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Abstract
Distributed modeling approach may have much better performance and accuracy compared with lumped-parameter hydro-
logic models. The main goals of this research are: investigating the possibility of combining distributed hydrological mod-
els with an one-dimensional hydraulic model and simulating waterways in large watersheds with limited hydrological and 
hydraulic data. Then performing sensitivity analysis on different parameters in order to identify the parameters containing 
the major influences on results. In the current research, an innovative approach in Gridded Surface Subsurface Hydrologic 
Analysis (GSSHA) model, the cross-sections of all 414 waterways in the 3450  km2 Karvandar watershed, used for flow rout-
ing calculations, are uniquely extracted. Then, the effect of three essential factors are evaluated. These factors are accuracy of 
the digital topographic model, cell size of grid network, and density of streams, on the results of GSSHA model simulations. 
This watershed is located in southeastern Iran, has a dry climate with limited available hydrological data. Results showed 
that peak discharges obtained from the GSSHA model, developed based on a DEM with a spatial resolution of 12.5 m, are 
slightly (< 4%) lower than the corresponding values   in the GSSHA model with a 30 m DEM resolution. This fact confirms 
that the use of the topographic model with a lower spatial resolution has no substantial effects on the accuracy of simulation. 
Also, the peak discharges increased significantly (44% to 57%) by increasing the density of waterways in the GSSHA model. 
Furthermore, results showed that peak discharge obtained from three models with grid cell sizes of 100, 150, and 200 m (base 
model), are close together. Comparing with two models of coarser grids (250 and 300 m), significant differences observed, 
which indicated that the grids larger than 200 m could induce substantial errors in results.

Keywords Distributed hydrologic model · Sensitivity analysis · Diffusive wave routing · Cell size

Introduction

For many hydrologic studies, distributed modeling 
approaches may have many significant advantages in 
rainfall-runoff models compared with traditional lumped-
parameter hydrologic models. Gridded Surface Subsurface 
Hydrologic Analysis (GSSHA) is a physically-based hydro-
logic model. This model simulates water surface flows in 
watersheds with miscellaneous runoff production processes, 
including runoff due to excess infiltration and saturated aqui-
fers, as well as direct interaction between waterways and sat-
urated groundwater; using mass-conserving equations. The 
hydrologic components are closely related to ensure overall 
mass balance (Downer et al. 2002a). GSSHA uses similar 
two-step explicit finite volume schemes to route the flow 
for one-dimensional (1-D) channels and two-dimensional 
(2-D) overland flow. Compared with the kinematic wave 
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approach, this diffusive wave approach allows GSSHA to 
route runoff through pits or depressions and areas of adverse 
slope. Despite the widespread use of the Muskingum method 
(Farzin et al., 2018, Node Farahani et al., 2018, Farahani 
et al., 2019), the diffusive wave approach has high accuracy. 
The Manning formula relates flow depth to discharge and is 
employed in many studies (Farzin et al., 2021). Features of 
the GSSHA model include 1-D infiltration, 1-D streamflow, 
2-D overland flow, and 2-D groundwater flow.

The GSSHA model has been successfully applied to 
diverse problems and can provide data necessary for the 
potential effects of projects, land-use change, best manage-
ment practices (BMPs), climate change, and related issues 
(Downer 2008). Downer and Ogden (2004) calibrated and 
verified the GSSHA model versus outlet discharges. The 
model accurately reproduces soil moisture values during 
the growing season. With additional enhancements, soil 
moisture during the non-growing season is obtained within 
a root-mean-square error of 0.1. Downer and Ogden (2004) 
tested the GSSHA model on a watershed with different run-
off mechanisms. Results showed that the model is helpful 
to investigate the stream flow-producing processes in the 
watershed scale.

Jaiswal et  al. (2020) compared two conceptual mod-
els including TANK and Australian water balance model 
(AWBM) and a physically distributed but lumped on HRUs 
scale SWAT model for Tandula basin of Chhattisgarh 
(India). They deduced that distributed methods could pro-
vide convenient results.

Kalin and Hantush (2006) analyzed two distributed 
watershed-scale sediment models (Kinematic Runoff and 
Erosion (KINEROS-2) and GSSHA) by application on an 
experimental watershed. Even though GSSHA's flow com-
ponent slightly performed better than KINEROS-2, the 
latter outperformed GSSHA in simulations for sediment 
transport. Sharif et al. (2010) presented a hydrologic analy-
sis of a flood event in a small urbanized watershed using 
the GSSHA model in Austin, Texas. Observed discharge 
was compared to hydrographs obtained from the accuracy 
of model decreases by increasing the grid sizes. Surosoa 
et al. (2013) modeled flood hazard with GSSHA in the 
South Sumatra Province of Indonesia. Based on the risk 
map, several flood control measures are identified: canali-
zation, polder, retention pond, and infiltration measurement 
for downstream areas; detention basin and dam construction 
for midland areas; reforestation for upstream areas. Zhang 
et al. (2014) detected the impacts of optimization on the 
Yong-Ding watershed in China by comparing the land use 
pattern characteristics using the GSSHA model. The results 
of the hydrological evaluation revealed that instead of the 
land-use location control, the land-use composition and con-
figuration control might be a more powerful method for min-
imizing the negative hydrological impact of urbanization. 

