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Abstract
Hydrometeorological influence on run-off is a process-driven mechanism in basin hydrology that needs to be captured for 
a reliable assessment of the basin-scale hydrological responses in the context of climate change. In this study, one of such 
process-based model, the Hydrologic Engineering Center–Hydrologic Modeling System model is used to simulate multi-
site streamflow in the upper Jhelum basin, northwest Himalayas, India. The soil moisture accounting algorithm was used to 
calibrate and validate the model for continuous simulation on a monthly timescale at three gauging stations Ram Munshi 
Bhag, Sangam, and Rambiara. The model was calibrated for a period of 12 years (2003–2014) and validated for 5 years 
(2015–2019). Observed and simulated streamflow values during the calibration period were found to be in good agreement 
with R2 ranging from 0.783 to 0.808, NSE from 0.753 to 0.793, and P.B from 2.7 to 5.1%. Similar performance was obtained 
during the validation period also with R2 ranging from 0.80 to 0.83, NSE from 0.70 to 0.80, and PB from 2 to 6.8%. The sen-
sitivity analysis of the model was performed using one-at-a-time analysis method. This helps to rank the parameter according 
to their sensitivities towards the model performance in simulating run-off volume. Soil storage, soil tension storage, and soil 
percolation were found to be the most sensitive parameters while groundwater-2 coefficient storage, and percolation were 
the least sensitive parameters in the basin. The overall model performance was reasonably good, and can be further used for 
rainfall–run-off simulation in the upper Jhelum basin for the climate change impact related studies in future.
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Introduction

The variability in climate has greatly impacted the hydro-
logical activities occurring in a watershed. The hydrologi-
cal models are used to assess these hydrological processes 
which affect the surface and groundwater flow regimes. The 
models help in strategizing the sustainability and effective 
management of the water resources. The insufficient spa-
tial and temporal distribution of data in a watershed leads 
to the utilization of the hydrological models extensively to 

simulate run-off (Kumarasamy and Belmont 2018; Fanta and 
Sime 2022). Some open-source and popular hydrological 
modeling software that simulates hydrological components 
accurately in a watershed include the Soil and Water Assess-
ment Tool (SWAT) (Arnold et al. 1998), the Precipitation 
Run-off Modelling System (PRMS) (Leavesley et al. 1983; 
Markstrom et al. 2015), the Systeme hydrologique Europ-
een (MIKE-SHE) (Graham and Butts 2005), the Variable 
Infiltration Capacity model (VIC) (Hamman et al. 2018), 
and the Hydrologic Modelling System (HEC–HMS) (US 
Army Corps 1998).

The hydrological model selected for any watershed is 
based on the area of the watershed, data accessibility and 
accuracy, goal and previous trend of the project, and the 
efficient and precise utilization of the model (Beven 2011; 
Sime et al. 2020; Fanta and Sime 2022). In data-scarce 
regions, it is advisable to use a physically based semi-dis-
tributed hydrological model like HEC–HMS (Ramly and 
Tahir 2016). Semi-distributed models divide the entire 
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basin into several sub-basins called hydrological response 
units (HRUs) and govern both surface and sub-surface run-
off generation processes (Gebre and Ludwig 2015). These 
models allow the input parameters to partially vary in space 
to prevent the overparameterization of specific factors that 
influence the hydrological processes in the basin (Golmo-
hammadi et al. 2014; Kasa et al. 2017).

The Hydrologic Modeling System (HEC–HMS) was per-
ceived as a computer-based problem-solving tool created 
under the Research and Development Program of US Army 
Corps of Engineering (USACE). It was first released by the 
Hydrologic Engineering Center (HEC) in 1992 for simulat-
ing the hydrological processes occurring in the basin. The 
Flood Hydrograph Package HEC-1 and its different specific 
variants were replaced and substituted by the HEC–HMS 
hydrological model (US Army Corps of Engineers 2000) 
and it was named as HEC–HMS version 1.0 and incorpo-
rated all the model functionalities of HEC-1 with some 
improvements. This first generation of the HEC–HMS model 
focused on simulating individual storm events. The second 
generation (version 2.0) of the model added new components 
for infiltration modeling and the soil moisture accounting 
(SMA) method to allow continuous simulation along with 
event-based modeling. The third generation (version 3.0) of 
the model incorporated a new graphical interface and some 
new methods in the basin model for representing infiltra-
tion. Potential evapotranspiration, snowmelt, and reservoir 
component were added to the third generation HEC–HMS 
model (Scharffenberg et al. 2010). The fourth significant 
and innovative arrival of the program was version 4.0 in 
which surface erosion features and sediment transport were 
computed. The version 4.0 HEC–HMS added new compo-
nents to precipitation–run-off–routing simulation, i.e., pre-
cipitation–specification options, loss models for computing 
run-off volume, transform model for transforming excess 
rainfall, hydraulic routing models for accounting storage, 
and energy flux, the model for baseflow computation and 
water control measures (including storage and divergence) 
(Sahu et al. 2020). This version of model has been used in 
various studies for achieving goals in reservoir and system 
operation, flood damage reduction, environmental restora-
tion, water supply planning and management, floodplain 
regulation, and others.

The HEC–HMS modeling software releases from both 
present and past utilize simulation components built from 
conceptual models. These types of hydrological models 
mostly rely upon empirical data to make predictions about 
the movement of water. The availability of the calibration 
data leads to the efficient working of the model. In ungauged 
watersheds, these types of hydrological models are used 
effectively.

The efficient working and reliability of the HEC–HMS 
model are affected by the size and characteristics of the 

basin under study (Kabiri et al. 2013). The simulation of 
rainfall–run-off processes in dendritic type drainage catch-
ments is efficiently represented by the HEC–HMS hydro-
logical model (US Army Corps of Engineers 2000). The 
hydrological model is built for the basin, by dividing the 
hydrological cycle into various manageable components 
and forming boundaries across the basin of interest (US 
Army Corps of Engineers 2020; Othman et al. 2021). The 
HEC–HMS model comprises four main components for 
modeling any watershed: (1) Basin component, (2) Meteoro-
logical component, (3) Control specification, and (4) Input 
data component. For simulating a hydrological model, the 
calibration and validation processes, and performance evalu-
ation in terms of statistical metrics and sensitivity analysis 
are very critical issues that need to be considered. One part 
of the input data is used to calibrate the model satisfactorily 
and the other part of the data is used to assess the perfor-
mance of the process of simulation to carry out the valida-
tion procedure (Biondi et al. 2012; Ouedraogo et al. 2018). 
The sensitivity analysis is performed to investigate the most 
influential parameter in the basin to analyze the impact of 
each model input parameter on the output. A slight change 
in the sensitive input parameter can bring enormous changes 
in the model outcome. The calibration process in hydrologi-
cal models is an interactive process to improve and evaluate 
the model input parameters and plays an important role in 
decreasing ambiguity arising due to the predictions made by 
the model (Othman et al. 2021). The HEC–HMS hydrologi-
cal model has been used by several researchers to study the 
run-off simulation in a basin (Halwatura and Najim 2013; 
Al-Mukhtar and Al-Yaseen 2019).

