrated ranges, fitted values and
sensitivity ranks. At a 5% level of significance, the global sensitivity analysis ranks
demonstrate that groundwater (GW_REVAP.gw, GWQOMN.gw, REVAPMN.gw), soil
moisture (SOL_AWC.sol), and plant ET CN coefficient (CNCOEF.bsn) are the most
dominating water balancing components affecting the streamflow, corresponding to
KGE objective function.

The internal consistency of fit for observed and simulated inflows in the Ukai reser-
voir is assessed using the model performance indicators, i.e., KGE, Nash—Sutcliffe
(NSE), coefficient of determination (R?) and percentage bias (PBAIS). The respec-
tive values of model performance statistics through calibration (validation) period
are 0.99 (0.97), 0.98 (0.97), 0.98 (0.97) and 0.0 (—1.7), respectively (see Table 2).
The uncertainty estimators, i.e., p-factor (r-factor), through the calibration and vali-
dation are 0.48 (0.65) and 0.52 (0.59), respectively. The model performance statistics
and the flow hydrograph (see Fig. 3) infer that the developed SWAT model is capable
of simulating monthly inflow into the Ukai reservoir with fair confidence and accu-
racy. The annual water balance during calibration and validation is obtained from
the output.std file. The average evapotranspiration and water yield from the MTB
are 55% and 19%, respectively. Out of the 19% of the water yield, on average, the
contributions from overland flow and groundwater flow/baseflow are 80% and 20%,
respectively. The average curve number (CN) of the MTB during the simulation
period was found to be 79.

The reliability of the simulated hydrological variables has been ascertained by
using a variable that is not used as calibrating variable. Due to the lack of field obser-
vations, readily available PET data from CRU was used as a reference dataset in
this work, and the assessment was done at the basin level, i.e., MTB. The simulated
PET for MTB has been extracted from the output.std file of SWAT, and the average
basin PET from CRU gridded dataset has been derived using Thiessen weights.
The performance evaluation indicators, namely KGE, NSE, R?, and PBIAS through
the simulation period (1998-2013), are found to be 0.73, 0.84, 0.94 and —4.36%,
respectively (see Table 2). The average monthly estimates of PET during the same
period are shown in Fig. 4. The model performance indicator demonstrates high
agreement between CRU-PET and simulated PET values on a monthly scale. The
average monthly PET values have shown deviations ranging from —12.6% (in May)
to 21.5% (in December), while the average annual estimates have shown a variation
of 7%. Considering the various statistical indicators for calibrating variable (stream-
flow) and independent variable (PET), the SWAT model developed in the present
study has shown reliable estimates for the watershed hydrological process from the
period 1998- to 2013. Thus, a developed model can be utilized to accurately simu-
late the hydrologic alteration to the climate instability in the research area, and better
water management practices can be employed. The model can also be used to assess
the impact of LULC change, climate change, land management practices, etc., in
individuals and in combination.
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Table 1 Model calibration parameters, initial and calibrated range, fitted value and their sensitivity

ranks

Parameter name Initial range Calibrated range Fitted value | Sensitivity rank
V__ALPHA_BFgw 0.1-0.7 0.228-0.738 0.592 24
V_GW_DELAY.gw |7-90 7.579-83.812 55.256
V_GWQMN.gw 110-2838 112.303-3238.197 | 2728.937
V__GW_REVAP.gw 0.1-0.2 0.02-0.2 0.169 1
V__REVAPMN.gw 85-410 132.651-430.016 317.389 3
V__RCHRG_DP.gw 0.01-0.17 0.001-0.017 0.013 28
R__CN2.mgt —0.18 to —0.05 | —0.18 to —0.012 —0.028 8
R__SOL_AWC().sol 0.14-0.48 —0.014 t0 0.478 0.33 4
R__SOL_KJ().sol —0.75 to —0.12 | —0.357 to —0.048 —0.198 29
R__SOL_BD().sol —0.46t0 —0.1 | —0.464to —0.114 -0.213 26
V__SOL_ZMX.sol 320-2800 344.092-2781.408 |2571.19 22
R__SOL_ALB().sol 0.08-0.24 0.073-0.24 0.142 18
V__CH_N2.rte 0.03-0.09 0.02-0.069 0.026 13
V__CH_K2.rte 5-85 3.601-87.135 51.111 11
R__CH_S2.ite —0.07 t0 0.01 —0.074 to 0.005 —0.021 10
V__ALPHA_BNK.rte |0.4-0.93 0.281-0.843 0.758 25
V__ESCO.hru 0.15-0.6 0.228-0.46 0.265 27
V__EPCO.hru 0.7-0.96 0.44-0.99 0.465 19
V__CANMX hru 12-45 12.089-42.248 21.074 6
V__OV_N.hru 0.02-0.05 0.012-0.046 0.029 16
(URML)