Yang et al. (2016) analyzed flash flooding in small urban 
watersheds, with a major focus on rainfall variability, ante-
cedent soil moisture, and urban stormwater management 
infrastructure over Harry's Brook watershed in the USA, 
during 2005–2006. Hydrologic modeling simulation with 
GSSHA indicated that the sensitivity of hydrologic response 
to spatial rainfall variability decreases by increasing storm 
intensity. Temporal variability of rainfall is relatively more 
important than spatial variability, especially for extreme 
storm events. Tauhidur and Adel (2016) determined the 
physical, social, and overall composite flash flood vulner-
ability indices (CFVI) for 153 neighborhoods of Riyadh, 
Saudi Arabia. The CFVI map showed that the central and 
southern half of the city are highly vulnerable; northern and 
northeastern districts are moderate to highly vulnerable, and 
the mountainous western neighborhoods are the least vulner-
able to flash flooding. Furl et al. (2018a) assessed the use of 
satellite-based precipitation products versus a Next-Gener-
ation Radar (NEXRAD) Stage IV product during big storms 
across three spatial scales ranging from ~ 200 to 10,000  km2 
using a GSSHA model. As a final result, the products sig-
nificantly underestimated strong storm events in all spatial 
scales. Furl et al. (2018b) suggested that storm location and 
its motion had an important role in the peak flows. When the 
intense headwater cells were started over the middle por-
tion of the basin, peak flows were greatly attenuated, while 
the runoff volume remained constant. Pradhan and Loney 
(2018) analyzed the unit hydrograph peaking factor (UHPF) 
using the GSSHA model. They concluded that design events 
with return periods greater than 5-year are needed for the 
UHPF to fall within the guidance range and that UHPF 
becomes less sensitive to rainfall intensity with increasing 
accumulation time. Lugina et al. (2018) analyzed the effect 
of moving rainstorms in increasing peak discharge in the 
2013 flood event in Ciliwung Rivers Basin (CRB) based on 
13 scenarios of synthetic rain, including three scenarios for 
nonmoving rainfall and ten scenarios of the moving rainfall 
to-downstream or to-upstream direction, which all based on 
the equivalent volume. The GSSHA hydrological simulation 
was conducted, and the results showed that moving rain-
fall has important effects in increasing the peak discharge 
and decreasing time to peak discharge in CRB. Hwan et al. 
(2020) evaluated the applicability of GSSHA for long-term 
discharge and water quality simulation for the ungauged 
Peace Dam Watershed in South Korea. Results showed good 
capabilities to be used as a watershed model even with its 
overestimation of peak discharges for small storms. Li et al. 
(2020) tested a data-driven rainfall-runoff model using a 
long-short-term-memory (LSTM) network for a watershed 
in Houston, Texas, for severe flood events. The model results 
were also compared with the output of a process-driven 
GSSHA model. Results showed that the data-driven model 
was more efficient in terms of prediction and calibration. 
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Karamouz et al. (2020) and Karamouz and Farzaneh (2020) 
utilized a new method to set the flood mitigation strategies 
in a coastal wastewater treatment plant in New York City, 
USA. The strategies are selected and the reliability of the 
Hunts Point plant is estimated with (and without) using best 
management practices (BMPs). The results present 46% 
increase on reliability by using BMPs. Anaraki et al. (2021) 
used data-driven methods for uncertainty analysis of flood 
frequency under climate change conditions. In flood fre-
quency, analyzing the hydrological modeling is one of the 
most important sources of uncertainty. Zhou et al. (2021), 
using a flood frequency analysis framework with the GSSHA 
model, examined the role of rainfall spatial and temporal 
variability in flood frequency in the highly urbanized Dead 
Run watershed outside of Baltimore, USA. The impact of 
impervious areas on flood response decreased by increas-
ing rainfall return period. For extreme storms, maximum 
discharge was closely linked to the spatial structure of rain-
fall. de Arruda Gomes et al. (2021) analyzed the Capibaribe 
River basin's hydrological response to extreme rainfalls and 
its impact on the city of Recife in Brazil using three lumped 
and distributed hydrologic and hydraulic models. A reservoir 
was also considered to investigate its effect on watershed 
hydrology. The study showed that the reservoir reduced the 
flood severity by 70.3% for the 2011 event, but this event 

still caused a flood covering an area of 6.01  km2. In order 
to investigate the effects of urbanization on increasing the 
flood risk in urban areas, Feng et al. (2021) applied six simu-
lated land-use scenarios into coupled distributed hydrologic 
and hydraulic models. Results indicated that urbanization 
increases surface runoff and river discharge and decreases 
time to peak discharge. Karamouz and Mahani (2021) used 
Gridded surface subsurface hydrologic analysis (GSSHA) to 
model flood delineation in a coastal city of the USA. They 
showed that the development of an uncertainty-based flood 
inundation modeling could significantly improve the ability 
for better flood preparedness planning in coastal cities.

A review of the previous researches shows that they 
include evaluating and analyzing the sensitivity of GSSHA 
results in distributed hydrologic simulations of flood events 
with variable spatial and temporal parameters of rain, for 
different grid sizes and use of satellite rain models data. Still, 
less attention has been paid to one-dimensional hydraulic 
routing of flow by diffusive wave method in the GSSHA 
model and its vital role in the results of distributed hydro-
logical simulations. Also, there was no idea concerning 
modeling the cross-sections of waterways, especially in 
large watersheds, which are necessary for hydraulic rout-
ing in GSSHA. In the current study, using an innovative 
approach, the unique cross-sections of all waterways in a 
large watershed of   3450  km2, including 414 waterways with 
a drainage area   more than 5  km2, were extracted from the 
digital elevation model (DEM). This approach has been used 
in different sensitivity analyses in the models with the vari-
able density of streams.