Razmkhah et al. (2016) used the HEC–HMS model with 
the SMA algorithm to model daily streamflow in the Karoon 
III basin in Iran. The model showed satisfactory perfor-
mance by evaluating the statistical coefficient, NSE for both 
calibration and validation periods. The sensitivity analysis 
of the model showed Clark storage coefficient, saturated 
hydraulic conductivity, and time of concentration to be the 
most sensitive parameters in the basin. Bhuiyan et al. (2017) 
applied the HEC–HMS model in a cold region catchment 
area and used RADARSAT-2 soil moisture for initializing 
the model. The satellite data were found to be beneficial 
for capturing flow peaks generated due to snowmelt events 
and soil moisture was the most sensitive parameter in the 
basin. Ouedraogo et al. (2018) used the HEC–HMS SMA 
model for continuously modeling the streamflow in the Mku-
rumudzi river watershed in Kenya. The model performed 
satisfactorily for both calibrations as well as validation peri-
ods and soil moisture was found to be the most influential 
parameter in the study area. Belayneh et al. (2020) evalu-
ated the data acquired from high satellite precipitation prod-
ucts in Dabus catchment, Abbay basin, Ethiopia using the 
HEC–HMS model to simulate streamflow on daily temporal 
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and high spatial resolution. The model efficiently predicted 
watershed run-off for both the satellite rainfall products and 
the performance of the model improved significantly with 
the bias-corrected satellite data. Azizi et al. (2021) used the 
HEC–HMS model to simulate the flood hydrograph under 
the effect of land-use change in the Ekbatan dam, Iran. 
After successful calibration and validation of the model, the 
simulated results indicated an increase in peak discharge 
volume which in turn increased run-off height. Herath and 
Wijesekera (2021) developed the HEC–HMS model for 
evaluating the water resource management in the Maya Oya 
basin in Sri Lanka. The developed model performed effi-
ciently for both the calibration and the validation periods. 
Ndeketeya and Dundu (2021) applied the HEC–HMS model 
to evaluate the rainwater harvesting potential and studied 
the effect of climate change and seasonal precipitation and 
socio-economic barriers on rainwater harvesting in Johan-
nesburg semi-arid city. The simulation results revealed that 
wet season received high volumes of run-off, indicating that 
rainwater harvesting systems are very feasible and independ-
ent of the precipitation seasonality. Mobarhan and Sangchini 
(2021) applied HEC–HMS SMA for simulating run-off at 
different calibration scales (monthly, seasonal, semi-annual, 
annual) in the Zolachay watershed, Iran. The simulation 
results of the model showed good agreement between the 
observed and predicted run-off values. The optimized input 
parameters used for quantifying the annual run-off volume 
for the monthly calibration period showed more satisfying 
results than the other time scales.

Ranjan et al. (2022) investigated the basin characteris-
tics and evaluated sub-basin level flood vulnerability using 
the HEC–HMS model integrated with remote sensing and 
geographical information system in the Jhelum river. The 
calibrated and validated hydrological model showed good 
results when compared with the actual values and sub-basins 
located on the upstream part of the Jhelum basin were found 
to be more prone to vulnerability compared to the down-
stream area. Dimri et al. (2022) used the HEC–HMS model 
to describe the simulation of streamflow in the Bhagirathi 
River basin. The model was calibrated and validated from 
2010 to 2015 and model simulation results revealed that 
there exists a good agreement between the observed and the 
simulated discharge values. Shakarneh et al. (2022) aimed 
to simulate the rainfall–run-off events in two catchments 
(Daraja and Al-Ghar) of Palestine using the HEC–HMS 
model during the 1990‒2010 data period. The simulation 
indicated acceptable model efficiency and suggested that 
the calibrated HEC–HMS model can be used for forecasting 
the discharge on small time steps using the rainfall–run-off 
future climatic scenario. Ben Khélifa and Mosbahi (2022) 
used the HEC–HMS model to estimate the flood peak 
discharges and reproduce hydrographs in a small urban 
ungauged watershed located in North-East of Tunisia. The 

results obtained were used to recognize the magnitude of the 
extreme rainfall events and design the appropriate stormwa-
ter structures in urban areas.

The objective of the study is to calibrate and validate the 
HEC–HMS hydrological model using the SMA algorithm 
to simulate multi-site monthly run-off in the upper Jhelum 
basin of the northwest Himalayas using hydrometeorologi-
cal inputs. Various hydrological processes, such as canopy 
interception, infiltration, surface depression storage, perco-
lation, soil moisture storage, and groundwater storage were 
taken into consideration in the SMA algorithm to simulate 
the continuous relationship between run-off and rainfall, soil 
losses, and evapotranspiration in the upper Jhelum basin. 
One-at-a-time (OAT) sensitivity analysis is also carried out 
to determine the most sensitive parameter in the basin affect-
ing SMA modeling to reduce the uncertainty in the mod-
eling output. The performance of the model was judged by 
comparing the statistical co-coefficients for simulated and 
observed discharge values.

Study area

The upper Jhelum basin is spatially located between 33° 22′ 
4″ N–34° 15′ 40″ N latitude and 74° 30′ 35″ E–75° 32′ 46″ 
E longitude. The elevation of basin ranges between 1567 
and 5283 m above mean sea level. The upper Jhelum basin 
has the Zanskar mountain range on the northeast side and 
the Pir Panjal range on the southwest side. The origin of the 
Jhelum river is from the Verinag spring and drains through-
out the area. It is one of the major and important tributar-
ies of the Indus river. The upper Jhelum basin constitutes 
various sub-basins namely Kuthar, Bringi, Vishav, Sandran, 
Rambiara, Arpal, Romshi, and Liddar and these sub-basins 
drain their water into the Jhelum river at different locations. 
The present study area, consisted of four meteorological sta-
tions (Pahalgam, Kokernag, Qazigund, and Ram Bagh), and 
the discharge was estimated at three gauging stations (Ram 
Munshi Bagh, Sangam, and Rambiara) (Fig. 1).

