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This study investigates the effect of land use on the Geomorphological Cascade of Unequal linear
Reservoirs (GCUR) model using the Normalized Difference Vegetation Index (NDVI) derived from remo-
tely sensed data as a measure of land use. The proposed modeling has two important aspects: it considers
the effects of both watershed geomorphology and land use/cover, and it requires only one parameter to
be estimated through the use of observed rainfall–runoff data. Geographic Information System (GIS) tools
are employed to determine the parameters associated with watershed geomorphology, and the
Vegetation Index parameter is extracted from historical Landsat images.

The modeling is applied via three formulations to a watershed located in Southeastern Arizona, which
consists of two gaged sub-watersheds with different land uses. The results show that while all of the for-
mulations generate forecasts of the basin outlet hydrographs with acceptable accuracy, only the two for-
mulations that consider the effects of land cover (using NDVI) provide acceptable results at the outlets of
the sub-watersheds.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Background

The influence of urbanization, as one important form of land use
and land cover changes, on runoff and floods within watersheds
has been a major topic of research during the past few decades.
Hydrologic response of a watershed indicates its condition, and
the overall function of the watershed might be affected by land
cover changes (Miller et al., 2002). Urbanization affects the hydro-
logic processes of a watershed by replacing vegetated land cover
with paved surfaces, and by changing the natural drainage network
via inclusion of artificial structures. This can have a substantial
impact on the hydrological reaction of a watershed to the input,
potentially resulting in quick response (Huang et al., 2008), greater
river flow volume (Hawley and Bledsoe, 2011), higher recurrence
of floods (Hollis, 1975; Braud et al., 2013), and decreased
base-flow, and reduced sub-surface recharge (Simmons and
Reynolds, 1982).

The direct runoff hydrograph of a watershed indicates the char-
acteristics of the effective rainfall hyetograph and the land surface
features which control the runoff generation and overland flow
processes. Due to the complexity of the rainfall–runoff relation-
ship, conceptual rainfall–runoff models are commonly employed
to analyze and simulate this relationship. Such models are popular
because in these models, the transformation of rainfall to runoff is
mimicked relying on a simple explanation of physical processes to
suggest an integration of ease of development and use, and provid-
ing acceptable outcome and transparency (de Vos et al., 2010). In
particular, conceptual unit hydrograph (UH)-based models,
derived from linear systems theory, have been used to investigate
the effects of urbanization on rainfall–runoff process (e.g. see Kang
et al., 1998; Cheng and Wang, 2002; Huang et al., 2008). The Nash
model, consisting of a cascade of identical linear reservoirs, is
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among the more popular such models as it gives an explicit for-
mula for the Instantaneous Unit Hydrograph (IUH) (Nash, 1957).

To develop the next generation of the IUHs, the overall response
of a watershed was characterized as a function of geomorphologic
properties of the watershed. The first remarkable suggestion in this
field as a geomorphologic IUH (GIUH) was proposed by Rodríguez-
Iturbe and Valdés (1979). On the basis of conceptual framework of
the Nash’s IUH, Chaoqun et al. (2008) proposed a methodology for
determining how the mean residence time (storage coefficient) of
each reservoir is related to the topography of the watershed.
Agirre et al. (2005) and López et al. (2005) introduced unit hydro-
graph models considering watershed geomorphology and linear
reservoirs, applying a fixed calibrated mean residence time for all
reservoirs; the watershed morphology was employed just for the
determination of linear reservoirs without any consideration of
the sub-basin physiographical properties. López et al. (2012) com-
pared the formerly developed one-parameter IUH model with four
other IUH models. Nourani and Mano (2007) used TOPMODEL and
the kinematic wave approach wherein all model parameters,
except one, were linked to the geomorphologic properties.
Nourani et al. (2009) developed three linear reservoir based mod-
els and compared the results with classic Nash and SCS (Soil
Conservation Service) models; their results showed that although
the developed models could lead to better performance in rain-
fall–runoff modeling, the semi-distributed routing ability can help
the model to produce more reliable results in compared with fully
lumped models. More recently, Saeidifarzad et al. (2014) presented
a multi-site calibration for two geomorphologic linear reservoir
models via two calibration strategies.