So far, the integrated hydrological and distributed hydrau-
lic conceptual model has not been used in large watersheds 
due to the several of required parameters and the unavail-
ability of most of these parameters. In this study using inno-
vative approaches and in terms of uncertainty, and favorable 
results have been obtained. The most important innovation 
used in this research, as emphasized in the article, is the 
extraction of unique cross-sections for 414 different water-
ways with a drainage surface of more than 5  km2, which 
has not been done in other researches. As explained in the 
article, the comparison of the influence of modeling of 
waterways in one-dimensional hydraulic routing calculations 
using the diffusive wave method in three different cases (1) 
modeling the main river and its tributaries, (2) all Waterways 
with a drainage area of more than 5  km2, and (3) without 
modeling the waterways and performing hydraulic routing. 
The results have a very wide range of changes and indicate 
a very high sensitivity of the model to how performing cal-
culations of hydraulic routing.

Table 1  Mapping table values in GSSHA model used in a 2-D rout-
ing of surface overland flow

Id Surface type Roughness

51 Streams and canals 0.02975
73 Sandy areas other than beaches 0.02975
74 Bare exposed rock 0.00935
76 Transitional areas 0.00935
77 Mixed barren land 0.02975

Fig. 1  Explicit channel routing scheme



 Applied Water Science (2023) 13:33

1 3

33 Page 4 of 19

Methodology

Infiltration model

The Green-Ampt (GA) equation has been used as an infiltra-
tion model in the current study. Four soil hydraulic param-
eters are needed for modeling the infiltration process using 
the GA equation:

a. Soil saturated hydraulic conductivity, Ks (cm  h−1).
b. Soil capillary suction head parameter, Sf (cm).
c. Effective porosity, θe.
d. Initial soil moisture content, θ.

The GA equation is as follows:

in which ft, infiltration loss at time t, K, φ, θi, (φ − θi), Sf, Ft 
are saturated hydraulic conductivity, saturated water content, 
initial water content, volumetric moisture deficit, wetting 
front suction, and cumulative loss at time t, respectively.

This model is based on the following assumptions:

• Homogeneous soil with a uniform θi.
• Pressure head at the wetting front, Hf, is constant.

(1)ft = K

[

1 +
(

� − �i
)

Sf

Ft

]

Fig. 2  Flowchart for the current study
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• Water content and hydraulic conductivity, K, are uniform 
and constant in the wet region.

• Ponding depth, H0, is constant.

The Green–Ampt with soil moisture Redistribution 
(GAR) method expands the capability of the GA method 
by redistributing soil moisture during non (or low intensity 
rainfall) periods. This allows infiltration capacity to recover 
for the next burst of storm intensity, and makes the GAR 
method suitable for simulating multiple rainfall events in 
series.

Considerable previous studies have been conducted 
to relate soil infiltration parameter values to soil textural 
classification. Hydraulic conductivities for all GA-based 
approaches are half of the saturated values (Rawls et al. 
1982). These values have great uncertainty and low corre-
lation with textural classification and soil texture. However, 
these values are useful and supply an initial estimate of infil-
tration parameters.

The standard approach in creating GSSHA model is the 
use of digital soil textural classification data to develop an 
index map of soil types. Soil textural maps may be combined 
with land use or vegetation maps. Table 1 is used to assign 
initial parameters to the soil types in the index map of cur-
rent study.

1‑D Routing scheme in GSSHA

The 1-D channel routing scheme is shown in Fig. 1. Inter-cell 
flows, Qi − 1/2 and Qi + 1/2  (m3/s) in longitudinal, x, direction 

are computed from depths, d, at the nth time level using the 
Manning equation for the head discharge relationship (Downer 
et al. 2002b):

where n is roughness coefficient, A is channel cross sectional 
area the area  (m2), R is the hydraulic radius (m), and Sf is 
the friction slope (m), calculated in x direction as (Downer 
et al. 2002b):

where d is water depth (m), Sox is the land surface slope in 
the x direction. For negative slopes the energy head loss is 
used to calculate the discharge as (Downer et al., 2002b):

The flow direction is determined around each node and 
the locally upstream cell properties are used to compute 
the flow discharge. This simple local determination of 
the upstream cells prevents flood routing in channels with 
adverse slopes. This method also allows better simulations 
of backwater effects.

Inter-node fluxes are used to calculate the flow volume, 
V, in each node as (Downer et al., 2002b):

(2)Qn
i+1∕2

=
1

n
An
i

(

Rn
i

)2∕3
(

Sn
fi+1∕2

)1∕2

(3)Sfi+1∕2 = Soi+1∕2 −
dn
i+1

− dn
i

Δx

(4)Qn
i+1∕2

=
1

n
An
i+1

(

Rn
i+1

)2∕3
(

Sn
fi+1∕2

)1∕2

Fig. 3  GSSHA distributed model in two states of modeling main Karvandar River and major tributaries only (left) and modeling of all streams 
with drainage area greater than 5  km2 (right)
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where qlat  (m2/s) is the lateral inflow from the overland flow 
cells adjacent to the node, and qrecharge  (m2/s) is the exchange 
between the groundwater and channel. These new vol-
umes are used to compute nodal values of A, d, and wetted 

(5)
Vn+1
i

= Vn
i
+ Δt(qn+1

lat
Δx + qn+1

recharge
Δx + Qn+1

i−1∕2
− Qn

i+1∕2
) perimeter at the n + 1 time level. Calculations proceed from 

the upstream boundary to the downstream boundary.