Datasets for HEC–HMS model

Digital elevation model

The digital elevation model (DEM) having a resolution of 
30 m was used for the watershed delineation and estimation 
of various other watershed characteristics that determine the 
drainage pattern of the basin. In the current study, SRTM 
(Shuttle Radar Topography Mission) DEM was downloaded 
from the USGS (United States Geological Survey) earth 
explorer (https:// earth explo rer. usgs. gov/). The slope map 
for the study area was extracted from the DEM dataset, the 

https://earthexplorer.usgs.gov/
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values of which suggest that the study area has a steep slope 
and a rugged terrain. The DEM and the slope map of the 
study area are shown in Figs. 2 and 3, respectively.

Land use/cover dataset

The land use/cover dataset is an important factor that affects 
the hydrological processes like evapotranspiration, run-off, 
and soil erosion in a basin (Bashir et al. 2018). For the study 
area, the land use/ cover was generated using LANDSAT8 
OLI satellite imagery (https:// earth explo rer. usgs. gov/). The 
imagery was used in the ERDAS IMAGINE 2014 software 
for creating different land use classes through a supervised 
classification algorithm based on National Land Cover Data-
base (NLCD) classification (Fig. 4). The land use consisted 
of major classes: cultivated crops, developed-medium inten-
sity, evergreen forest, grassland/herbaceous, open water, 
perennial ice/snow, and shrub/scrub. The land use/cover 
description is elaborated in Table 1.

Soil dataset

The soil dataset is very important for generating the soil 
moisture accounting parameters for the HEC–HMS model 

and the detailed soil map was obtained from the FAO soil 
survey of India (https:// www. fao. org). The soil properties 
such as texture, saturated hydraulic conductivity, mois-
ture content of the soil, maximum infiltration capacity, 
maximum tension storage, soil storage, percolation rate, 
and groundwater percolation rate all depend on the type 
of soil present in the study area were all derived from 
the soil data (Fig. 5). There were a total of eleven soil 
classes present in the study area and their description is 
given in Table 2.

Evapotranspiration data

Evapotranspiration (ET) plays a critical role when perform-
ing continuous modeling. In this study, ET was computed on 
monthly basis using Thornwaite’s method for the entire basin 
(Alkaeed et al. 2006; Singh and Jain 2015; Bashir and Kumar 
2017). The following Eqs. (1–4) were used to estimate the 
monthly ET values:

(1)ET = 1.6

(
10t

T

)a( n

12

)
,

Fig. 1  Geographical location of upper Jhelum basin with spatial distribution of meteorological and streamflow gauging stations

https://earthexplorer.usgs.gov/
https://www.fao.org
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(2)
a = 0.000000675(T)3 − 0.0000771(T)2 + 0.1792T + 0.49239,

(3)T =

12∑

i=1

( ti
5

)1.514

,

where ET  represents the potential evapotranspiration (cm), 
T  represents Thornwaite’s temperature efficiency index, 

(4)n = 2 cos−1 (− tan� tan �)

(
12

�

)
,

Fig. 2  DEM of upper Jhelum 
basin

Fig. 3  Slope map of upper 
Jhelum basin
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n represents average day length of the month,t  represents 
mean monthly air temperature (°C).

Weather data and discharge data

The weather data input in the HEC–HMS model consisted 
of daily precipitation, daily maximum and minimum tem-
perature, and monthly ET data for four selected weather 
stations. The daily precipitation, minimum, and maximum 
temperature data at 0.25° × 0.25° spatial resolution were 
procured from Indian Meteorological Centre (IMC) Ram 
Bagh (https:// www. mausam. imd. gov. in) from 2000 to 2019. 

The daily gauge and discharge data were acquired from the 
Department of Irrigation and Flood control, Kashmir from 
2000 to 2019 for three selected discharge stations: Ram 
Munshi Bagh, Sangam, and Rambiara (https:// www. ifcka 
shmir. com).

Methodology

HEC–GeoHMS model input

The HEC–GeoHMS is an ArcGIS interface built to process 
and analyze the geospatial datasets to create input files for 
the HEC–HMS model. In this study, the data were pre-
processed in the HEC–GeoHMS software and was later 
used as input in the HEC–HMS hydrological model. The 
HEC–GeoHMS along with the Arc-Hydro tool was used 
to develop Agree streams for creating river network and 
DEM data were used for delineating the basin and other 
characteristics that describe the drainage pattern of the 
basin. A total of four sub-basins were created according to 
the meteorological stations present in the study area. The 
Arc-Hydro geoprocessing tool used for creating inputs for 
the HEC–HMS model has been summarized by Li (2014) 
and Baumbach et al. (2015).

Fig. 4  Spatial variation of land use/cover classes in upper Jhelum basin

Table 1  Description of land use/land cover of upper Jhelum basin

S. no. NLCD class Area  (km2) % Area

1 Shrub/scrub 227.85 4.20
2 Perennial ice/snow 300.10 5.55
3 Open water 566.71 10.46
4 Evergreen forest 1160.01 21.41
5 Emergent herbaceous wetlands 634.56 11.71
6 Developed-medium intensity 195.45 3.61
7 Cultivated crops 1946.28 35.93
8 Barren land (rock/sand/clay) 386.10 7.13

Total 5417.06 100

https://www.mausam.imd.gov.in
https://www.ifckashmir.com
https://www.ifckashmir.com
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HEC–HMS file preparation

The HEC–GeoHMS plugin embedded in ArcGIS 10.5 was 
used to link the files prepared for running the HEC–HMS 
model. In, HEC–GeoHMS the project file was created and 
converted to a suitable format easily understood by the con-
cerned hydrological model. The detailed procedure has been 

described in the User’s manual (US Army Corps of engi-
neers 2013).