V__OV_N.hru (FRSD) | 0.26-0.58 0.261-0.684 0.327 15
V__OV_N.hru (WATR) | 0.01-0.04 0.017-0.036 0.031 9
V__OV_N.hru(AGRR, |0.02-0.05 0.018-0.042 0.032 30
BARR)

V__OV_N.hru (AGRC) | 0.02-0.05 0.023-0.046 0.034 20
R__HRU_SLPhru 0.01-0.23 0.011-0.187 0.067 12
V__CH_Nl.sub 0.02-0.06 0.019-0.047 0.024 31
V__CH_KIl.sub 4-85 4.111-78.298 41.05 23
R__CH_S1.sub 0.03-0.2 0.035-0.184 0.163 14
V__SURLAG.bsn 2.5-17 2.358-16.274 4.938 17
V__EVRCH.bsn 0.6-0.98 0.646-0.985 0.832 21
V__CNCOEF.bsn 1.14-2.0 1.142-2.0 1.991 5
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Table 2 Summary of model performance statistics

31

Performance indices Observed streamflow Potential
evapotranspiration
Calibration Validation (2008-13) Simulation period
(1998-2007) (1998-2013)
KGE 0.99 0.97 0.73
NSE 0.98 0.97 0.84
R? 0.98 0.97 0.94
PBIAS 0.00 —1.70 —4.36
p-factor 0.48 0.65 -
r-factor 0.52 0.59 -
7000
Calibration (Jan. 1998 - Dec. 2007) U9SPPU Vaiidation (Jan. 2008 - Dec.2013)
8500 ILOSPPU
——— Observed Inflow
5000 4 - Calibration
—— Validation

Discharge (m'/sec)
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Fig. 3 Observed and simulated inflow in Ukai reservoir
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5 Conclusions

The present study has developed a SWAT hydrologic model for a semi-arid Middle
Tapi basin (MTB) with releases from the Hatnur dam as an upstream boundary. The
model has been successfully calibrated and validated on a monthly time scale to
estimate inflows into the Ukai reservoir, which serves as the downstream boundary.
The model reliability is also ascertained using PET as an independent variable, and the
simulated PET has been compared with CRU-PET data at the basin scale. Since ET
holds a significant portion of total water available in the global/regional hydrological
cycle, the present study emphasizes reliable simulation of non-calibrating variables,
i.e., PET. The main findings of the current investigation are as follows:

e The model performance metrics, namely KGE, NSE, R2, and PBIAS concerning
observed monthly streamflow through the calibration (validation) period, are
0.99 (0.97), 0.98 (0.97), 0.98 (0.97) and 0.0 (—1.7), respectively, signifying
good competence of the hydrologic model to simulate monthly inflows through
extensive drainage network of MTB into the Ukai reservoir.

e The respective values of the performance statistics for PET are 0.73, 0.84,0.94 and
—4.36%, respectively, indicating model capability to simulate the other hydrologic
variables with fair accuracy and a high degree of confidence. Thus, the present
model can give a reliable forecast of monthly inflows in the Ukai reservoir for
future climate data.

e The present study used a single-site single variable approach, i.e., inflows into
the Ukai reservoir, which may be considered a limitation. Based on the data’s
availability, the model’s functioning can be further improved by incorporating
a multi-metric calibration approach, i.e., multiple variables under calibration at
multiple gauging sites.
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