2‑D routing scheme in GSSHA

Overland flow in 2-D GSSHA model is the same meth-
ods described for 1-D channel routing, except that the 
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Fig. 4  Sample cross-sections used in modeling of streams of hydrographic network of the Karvandar River used in 1-D hydraulic routing
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calculations are done for two orthogonal directions in each 
grid cell during each time step. The watershed boundary 
acts as a non-flow boundary for the overland flow routing. 
In GSSHA, Δx = Δy. Inter-cell fluxes in x and y directions 
are p and q, respectively, and computed in cell ij from the 
depth, dij, at the nth time step using the Manning equation 

for the head discharge relationship in the x and y directions, 
respectively, as (Downer et al., 2002a, b):

(6)pn
ij
=

1

n

(

dn
ij

)5∕3
(

Sfx

)1∕2

Fig. 5  Plan view of physi-
ographical conceptual model of 
Karvandar River watershed

Fig. 6  3D view (5 V:1H) of 
physiographical conceptual 
model of Karvandar River 
watershed
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where pij and qij are discharges in x and y direction.
Depths in each cell are calculated for the (n + 1)th time 

step based on the flows for each cell (Julien and Sagha-
fian 1991):

By this original formulation, two additional methods of 
solving the equations have been proposed, an Alternating 
Direction Explicit scheme (ADE) and an ADE scheme 

(7)qn
ij
=

1

n

(

dn
ij

)5∕3(

Sfy

)1∕2

(8)dn+1
ij

= dn
ij
+

Δt

Δx

(

pn
i−1j

+ qn
ij−1

− pn
ij
− qn

ij

)

with an extra Predictor–Corrector step (ADEPC) (Downer 
et al., 2000, b).

In ADE scheme, inter-cell flows are first calculated 
for x-direction according to Eq. (6). Depths in each row 
are updated based on the flows for x-direction (Downer 
et al., 2002b):

Inter-cell flows in the y-direction are computed using 
the updated depths (Downer et al., 2002a, b):

(9)d
n+1∕2

ij
= dn

ij
+

Δt

Δx

(

pn
i−1j

− pn
ij

)

Fig. 7  Location of the physiographical conceptual model of Karvandar River watershed in southeastern Iran
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(10)q
n+1∕2

ij
=

1

n

(

d
n+1∕2

ij

)5∕3(

S
n+1∕2

fy

)1∕2

Fig. 8  3D view of the physiographical model of Karvandar River watershed on Google Earth Image located in the arid zone in the north of Iran-
shahr city

Fig. 9  Location of rain gauge stations and Thiessen polygons on 
physiographic model of Karvandar River watershed

Fig. 10  Distributed model of land use in the watershed area used in 
the 2-D routing of surface overland flow
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Depths in each column are updated based on the flows 
in the y-direction (Downer et al., 2002b):

In the ADEPC method, additional steps are added to 
improve the accuracy and stability. As before, during each 
sweep, either by rows or by columns, the head is esti-
mated based on the calculated flows [Eqs. (9) through 
(11)]. Next, using the updated depths, the flow is calcu-
lated for the n + 1 time step (Downer et al., 2002b):

The discharge for time step n + 1/2 is the average dis-
charges obtained from n and n + 1 time steps, defined by 
Eq. (13) (Downer et al., 2002b):

The discharges are then used to update the original 
depths [in Eqs. (9) and (11)].

The flowchart for the current study is presented in 
Fig. 2.

Innovative approach of hydraulic routing in GSSHA

In this study, as an innovative approach at the level of large 
GSSHA distribution model, the cross-sections of all 414 
waterways of the Karavandar River hydrographic network 
are uniquely extracted from DEM and used in three states of 
modeling the flood routing calculations by Diffusive Wave 
method (Fig. 3):

1. Modeling main Karvandar River and major tributaries 
only.

2. Modeling the streams with drainage areas greater than 
5  km2.

3. Modeling non-stream at the entire watershed area.

Some of the selected sample cross-sections used in 1-D 
hydraulic routing by diffusive Wave method, moving from 
upstream to downstream, are shown in Fig. 4.

Study watershed and available data

The study watershed, Karvandar River watershed at Daman 
hydrometric station, southeast of Iran, has 3450  km2 drain-
age area. The average slope of watershed is 16.6%, and its 
average elevation is 1300 m above mean sea level.