HEC–HMS model description

The HEC–HMS is an open-source model easily used with 
the ArcGIS software for effective and efficient simulation of 
most hydrological activities (Mohammed et al. 2011; Kabiri 
et al. 2013; Ghorbani et al. 2016). The HEC–HMS schematic 
is shown in Fig. 6. The HEC–HMS model has been divided 
into four groups based on its simplicity in representing the 
water cycle: (1) basin model; (2) meteorological model; 
(3) control specifications; (4) input data. The basin model 
comprises information about the physical characteristics of 
the model such as sub-basin area, river network, junctions, 
reservoirs, source, and sink. The meteorological model con-
tains information about the precipitation data. The control 
specifications encompass information relevant to the timing 
of the model like start and end date, start and end time, and 
the time interval between storm events. The input data com-
prise the boundary conditions and the input parameters for 
the basin and the meteorological components of the model. 
The inputs used for the study constitute precipitation data, 
observed streamflow data, and different characteristics of 

Fig. 5  Major soil groups in upper Jhelum basin

Table 2  Description of soil textural classes in upper Jhelum basin

S. no. Soil texture Area  (km2) % Area

1 Silty clay loam 771.62 14.24
2 Sandy loam 1278.10 23.59
3 Sandy clay loam 924.67 17.07
4 Silty loam 162.36 3.00
5 Clay 571.00 10.54
6 Rock out crop 741.09 13.68
7 Sand 81.12 1.50
8 Clay loam 545.95 10.08
9 Silty clay 273.91 5.06
10 Silt 44.58 0.82
11 Loamy sand 22.66 0.42

Total 5417.06 100
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the basin (land use/cover, soil data, and slope) generated 
from the HEC–GeoHMS tool (Belayneh et al. 2020; Kastali 
et al. 2022). The modeling framework of HEC–HMS model 
is shown in Fig. 7.

Loss method

The loss method is used to perform calculations for the 
actual infiltration that is occurring within the sub-basin. 
There are a total of twelve loss methods and among them 
some are designed for event-based and some for continu-
ous simulation modeling. All these methods work on the 
principle of conservation of mass, i.e., the total amount of 
precipitation received is equal to the summation of the infil-
tered water and the precipitation left on the surface. In this 
study, continuous modeling was performed using the SMA.

SMA loss method

SMA is a loss method that is used to simulate the behavior 
of the hydrological system for both dry and wet weather sea-
sons. The SMA algorithm is developed after Leavesley’s 
Precipitation-Run-off Modelling System (1983) and has been 
described by Bennett and Peters (2000)in detail. The SMA 
algorithm makes use of three storage layers to simulate the 
moisture content changes occurring throughout the soil pro-
file. It is used with the canopy method and surface method 

to extract water from the soil layers and hold water on the 
soil surface, respectively, and aids in continuous simulation. 
The model works on the principle of simulating the movement 
of water on the soil surface and storing water on vegetation, 
through the soil profile and groundwater layers. The model 
estimates the surface run-off, sub-surface run-off, groundwa-
ter flow, deep percolation, and ET losses over the entire basin 
when precipitation and ET are given. In the SMA model, the 
rate of inflow and outflow of water and capacities of different 
soil storage layers control the volume of water added or lost 
to each of the storage components. These storage components 
vary continuously during the process of simulation both during 
and between storm events. The different layers for storage in 
the SMA model comprise canopy-interception storage, sur-
face interception storage, soil profile storage, and groundwater 
storage. The flow component in the SMA model computes 
inflow, outflow, and flow of water between different storage 
layers and can be represented as precipitation and infiltration. 
The components of the SMA loss method are shown in Fig. 8.

Transform method

The actual surface run-off calculations performed in a sub-
basin are done by the transform method. There are a total of 
nine methods that comprise several unit hydrograph methods, 
a linear semi-distributed model, a two-dimensional diffusion 
wave method, and a kinematic wave method. In the present 
study, the Clark unit hydrograph transform method was used 
to compute the surface run-off occurring in the basin.

Clark unit hydrograph transform method

It is a synthetic unit hydrograph method that takes into consid-
eration the time-area curve to develop the translation hydro-
graph resulting from the abrupt precipitation. The resultant 
unit hydrograph is routed through the linear reservoir to con-
sider the storage attenuation effects occurring in the basin. The 
standard Clark unit hydrograph method calculated the time 
of concentration (maximum travel time in the basin) and is 
an important factor in developing the translation hydrograph. 
The storage coefficient is another parameter that describes the 
storage effects. It is a dimensionless ratio of the storage coef-
ficient and summation of storage coefficient and the time of 
concentration. The storage coefficient remains constant over a 
region. The time of concentration and storage coefficient was 
estimated using the following equations:

(5)Tc =
l0.8

1140Y0.5
(S + 1)0.7,

(6)S =

(
1000

CN

)
− 10,

Fig. 6  HEC–HMS schematic
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where Tc represents the time of concentration (h) l represents 
the flow length (ft), Y  is the average watershed land slope 
(%), S is the maximum retention potential (in), CN  is the 
curve number, R is the storage coefficient (h).

(7)R = (Tc + R) × 0.65, Baseflow method

The sub-surface calculations are done by the baseflow 
method. There are a total of six baseflow methods used 
in the HEC–HMS model. Among these methods, some 
are used for event modeling and some for continuous 
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modeling. In this study, the linear reservoir baseflow 
method was selected to carry out the process of simulation.

Linear reservoir baseflow

The linear reservoir baseflow method computes the base-
flow recession by using a linear reservoir and only this 
baseflow method works on the principle of mass conserva-
tion in a basin. The processes of percolation and infiltra-
tion act as the inflow for the linear reservoirs. There can be 
one, two, or three baseflow reservoirs and when used with 
the SMA loss method, the number of reservoirs should be 
consistent with the groundwater layers.

Routing method

The routing method when used with the storage method 
simulates the actual storage in a basin in the HEC–HMS 
model. There are several routing methods but in the cur-
rent study, Lag routing was used for continuous simulation 
of the model.

Lag routing method

The lag routing method is the most simplified routing 
method for hydrological processes in the HEC–HMS model. 
The method does not represent the attenuation or diffusion 
of wave processes but only represents the translation of flood 
waves. This method is best suited for steep slopes and small 
streams having travel time that is predictable and does not 
alter with changing conditions. Parameters required to carry 
out this routing procedure are initial conditions and the lag 
time. Lag time is the travel time taken by the inflow hydro-
graph to get translated while passing through the reach. The 
equation for calculating the lag time is given below:

where Lag is the lag time in minutes.