Daman hydrometric station has 45 years of daily and 
peak discharges but no flood hydrographs. There are five 

(11)dn+1
ij

= d
n+1∕2

ij
+

Δt

Δx

(

q
n+1∕2

ij−1
− q

n+1∕2

ij

)

(12)qn+1
ij

=
1

n

(

dn+1
ij

)5∕3(

Sn+1
fy

)1∕2

(13)q
n+1∕2

ij
=
(

qn
ij
+ qn+1

ij

)

∕2.0
Fig. 11  Distributed model of soil type in study watershed area to use 
in Green-Ampt infiltration model

Fig. 12  Distributed model resulting from the combination of surface 
roughness and soil type in study watershed area to use in Green-Ampt 
infiltration model
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Table 2  Mapping table values in GSSHA model to use in Green-Ampt model based on Fig. 12

Id Soil type Hydraulic con-
ductivity (cm/h)

Capillary 
head (cm)

Porosity Pore index Residual 
saturation

Field capacity Wilting point

1 Coarse sand 0.4032 4.95 0.437 0.694 0.02 0.091 0.07
2 Sand 0.4032 4.95 0.437 0.694 0.02 0.091 0.07
3 Fine sand 2.5632 4.95 0.437 0.694 0.02 0.091 0.07
4 Very fine sand 1.8432 4.95 0.437 0.694 0.02 0.091 0.07
5 Loamy coarse sand 4.3056 6.13 0.437 0.553 0.035 0.125 0.07
6 Loamy sand 4.3056 6.13 0.437 0.553 0.035 0.125 0.07
7 Loamy fine sand 4.3056 6.13 0.437 0.553 0.035 0.125 0.07
8 Loamy very fine sand 4.3056 6.13 0.437 0.553 0.035 0.125 0.07
9 Coarse sandy loam 1.5696 11.01 0.453 0.378 0.041 0.207 0.07
10 Sandy loam 1.5696 11.01 0.453 0.378 0.041 0.207 0.07
11 Fine sandy loam 1.5696 11.01 0.453 0.378 0.041 0.207 0.07
12 Very fine sandy loam 0.9504 8.89 0.463 0.252 0.027 0.27 0.07
13 Loam 0.9504 8.89 0.463 0.252 0.027 0.27 0.07
14 Sandy clay loam 0.216 21.85 0.398 0.319 0.068 0.225 0.07
15 Clay loam 0.144 20.88 0.464 0.242 0.075 0.318 0.07
16 Silt 0.4896 16.68 0.501 0.234 0.015 0.33 0.07
17 Silt loam 0.4896 16.68 0.501 0.234 0.015 0.33 0.07
18 Silty clay loam 0.144 27.3 0.471 0.177 0.04 0.366 0.07
19 Silty clay 0.072 29.22 0.479 0.15 0.056 0.387 0.07
20 Sandy clay 0.0864 23.9 0.43 0.223 0.109 0.339 0.07
21 Clay 0.0432 31.63 0.475 0.165 0.09 0.396 0.07
22 Organic soils 0.0432 31.63 0.475 0.165 0.09 0.396 0.07
23 Peat 0.0432 31.63 0.475 0.165 0.09 0.396 0.07
24 Loamy sand 0.144 20.88 0.464 0.242 0.075 0.318 0.07
25 Silt loam 0.216 21.85 0.398 0.319 0.068 0.225 0.07
26 Coarse sand 0.144 20.88 0.464 0.242 0.075 0.318 0.07
27 Coarse sand 0.0432 31.63 0.475 0.165 0.09 0.396 0.07
28 Silt loam 0.144 20.88 0.464 0.242 0.075 0.318 0.07
29 Loamy sand 0.216 21.85 0.398 0.319 0.068 0.225 0.07
30 Fine sand 2.5632 4.95 0.437 0.694 0.02 0.091 0.07
31 Fine sand 2.5632 4.95 0.437 0.694 0.02 0.091 0.07
32 Fine sand 2.5632 4.95 0.437 0.694 0.02 0.091 0.07
33 Fine sand 2.5632 4.95 0.437 0.694 0.02 0.091 0.07
34 Fine sand 2.5632 4.95 0.437 0.694 0.02 0.091 0.07
35 fine sand 2.5632 4.95 0.437 0.694 0.02 0.091 0.07
36 Loam 0.9504 8.89 0.463 0.252 0.027 0.27 0.07
37 LOAM 0.9504 8.89 0.463 0.252 0.027 0.27 0.07
38 Loam 0.9504 8.89 0.463 0.252 0.027 0.27 0.07
39 Loam 0.9504 8.89 0.463 0.252 0.027 0.27 0.07
40 Loam 0.9504 8.89 0.463 0.252 0.027 0.27 0.07

Table 3  Flood properties of calibrated GSSHA base model for flood event of January 15, 2008, compared to corresponding properties of 
GSSHA model developed based on DEM with the resolution of 30 m

DEM resolution (m) 24 h storm depth (mm) Peak discharge  (m3/s) Time 
to peak 
(min)

12.5 (base model) 15–Jan–08 (area weighed average: 75 mm) 1001.04 1016
30 1041.98 1012
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rain gauge stations in the study region with different portions 
of area coverage in the watershed, which is not sufficient 
concerning the geospatial extent of the study watershed. 
Physiographical conceptual models of the Karvandar River 
watershed are shown in Figs. 5 and 6. The location of the 
case study is shown in Figs. 7 and 8.

The location of rain gauge stations and Thiessen polygons 
on the physiographic model of the Karvandar River water-
shed is illustrated in Fig. 9.

Results and discussion

Daman hydrometric station situated at the watershed out-
let records the discharges corresponding to the rainfall and 
storm events of the watershed. Five storm events and related 
floods are analyzed to calibrate the GSSHA Distributed 
Hydrological Model parameters and validate the model. 
The solution grid is performed using the inverse distance 
weighted (IDW) method based on the spatial distribution 

Table 4  Flood hydrograph of calibrated GSSHA Base model for 
five 24-h floods of 60–80 mm cumulative storm depths compared to 
hydrographs corresponding to GSSHA model based on 30 m resolu-
tion DEM

DEM resolution (m) 24 h Storm 
depth (mm)

Peak dis-
charge  (m3/s)

Time 
to peak 
(min)

12.5 (base model) 60 323.18 1108
30 60 333.95 1114
12.5 (base model) 65 444.33 1082
30 65 456.05 1087
12.5 (base model) 70 597.65 1033
30 70 605.37 1037
12.5 (base model) 75 742.02 1037
30 75 742.97 1044
12.5 (base model) 80 919.08 1002
30 80 918.58 1008
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Fig. 13  Flood hydrographs of calibrated GSSHA base model for the 
flood event of January 15, 2008, compared to hydrographs corre-
sponding to GSSHA model of 30 m resolution DEM
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Fig. 14  Flood hydrographs of calibrated GSSHA base model for 
five 24-h floods of 60–80  mm cumulative storm depths compared 
to hydrographs corresponding to GSSHA model of 30 m resolution 
DEM

Table 5  Flood properties 
of calibrated GSSHA base 
model for five 24 h floods of 
60–80 mm cumulative depths 
compared to hydrographs 
corresponding to GSSHA model 
by modeling all watercourses 
with a drainage area of larger 
than 5  km2

Domain of diffusive wave method routing application 24 h storm depth 
(mm)

Peak discharge 
 (m3/s)

Time 
to peak 
(min)

Main river and its major tributaries only (base model) 60 323.18 1108
All streams with drainage area > 5  km2 60 508.98 1044
Main river and its major tributaries only (base model) 65 444.33 1082
All streams with drainage area > 5  km2 65 678.58 1015
Main river and its major tributaries only (base model) 70 597.65 1033
All streams with drainage area > 5  km2 70 851.61 1011
Main river and its major tributaries only (base model) 75 742.02 1037
All streams with drainage area > 5  km2 75 1089.77 968
Main river and its major tributaries only (base model) 80 919.08 1002
All streams with drainage area > 5  km2 80 1320.94 960
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of five rain gauge stations. Due to the lack of flood hydro-
graphs, calibration and validation are performed for the peak 
discharge of floods at the watershed outlet.

The base GSSHA distributed hydrological model of the 
watershed used in this research includes a square grid con-
taining about 86,200 square cells of 200 m. The Green-Ampt 
model is used to simulate the infiltration process. Flow rout-
ing on the watershed surface and in the main stem of river 
or in major tributaries is done by a 2-D and 1-D diffusive 
model, respectively.

The hydrological parameters of the GSSHA model, such 
as the rates and depths of infiltration and surface rough-
ness coefficients, were determined using geological maps 
and cluster analysis of satellite images of the study area. 
The topography of GSSHA was produced using the DEM 
of the Alos Palsar satellite of Japan with a spatial resolution 
of 12.5 m.

Based on overall data obtained from field surveys, 
observations, and satellite images, Manning's n value for 
all streams used in 1-D diffusive wave routing of model 

calibration is defined as 0.035. It is very difficult to access 
all waterways to determine Manning's roughness coefficient, 
due to the large size of the study watershed, difficult topo-
graphical conditions and the lack of access roads; therefore, 
it is not possible to determine the Manning roughness coeffi-
cient separately in each waterway, especially in the scenarios 
of modeling all waterways with a drainage area greater than 
5  km2, for 414 waterways (Figs. 10, 11, 12).

Distributed models of surface roughness, soil type, and 
combined model in study watershed is shown in Figs. 10 
through 12, and corresponding mapping tables used in the 
GSSHA model are presented in Tables 1 and 2.

Thus, the base model was calibrated for the two flood 
events and validated for three other major flood events. The 
hydrological simulation time was 1800 min (30 h), and the 
optimal time step in simulating the GSSHA distributed 
hydrological model was defined as 10 s by trial and error 
process.
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three 24 h floods of 60, 70 and 80 mm cumulative depths compared 
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Fig. 16  Flood hydrographs of calibrated GSSHA base model for two 
24 h floods of 65 and 75 mm cumulative depths compared to hydro-
graphs corresponding to GSSHA model by modeling all watercourses 
with a drainage area of larger than 5  km2

Table 6  Flood properties 
of calibrated GSSHA base 
model for five 24 h floods of 
60–80 mm cumulative depths 
compared to hydrographs 
corresponding to GSSHA 
model by no diffusive wave 
simulation

Domain of diffusive wave method application 24 h storm depth 
(mm)

Peak discharge 
 (m3/s)

Time 
to peak 
(min)

Main river and its major tributaries only (base model) 60 323.18 1108
No diffusive wave model 60 30.46 1455
Main river and its major tributaries only (base model) 65 444.33 1082
No diffusive wave model 65 84.03 1245
Main river and its major tributaries only (base model) 70 597.65 1033
No diffusive wave model 70 152.06 1135
Main river and its major tributaries only (base model) 75 742.02 1037
No diffusive wave model 75 237.71 1052
Main river and its major tributaries only (base model) 80 919.08 1002
No diffusive wave model 80 342.99 1105
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After calibration and validation of the base model, five 
proposed storms, including 24-h storms uniformly distrib-
uted on the watershed with the cumulative depths of 60, 65, 
70, 75, and 80 mm, were applied and the flood hydrographs 
were extracted. The main goal in choosing the uniform spa-
tial distribution of design storms is to compare the topo-
graphic, geometric, and physical changes of the base model 
and perform sensitivity analyses in identical meteorological 
conditions independent of the storms' spatial variations.