Data inputs for developing the HEC–HMS SMA 
model

The HEC–GeoHMS tool was used to create the raster grids 
to set up and configure the HEC–HMS SMA model. In the 
SMA algorithm, the loss method was used to carry out the 
continuous simulation of run-off in the upper Jhelum basin. 
SMA loss method takes into consideration the five storage 
layers to describe the movement of water from the surface to 
the sub-surface soil profile and before the beginning of the 
simulation process, the values of these layers were specified 
as the percentage of water in the respective storage layer. 
The layers were converted into raster datasets and were used 
as the input for developing the HEC–HMS SMA model. 
The raster datasets created were (i) maximum canopy stor-
age, (ii) maximum surface storage grid, (iii) maximum soil 
infiltration grid, (iv) maximum soil percolation grid, (v) 
soil tension storage grid, (vi) maximum soil storage grid, 
(vii) Groundwater 1 (GW1) maximum storage grid, (viii) 
Groundwater 2 (GW2) maximum storage grid, (ix) GW1 
maximum percolation grid, (x) GW2 maximum percolation 
grid. Raster datasets from (i) to (vi) were extracted from the 
land use/cover grid and FOA soil database. Raster datasets 
(vii) and (viii) had constant values. The value for the raster 
(ix) dataset was considered to be equal to raster (iv) and 
the value for raster (x) was assigned during the calibration 
process of the HEC–HMS model as it is an extensively con-
ceptual parameter.

The maximum canopy storage is the amount of water that 
remains on the leaves and overlapping branches before the 
beginning of the surface flow. The canopy grid raster was 
created from a land cover grid generated according to NLCD 
classes. The different land use classes have different canopy-
interception values (Table 3) and the appropriate values for 

(8)Lag = 0.6Tc,
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Fig. 8  Flow chart showing the components of the SMA loss method
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the study areas were chosen from the table. The maximum 
canopy raster map is shown in Fig. 9. For each component 
of the soil layer, average saturated hydraulic conductiv-
ity (ksat_avg), saturated hydraulic conductivity for layer 
1 (ksat_Layer1), average soil porosity (wsat_avg), average 
field capacity (wthirdbar_avg), depth from the top layer of 
the soil surface to bottom layer (hzdepb) and weighted slope 
of each map unit were calculated. The percentage of the par-
ticular map unit occupied by the specific component was dis-
played by the component percent (Comppct). The maximum 
surface depression storage is the maximum depth of water 
that soil can store in depression areas before the beginning 
of the surface run-off process and was calculated by multi-
plying the slope of each map unit by the Comppct and sum-
ming the value for each map unit. The map for maximum 
surface depression storage is shown in Fig. 10. The values 

for the surface depression storage for different surfaces are 
shown in Table 4 and according to the weighted slope value 
appropriate storage depression values were chosen. There 
exists only one surface storage value for each map unit. The 
maximum infiltration rate is the maximum rate at which the 
water is infiltered into the soil. The maximum infiltration 
rate was calculated by multiplying and summing the values 
of Comppct and ksat_Layer1 of each map unit and the map 
for the same is shown in Fig. 11. The maximum soil profile 
storage is the capacity of the soil to store water in the pores 
and was estimated by multiplying and summing the wsat_
avg and hzdepb. The map for maximum soil profile storage 
is shown in Fig. 12. The tension storage zone is where the 
water is attached to the soil particles and is lost only to ET. 
The maximum tension zone was calculated by multiplying 
and summing wthirdbar_avg and hzdepb for each map unit. 
The map for the maximum tension storage zone is shown in 
Fig. 13. The percolation rate of water in the soil is the time 
taken by the water to flow through the sub-surface layers. 
The percolation rate for each component was calculated by 
multiplying and summing ksat_avg and Comppct for each 
map unit. Raster grids sets were created for all these com-
ponents and were assigned to the sub-basin parameters from 
rasters and average parameter values were calculated for 
each sub-basin. The map for the maximum percolation rate 
is shown in Fig. 14. The maximum soil percolation rate was 

Table 3  Canopy interception values

Fleming and Neary (2004)

Type of vegetation Canopy interception

Inches Millimetre

General vegetation 0.05 1.270
Grasses and deciduous trees 0.08 2.032
Trees and coniferous trees 0.1 2.540

Fig. 9  Maximum canopy storage map
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also used to create the GW1 maximum percolation grid. 
SMA parameters, data source, and estimation methods are 
described in Table 5.

Parameters estimated from upper Jhelum 
streamflow data

The point of inflection on the recession curve of a hydro-
graph is the point where the surface flow does not contribute 
anymore to the surface run-off and the recession curve shows 
the contributions only from interflow and groundwater flow 
after this point (Fig. 15). The value of the recession con-
stant of the streamflow is calculated by the recession analy-
sis of the historical stream flow data. The recession curve 
of the hydrograph or the receding limb of the hydrograph 

is represented by the following equations (Singh and Jain 
2015):

where Q is the discharge  (m3/s), QO is the initial discharge 
 (m3/s), K is the recession constant.

The recession constant account for three different types 
of components that pertain to three types of storage and was 
represented as shown in the following equation:

where Ks is the recession constant for surface storage. Kt 
is the recession constant for interface, Kb is the recession 
constant for baseflow.

The recession constant was plotted against the discharge 
on a log-scale on a semi-log paper and was calculated from 
the historical data of streamflow. The storage at the time, t in 
the basin was estimated by the following equation:

(9)Q = QOK
t,

(10)∝= −lnK,

(11)K = Ks.Kt.Kb,

(12)St =

(
Q

∝

)

.

Fig. 10  Maximum surface depression storage

Table 4  Surface depression storage values

Fleming and Neary (2004)

Description Slope (%) Surface storage

Inches Millimetre

Paved impervious areas NA 0.125–0.25 3.18–6.35
Flat, furrowed land 0–5 2.00 50.8
Moderate to gentle slopes 5–30 0.25–0.50 6.35–12.70
Steep, smooth slopes > 30 0.04 1.02
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The hydrographs were selected from various seasons and 
from different storm events where there was no rain for some 
days after the peak flow was attained and the storage param-
eters and recession constant were evaluated.