Preliminary results showed that unlike the lumped and 
semi-distributed hydrological models, the concentra-
tion–time of the watershed in flood events with different 
peak discharges is fully variable, depending on the physi-
ographic and hydrological characteristics of the water-
shed and the magnitude of design storms. By increasing 
the design storm's depth, the time to peak discharge may 
decrease or increase, depending on the watershed's topo-
graphic, geometric, and hydrographic complexity.

Sensitivity analysis was performed using the GSSHA 
calibrated baseline model for the following four scenarios.

Sensitivity analysis based on accuracy of DEM

To evaluate the accuracy of the topographic model used in 
the GSSHA base model, the Alos Palsar DEM of Japan, 
with a spatial resolution of 12.5 m, was replaced by the 
USA Aster GDEM with a spatial resolution of 30 m. The 
new GSSHA model was performed for five aforementioned 
proposed storm events, and the results were analyzed and 
compared with the results of the base model. Results showed 
that peak discharge of flood events in the base GSSHA 
model is slightly lower than the corresponding values   in the 
GSSHA model with a spatial resolution of 30 m (Tables 3, 
4; Figs. 13, 14). The much smaller volume of the numerical 
model based on topography with a spatial resolution of 30 m 
compared to the base model (about five times), these results 
confirm that using a topographic model with a lower spatial 
resolution does not have practical errors in the accuracy of 
the GSSHA model.

Fig. 17  Flood hydrographs of 
calibrated GSSHA base model 
for six 24 h floods of 60–80 mm 
cumulative depths compared to 
hydrographs corresponding to 
GSSHA model by no diffusive 
wave simulation
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Table 7  Flood properties of 
calibrated GSSHA base model 
for flood event of January 15, 
2008, compared to hydrographs 
corresponding to GSSHA 
models with cell sizes of 
100–300 m

Grid cell size (m) 24 h storm depth (mm) Peak discharge 
 (m3/s)

Time 
to peak 
(min)

100 15–Jan–08 (area weighed average: 75 mm) 894.55 1028
150 898.08 1028
200 (base model) 1001.04 1016
250 1154.59 996
300 1171.27 996
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Sensitivity analysis based on density of streams

The influence of stream density on determining the peak dis-
charge by GSSHA model was investigated. For this purpose, 
firstly, a 1-D hydraulic routing of streams was provided for 
Karvandar River and its major tributaries by the diffusive 
wave method. Another GSSHA model was provided for the 
streams and waterways containing the drainage area greater 
than 5  km2. Five storm events were simulated by these two 
models and their results were compared in Table 5 and 
Figs. 15 and 16. As deduced from the table and figures, by 
increasing the density of waterways in the GSSHA model, 
the peak flood increased significantly, emphasizing the high 

sensitivity of the GSSHA model to the streams and water-
ways density.

In another scenario, the simulation was performed with-
out 1-D diffusion wave hydraulic routing, and the results 
were compared with the results of the base model. The 
results for design storms with different cumulative depths 
showed that peak discharge and flood volume for the 1-D 
hydraulic model in waterways were significantly higher 
than those performed without 1-D simulations (Table 6; 
Fig. 17). The differences in results were more significant 
for the storms with low cumulative depths. For a 60 mm 
storm depth, the ratio of peak discharge obtained from a 
model by ignoring hydraulic routing to a model by consid-
ering hydraulic routing was 9%, while this ratio was 37% 
for an 80 mm storm depth.

Sensitivity analysis based on grid size

To evaluate the effect of cell size on the accuracy of results, 
five different cell sizes were adapted to 100, 150, 200, 250, 
and 300 m in modeling the geometry of the watershed. Five 
storm events were performed by each model proper to the cor-
responding cell size. Results showed that the peak discharges   
in the three models with grid cell sizes of 100, 150, and 200 m 
were very close and had considerable difference from the peak 
discharges with 250 and 300 cell size. These results indicate 
that using a solution grid with a cell size of more than 200 m 

Table 8  Flood properties of calibrated GSSHA base model for a 
24-h, 60 mm storm flood compared to hydrographs corresponding to 
GSSHA models with cell sizes of 100–300 m

Grid cell size (m) 24 h storm 
depth (mm)

Peak discharge 
 (m3/s)

Time 
to peak 
(min)

100 60 369.67 1083
150 60 355.93 1085
200 (base model) 60 323.18 1108
250 60 388.36 1111
300 60 374.61 1115

Table 9  Flood properties of calibrated GSSHA base model for a 
24-h, 65 mm storm flood compared to hydrographs corresponding to 
GSSHA models with cell sizes of 100–300 m

Grid cell size (m) 24 h storm 
depth (mm)

Peak discharge 
 (m3/s)

Time 
to peak 
(min)

100 65 475.72 1054
150 65 468.68 1064
200 (base model) 65 444.33 1082
250 65 528.22 1062
300 65 513.01 1070

Table 10  Flood properties of calibrated GSSHA base model for a 
24-h, 70 mm storm flood compared to hydrographs corresponding to 
GSSHA models with cell sizes of 100–300 m

Grid cell size (m) 24 h storm 
depth (mm)

Peak discharge 
 (m3/s)

Time 
to peak 
(min)

100 70 621.76 1015
150 70 616.94 1024
200 (base model) 70 597.65 1033
250 70 672.58 1037
300 70 662.75 1043