Calibration and validation of the HEC–HMS model

The hydrological model needs to undergo the process of 
calibration and validation using the actual streamflow val-
ues to obtain the desired and reliable outputs. The observed 
streamflow was compared with the simulated streamflow 
for evaluating the goodness of fit and to suggest whether the 
hydrological model can predict the streamflow efficiently at 
three discharge stations (Ram Munshi Bagh, Sangam, and 
Rambiara). The HEC–HMS hydrological model was run for 
a period of 20 years (2000–2019) where 3 years were used as 
the warm-up period for the model. The model was calibrated 
for a period of 12 years from 2003 to 2014 and validated for a 
period of 5 years from 2015 to 2019. The optimization trials 
were carried out through the auto-calibration process and the 
values of the input parameters were also adjusted using the 
manual calibration of the HEC–HMS model and the set of 
optimized parameters was obtained. The optimized parameters 
were used further to perform the validation of the model and 
evaluate the goodness of fit for the simulated and the observed 

streamflow. The HEC–HMS hydrological model performance 
analysis incorporated the assessment of goodness of fit in both 
observed and simulated discharge using performance indica-
tors like coefficient of determination (R2), Nash–Sutcliffe effi-
ciency (NSE), Kling–Gupta efficiency (KGE), percent bias 
(PB), mean absolute error (MAE), and root mean square error 
(RMSE). The equations of these six statistical indices have 
been described below:

(13)R2 =

�∑N

i=1

�
Qobs − Qobs

��
Qsim − Qsim

��2

∑N

i=1

�
Qobs − Qobs

�2 ∑N

i=1

�
Qsim − Qsim

�2
,

(14)NSE =
1 −

∑N

i=1

�
Qobs − Qsim

�

∑N

i=1

�
Qobs − Qobs

�2
,

(15)KGE = 1 −

√
(r − 1)2 + (∝ −1)2 + (� − 1)2,

(16)PB(%) = 100 ×

∑N

i=1

�
Qobs − Qsim

�

∑N

i=1
Qobs

,

Fig. 11  Maximum infiltration rate
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where Qobs is the observed value, Qobs is the mean observed 
value, Qsim is the simulated value and Qsim is the mean simu-
lated value, r is the linear correlation between observed and 
simulated values, ∝ is a measure of flow variability error 
and � is a bias term.

Sensitivity analysis

The sensitivity analysis is a vital component of the hydrologi-
cal modeling that aids in the identification of the most sensitive 
parameter affecting the basin hydrology. The set of optimized 
parameters comprises the influential and the non-influential 
parameters. A small change in the value of the sensitive param-
eter leads to drastic changes in the model simulated results. 
The sensitivity analysis of the SMA algorithm parameters was 

(17)MAE =
1

N

N∑

i=1

||Qobs − Qsim
||,

(18)RMSE =

√√√
√ 1

N

N∑

i=1

(
Qobs − Qsim

)2
,

conducted using the OAT method where each input param-
eter value was varied by ± 10% while keeping the remaining 
parameters at their default values.

Results

The total area covered by the upper Jhelum river basin is 
5417.1  km2 with the highest and lowest elevations of 5308 m 
and 1561 m, respectively, the total length of 88.90 km, mean 
width of 60.90 km, and perimeter equal to 368.60 km. The 
basin constitutes dendritic, trellis, and parallel to the subparal-
lel type of drainage pattern. The basin characteristics such as 
sub-basin area, perimeter, relief, length, minimum and maxi-
mum elevation, number of micro watersheds, and length of the 
main channel are represented in Table 6.

Fig. 12  Maximum soil profile storage
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Upper Jhelum basin hydroclimatic 
conditions

Temperature

The temperature data were studied for a period of 20 years 
ranging from 2000 to 2019. The values over four meteoro-
logical stations were averaged and the mean minimum and 
maximum temperature (Tmin, Tmax) were recorded (Fig. 16). 
The results show that the mean annual Tmax in the basin 
ranges from 17.0 to 20.5 °C with a mean value of 18.9 °C. 
Similarly, the mean annual Tmin recorded ranges from 3.4 
to 7.7 °C with an average value of 6.1 °C. The maximum 
temperature was recorded in July where Tmax and Tmin were 
27.7 °C and 16.1 °C, respectively. The lowest temperature 
(sub-zero) was recorded in January when the winter season 
in the basin starts to begin. Minimum and maximum tem-
perature values for January were as 6.9 °C and − 3.2 °C, 
respectively.

Precipitation

The evaluation of precipitation averaged over four observed 
meteorological stations revealed that the average annual 
rainfall for the period of 2000–2019 was 1684.1  mm 

(Fig. 17). The lowest and highest average annual rainfall val-
ues were recorded to be 654.3 mm in 2000 and 1477.8 mm 
in 2014, respectively. The lowest precipitation was recorded 
in November averaging 44.5 mm and the highest precipita-
tion of 130.3 mm was received in March.

Streamflow

The changes in the streamflow of the upper Jhelum basin at 
three discharge stations are shown in Fig. 18. Sangam sta-
tion showed the maximum peak discharge (3465.3 cumecs), 
followed by Ram Munshi Bagh (2634.6 cumecs) and Ram-
biara (1716.3 cumecs). The maximum annual peak flow 
was recorded for the year 2014 (flood year) for all the three 
gauging stations. The minimum annual peak flow discharge 
for Sangam was 2079.9 cumecs, 1160.4 cumecs for Ram 
Munshi Bagh and 600.9 cumecs for Rambiara.

Parameterization and sensitivity analysis

The basic step in the process of calibration is the identifica-
tion of the influential parameters that govern the streamflow 
conditions. Sensitivity analysis of the HEC–HMS model was 
carried out by OAT method prior to calibration and valida-
tion concerning SMA parameters. The sensitivity analysis of 

Fig. 13  Maximum soil tension storage zone



446 Modeling Earth Systems and Environment (2023) 9:431–455

1 3

thirteen SMA parameters was analyzed by separately vary-
ing each parameter from − 50% to + 50% in increments of 
10%. The percent change in simulated volume was then plot-
ted against the percent change in variation of each parameter 
(Fig. 19). From the analysis, it was found that soil storage 
was the most sensitive parameter followed by tension zone 
storage and soil percolation. GW2 coefficients, percolation 
and storage were found to be the least sensitive parameters 

while carrying out the process of calibration. The ranking 
of parameters according to their sensitivity concerning the 
change in simulated volume is shown in Table 7.

HEC–HMS model calibration and validation

The HEC–HMS model streamflow simulation in the upper 
Jhelum basin was carried out at selected three gauging 

Fig. 14  Maximum soil percolation rate

Table 5  SMA parameters, data, 
and estimation methods

Parameters Data source Initial condition Method

Canopy storage (mm) Soil database Canopy storage (%) Calibration
Surface storage (mm) Soil database Canopy storage (%) Calibration
Max infiltration rate (mm/h) Soil database Soil storage (%) Calibration
Max soil storage (mm) Soil database GW1 filled storage (%) Calibration
Soil tension storage (mm) Soil database GW1 filled storage (%) Calibration
Soil percolation rate (mm/h) Soil database
GW1 storage (mm) Base flow
GW1 max percolation rate (mm/h) Soil database
GW1 storage coefficient (h) Calibration
GW2 storage (mm) Base flow
GW2 max percolation rate (mm/h) Calibration
GW2 storage coefficient (h) Calibration
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Fig. 15  Hydrograph represent-
ing contributions from GW1 
(Interflow) and GW2 (Baseflow)
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Table 6  Basic morphometric parameters of the upper Jhelum basin

Sub-basin Area  (km2) Perimeter (km) Length (km) Maximum 
elevation (m)

Minimum 
elevation (m)

Basin 
relief (km)

Length of main 
channel (km)

No of 
micro 
watersheds

Veshav 1014.8 161.4 44.1 4564.0 1559.0 3.1 78.6 74
Rambiara 872.6 167.7 58.7 4625.0 1527.0 3.2 76.0 41
Romushi 365.0 122.0 47.3 4651.0 1577.0 2.3 54.0 09
Sandran 365.2 118.3 47.1 4065.0 1583.0 2.5 53.0 16
Bringi 505.4 135.2 40.6 4351.0 1582.0 2.9 53.0 49
Lidder 1267.2 222.6 53.8 5047.0 1535.0 3.9 82.2 98
Kuthar 328.8 89.98 35.5 4300.0 1501.0 2.8 39.0 38
Arapal 539.0 96.7 30.8 4239.0 1495.0 2.9 38.4 53

Fig. 16  Time series of mean 
maxmimum and minimum tem-
perature along with trend line
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stations for a period of 20 years (2000–2019) using 3 years 
as the warm-up period. The calibration of HEC–HMS was 
performed from 2003 to 2014 to estimate daily run-off in 
the basin. The auto-calibration methods embedded in the 
HEC–HMS model were used to first calibrate the input 
parameters and then these parameters were further fine-
tuned to obtain the best-optimized values using manual 
calibration procedures. After successfully calibrating the 
model, the optimized parameters generated were utilized 

to simulate the model for the validation period. Table 8 
shows the various optimized parameter values for the 
study area. The HEC–HMS model was validated for a 
period of 5 years (2015–2019). The optimization of the 
model parameters was performed based on six objective 
functions. The statistical evaluation of the model at three 
gauging stations for the calibration period is presented in 
Table 9. The values of R2, NSE, and KGE for Ram Mun-
shi Bagh station were 0.808, 0.793, and 0.866 while the 

Fig. 17  Annual precipitation 
along with trend line
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Fig. 18  Time series of stream-
flow at multiple gauging sites 
along with trend lines
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Fig. 19  Sensitivity analysis of 
HEC–HMS model parameters
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computation of these coefficients for Sangam and Ram-
biara were 0.783, 0.753, 0.871, and 0.793, 0.788, 0.816, 
respectively. Percent bias, MAE, and RMSE represented 
the errors in the model simulation and for Ram Munshi 
Bagh these errors were estimated to be 7.9%, 31.462, 
and 43.798 whereas, these errors were 2.7%, 49.718, and 
59.628 for Sangam and 5.1%, 19.578 and 26.644 for Ram-
biara station.

The statistical performance of the HEC–HMS model 
during the validation period is summarized in Table 10. 
The results reveal that the performance of the validation 
period is in similitude to the calibration period. The same 
statistical coefficients were used for the validation period as 
used in the calibration period. The values of R2 for valida-
tion were found to be 0.832 for Ram Munshi Bagh station, 
0.805 for Sangam, and 0.833 for Rambiara station. NSE val-
ues obtained were 0.819 for Ram Munshi Bagh, 0.767 for 
Sangam, and 0.819 for Rambiara station, whereas KGE for 
these three stations were 0.898, 0.864, and 0.807, respec-
tively. The model error evaluators PB, MAE, and RMSE 
were 5.2%, 36.497, and 49.433 for Ram Munshi Bagh, 
4.2%, 49.921, and 63.995 for Sangam, and 6.8%, 32.082 
and 39.362 for Rambiara station.

The HEC–HMS model performance was further judged 
by the graphical comparison between the observed and sim-
ulated streamflow values. The hydrograph and the scatter 
plots for the observed and simulated streamflow for calibra-
tion and validation periods for three discharge stations are 
shown in Figs. 20a–f and 21a–f, respectively. It is evident 
from the figures that the HEC–HMS model satisfactorily 
simulates the observed discharge and the model has effi-
ciently represented the peak values in the hydrograph. The 
highest peak flow value was recorded for the year 2014, the 
flood year, and was correctly depicted by the model, thus, 

Table 7  Ranking of model parameter as per the sensitivity analysis

Parameters Ranking

Soil storage 1
Soil tension storage 2
Soil percolation 3
Maximum infiltration 4
GW1 storage 5
GW1 percolation 6
Canopy storage 7
Surface depression storage 8
Impervious 9
GW1 coefficient 10
GW2 storage 11
GW2 percolation 12
GW2 coefficient 13

Table 8  SMA optimized model 
parameters for four sub-basins

Parameters Pahalgam Kokernag Qazigund Srinagar

Max canopy storage (mm) 1.945 1.592 1.6 2.156
Max surface storage (mm) 22.57 33.68 33.21 27.35
Max infiltration rate (mm/h) 22.43 18.89 28.68 17.78
Max soil storage (mm) 650.38 626.75 622.46 640.97
Soil tension storage (mm) 467.78 496.34 466.44 498.65
Soil percolation rate (mm/h) 4.34 3.57 6.45 3.87
GW1 storage (mm) 510 532 515.38 533.69
GW1 max percolation rate (mm/h) 4.3 12.12 3.8 3.4
GW1 storage coefficient (h) 750 780 672 760
GW2 storage (mm) 720 732 714.38 710.03
GW2 max percolation rate (mm/h) 3.5 10.82 3.6 3.1
GW2 storage coefficient (h) 4020 3039 2257 3122

Table 9  Statistical parameters 
for calibration period (2003–
2014) at different gauging 
stations

S. no. Statistical parameters Stations

Ram Munshi Bagh Sangam Rambiara

Correlation coefficient (R2) 0.808 0.783 0.793
Nash Sutcliff efficiency (NSE) 0.793 0.753 0.788
Kling Gupta efficiency (KGE) 0.866 0.871 0.816
Percent bias (P.B) 7.9% 2.7% 5.1%
Mean absolute error (MAE) 31.462 49.718 19.578
Root mean square error (RMSE) 43.798 59.628 26.644
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suggesting that model can be used satisfactorily for any 
simulation period.