Table 11  Flood properties of calibrated GSSHA base model for a 
24-h, 75 mm storm flood compared to hydrographs corresponding to 
GSSHA models with cell sizes of 100–300 m

Grid cell size (m) 24 h storm 
depth (mm)

Peak discharge 
 (m3/s)

Time 
to peak 
(min)

100 75 754.24 1028
150 75 752.03 1032
200 (base model) 75 742.02 1037
250 75 818.66 1045
300 75 805.52 1062

Table 12  Flood properties of calibrated GSSHA base model for a 
24-h, 80 mm storm flood compared to hydrographs corresponding to 
GSSHA models with cell sizes of 100–300 m

Grid cell size (m) 24 h storm 
depth (mm)

Peak discharge 
 (m3/s)

Time 
to peak 
(min)

100 80 925.55 986
150 80 923.39 992
200 (base model) 80 919.08 1002
250 80 1029.89 989
300 80 1005.6 1001
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Fig. 18  Flood hydrographs 
of calibrated GSSHA base 
model for the flood event of 
January 15, 2008, compared to 
hydrographs corresponding to 
GSSHA models developed with 
cell sizes of 100–300 m
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Fig. 19  Flood properties of 
calibrated GSSHA base model 
for a 24-h, 60 mm storm flood 
compared to hydrographs cor-
responding to GSSHA models 
with cell sizes of 100–300 m
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Fig. 20  Flood properties of calibrated GSSHA base model for a 
24-h, 65 mm storm flood compared to hydrographs corresponding to 
GSSHA models with cell sizes of 100–300 m
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24-h, 70 mm storm flood compared to hydrographs corresponding to 
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in GSSHA models can lead to significant errors in the results 
of hydrological distributed simulations. Therefore, it is sug-
gested to limit the solution grids with cell sizes less than 200 
m (Tables 7, 8, 9, 10, 11, 12; Figs. 18, 19, 20, 21, 22, 23).

Sensitivity analysis for simultaneous effects of cell size and 
stream density was also investigated. A scenario with a100 m 
cell size was also performed. Results confirmed that by reduc-
ing the cell size, the sensitivity of the model to the stream 
density decreases (Table 13; Fig. 24a, b).

Therefore, using the GSSHA model with a solution grid of 
smaller cell sizes can improve model calibration. However, due 
to the increasing number of cells in the network, the simulation 
time of the distributed hydrological numerical model increases 
significantly.

Conclusion

In this study, using an innovative approach in geometric 
modeling of all small and large streams and waterways 
from upstream to downstream of the study watershed, 
effects of topographic, geometric, and physical main fac-
tors on the hydrologic response of the GSSHA model were 
analyzed.

Results showed that the peak discharge of flood in the 
base GSSHA model developed based on the DEM with a 
spatial resolution of 12.5 m is slightly lower (< 4%) than 
the corresponding values   in the GSSHA model developed 
based on the DEM with a spatial resolution of 30 m, which 
confirms that using a topographic model with a lower spa-
tial resolution has no substantial effect on the accuracy of 
GSSHA model. Also, by increasing the density of water-
ways in the GSSHA model, the peak discharge of flood 
increases significantly (44–57%) compared with the corre-
sponding values   in the base GSSHA model. Furthermore, 
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Fig. 22  Flood properties of calibrated GSSHA base model for a 
24-h, 75 mm storm flood compared to hydrographs corresponding to 
GSSHA models with cell sizes of 100–300 m
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Fig. 23  Flood properties of calibrated GSSHA base model for a 
24-h, 80 mm storm flood compared to hydrographs corresponding to 
GSSHA models with cell sizes of 100–300 m

Table 13  Flood hydrograph of 
100 m grid cell size GSSHA 
model for three 24-h storm 
floods of 60–80 mm compared 
with the corresponding 
hydrographs of the same 
GSSHA model including all 
waterways with a drainage area 
of larger than 5  km2

Domain of diffusive wave method application 24 h storm depth 
(mm)

Peak discharge 
 (m3/s)

Time 
to peak 
(min)

Main river and its major tributaries only (100 m grid) 60 369.67 1083
All streams with drainage area > 5  km2 (100 m grid) 60 510.67 1036
Main river and its major tributaries only (100 m grid) 65 475.72 1054
All streams with drainage area > 5  km2 (100 m grid) 65 678.76 1007
Main river and its major tributaries only (100 m grid) 70 621.76 1015
All streams with drainage area > 5  km2 (100 m grid) 70 834.76 1011
Main river and its major tributaries only (100 m grid) 75 754.24 1028
All streams with drainage area > 5  km2 (100 m grid) 75 1051.26 963
Main river and its major tributaries only (100 m grid) 80 925.55 986
All streams with drainage area > 5  km2 (100 m grid) 80 1277.1 956
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results showed that peak discharge values   in the three 
models with grid cell sizes of 100, 150, and 200 m (base 
model), especially for intense floods, are close (< 15 and 
0.7% difference for 60 and 80 mm storm depths, respec-
tively) and compared with the results of the two models 
with grid cell sizes of 250 and 300 m show significant 
and meaningful differences (about 20 and 12% difference 
for 60–80 mm storm depths, respectively). These results 
indicate that a solution grid with a cell size of bigger than 
200 m in GSSHA model can lead to significant errors in 
the results.

It is recommended to use satellite rain models in future 
studies and compare their results with each other. Also, com-
pare the results of GSSHA model with the results of other 
hydrological models.
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