Discussion

The HEC–HMS hydrologic model needs to be calibrated 
efficiently using SMA parameters before using the model for 
quantifying the run-off accurately in the upper Jehlum basin. 
The SMA parameters are mostly related to the soil proper-
ties and are required to be calculated more precisely. In this 
study, some of the soil properties were obtained from the 
FAO soil database and others were calculated using empiri-
cal equations. The results obtained were very satisfactory. 
The evapotranspiration is the most important factor influenc-
ing continuous simulation and was estimated for the entire 
basin using Thornwaite’s method on a monthly time scale.

During the process of sensitivity analysis carried upon 
SMA parameters, the soil storage and soil tension storage 
zone were found to be the most sensitive parameter in the 
basin. Singh and Jain (2015) used the SMA algorithm of 
the HEC–HMS hydrological model in the Vamsadhara river 
basin, India to simulate streamflow and sensitivity analysis 
showed soil storage as the most sensitive parameter in the 
basin. Ismael et al. (2017), also used HEC–HMS to perform 
run-off simulation in Ruiru reservoir catchment. They also 
found soil storage to be the most sensitive parameter same 
as our study. Both the studies were found in close agreement 
with our present study.

The statistical analysis implies that the model perfor-
mance indicators (R2, NSE, and KGE) and model error 
evaluators (PB, MAE, and RMSE) are close to the expected 
value of 1 and 0, respectively. Positive values of PB for all 
the three gauging stations indicate that the flow is under-
estimated (Gupta et al. 1999). This may be attributed to 
the fact that the HEC–HMS model does not take into con-
sideration the flows induced from snowmelt in the water-
shed (Fontaine et al. 2002). The run-off generated from the 
snowmelt contributes significantly to the streamflow in the 
upper Jehlum basin, therefore, in the current study, the high 
flows were not very efficiently determined by the model 
due to which the flow was underestimated. The low flows 

have been appropriately depicted by the model as the base-
flow model was used to study the delayed flows in the basin 
which included groundwater contributions from the basin. 
The values of the groundwater coefficients and percolation 
rates were determined from the total hydrograph analysis. 
The values of the other statistical coefficients reveal that 
the model shows minimum bias towards calibration as well 
as validation periods, resulting in good agreement between 
observed and simulated discharge values at the three gaug-
ing stations and further suggests that the hydrological model 
has been calibrated satisfactorily for the study area. Our 
study is in agreement with the similar studies carried by 
other authors in different basins. Roy et al. (2013) used the 
HEC–HMS model in eastern India for a river basin to cal-
culate various parameters and evaluate the performance of 
the model. The calibrated and validated model proved to 
be the best fit for the concerned study area. Shah and Lone 
(2021) utilized HEC–HMS hydrological model to simulate 
streamflow in the Sindh watershed, northwest Himalayas. 
The results showed a good fit between the observed and 
the simulated streamflow values and proved the hydrologi-
cal model can be used in the study area for any simulation 
period. Altaf and Romshoo (2022) used HEC–HMS in 
five watersheds of the Upper Jhelum Basin in the Kashmir 
Himalaya, India. The hydrological model was calibrated to 
estimate the excess-run-off potential in the basin and the 
model results showed good agreement with the observed 
streamflow and the flood-vulnerability assessment of the 
upper Jhelum basin was well corroborated by the observed 
floodwater levels and the Vishav watershed was found to be 
the most vulnerable.

Conclusions

The applicability of the HEC–HMS hydrological model 
for multi-site streamflow simulation using hydrometeoro-
logical inputs is explored for the upper Jhelum basin in a 
hilly terrain of western Himalayas. The HEC–HMS con-
tinuous modeling has been performed in the basin using 
SMA algorithm. The parameters for the SMA model were 
generated using HEC–GeoHMS, an ArcGIS interface of the 

Table 10  Statistical parameters 
for validation period (2015–
2019) at different gauging 
stations

S. no. Statistical parameters Stations

Ram Munshi Bagh Sangam Rambiara

Correlation coefficient (R2) 0.832 0.805 0.833
Nash Sutcliff efficiency (NSE) 0.819 0.767 0.819
Kling Gupta efficiency (KGE) 0.898 0.864 0.807
Percent bias (P.B) 5.2% 4.2% 6.8%
Mean absolute error (MAE) 36.497 49.921 32.082
Root mean square error (RMSE) 49.433 63.995 39.362
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Fig. 20  Observed and simulated flow during calibration period (2003–2014) at a Ram Munshi Bagh, b Sangam, and c Rambiara. The same dur-
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HEC–HMS model. The sensitivity analysis, calibration, and 
validation were the most important processes to attain run-
off simulation results. The sensitivity analysis of the SMA 
parameters was performed to describe the effect of sensitive 
parameters on the water movement and it’s storage in dif-
ferent soil layers. The soil storage was found to be the most 
sensitive parameter followed by tension zone storage and 
soil percolation. The HEC–HMS hydrological model was 
successfully and efficiently calibrated and validated for the 
upper Jhelum basin for 12 years (2013–2014) and 5 years 
(2015–2019), respectively. The model performance was 
evaluated by the values obtained for statistical coefficients, 
R2, NSE, KGE, PB, MAE, and RMSE for both the calibra-
tion and validation periods. During calibration period R2 
ranged from 0.783 to 0.808, NSE from 0.753 to 0.793, and 
PB from 2.7 to 5.1% and during validation period R2 ranged 
from 0.80 to 0.83, NSE from 0.70 to 0.80, and PB from 2 to 
6.8%. The results are acceptable with reasonable accuracy, 
indicating good model performance and a reliable associa-
tion between hydrometeorological inputs and streamflow. 
Thus, the HEC–HMS model can be used for further studies 
related to climate change impact studies as a future scope of 
this study. The performance of the HEC–HMS model may 
further be enhanced by using the directly measured water-
shed parameters like soil texture, saturated hydraulic con-
ductivity, soil tension storage, and infiltration rate of the soil.
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