Unlike lumped models, semi-distributed geomorphologic mod-
els need large amount of spatial information in which a combina-
tion of remote sensing, Geographic Information Systems (GIS), and
simulation modeling can provide and manage spatial data at land-
scape to global scales (Pickup, 1995). NASA Earth Observing
System efforts offer exciting possibilities to couple hydrologic
models and directly incorporate remotely sensed data (Goodrich
and Woolhiser, 1991). Remote sensing provides various
hydro-geomorphologic measurements of variables which are used
in hydrologic and environmental modeling. The digital remote
sensing data are typically in pixel format and this makes them suit-
able to be merged with GIS. Estimation of vegetation conditions by
remotely sensed data has also been successful (Qi et al., 2000).
The classified land cover maps obtained from remote sensing data
are used as input parameters of a wide range of hydro-
environmental models (Miller et al., 2007); therefore as an implica-
tion, a watershed’s land use/cover changes can be detected and
monitored by remotely sensed data.

Changes in land use include surface characteristics such as
impervious cover and vegetation, which can affect the resulting
runoff index and speed of runoff travel in the drainage area
(Ferguson, 1998). Research into the impacts of vegetation change
on water budget at watershed scale has been subject of extensive
observation and modeling (e.g., McGulloch and Robinson, 1993).
There is evidence that changes in land use can significantly influ-
ence the hydrological behavior of a basin (Jones and Grant, 1996).

Coincident with the progress in remote sensing and GIS, it has
been shown that in hydrological modeling, the use of remote sens-
ing data to detect spatially consistent values for imperviousness is
more appropriate and efficient (e.g., Chormanski et al., 2008;
Canters et al., 2011). Widely available earth observation data such
as Landsat images for detecting land cover changes via Normalized
Difference Vegetation Index (NDVI) have demonstrated to be very
beneficial for the successful evaluation, monitoring and depiction
of landscape situations in many areas (Ma and Frank, 2006).
NDVI is functionally correlated with the leaf area index (LAI) and
vegetation coverage (Baret and Guyot, 1991); the higher the
NDVI, the larger the LAI, and the higher the vegetation coverage.
Therefore, NDVI can reflect the growth status of surface vegetation
and act as an effective index for monitoring vegetation variations
(Tucker et al., 1985). There are some studies which considered
the effect of vegetation cover using NDVI on different hydrologic
properties such as inflow into the reservoirs (Wang et al., 2012),
runoff coefficient (Sriwongsiatnon and Taesombat, 2011), runoff
and sediment yield (Braud et al., 2001), rainfall and temperature
(Wang et al., 2003; Udelhoven et al., 2009) and evapotranspiration
(Sun et al., 2004); but to the best of authors’ knowledge, incorpo-
rating NDVI vegetation cover into conceptual rainfall–runoff mod-
els has rarely (if ever) been done. In some of the formerly proposed
IUH models (e.g., Agirre et al., 2005; Chaoqun et al. (2008); Huang
et al., 2008; Nourani et al., 2009; Cheng and Wang, 2002; López
et al., 2012) the effects of land cover variation over the watershed
have not been incorporated into the model formulation, explicitly.
Therefore, such models although may appropriately predict the
output hydrographs in watersheds with roughly uniform land
uses; they will be unable to reliably estimate interior sub-
watershed’s outlet hydrographs in a watershed with extremely
heterogeneous land uses.
1.2. Scope

This study proposes an integration of remote sensing and
GIS tools for monitoring the land-cover and urbanization condition
of a watershed to determine the effects of changes on the
watershed responses predicted from a geomorphology-based
semi-distributed rainfall–runoff model.

The approach is used to investigate land cover impacts for a
small, well instrumented pair of watershed in the city of Sierra
Vista, Cochise County, Southeastern Arizona through three steps
of: (i) Determining the land cover changes in two sub-watersheds
of study area with different land uses using the Landsat 4–5 TM
(Thematic Mapper) satellite images, (ii) Developing a
Geomorphological Cascade of Unequal linear Reservoirs (GCUR)
model integrated with the NDVIs of different land cover types,
and (iii) Demonstrating model performance and suitability
through three different formulations using available hydro-
geomorphological data.

In the next sections of the paper, the study area and data
sources including field measurements and satellite data, and the
methodology for remote sensing analysis and the concept of
NDVI are described. Subsequent sections present the hydrologic
model considering three different formulations, and the perfor-
mance criteria. The results obtained via the proposed modeling
framework are then presented and discussed, followed by conclud-
ing remarks.
2. Study area and data

2.1. Study area

The study watershed consists of a 32-ha mesquite grassland
and a 13-ha residential area (mentioned respectively as the
‘grassland’ and ‘urban’ sub-watersheds, in this study) in the City
of Sierra Vista, Cochise County, in Southeastern Arizona (Fig. 1).
The study area is at �1300 m elevation, in the transition zone
between the Sonoran Desert to the west and the Chihuahuan
Desert to the south and east. Average annual precipitation is
roughly 370 mm with approximately 65% originating from local-
ized convective air mass thunderstorms from June to September
during the Mexican monsoon, roughly 5% from late summer
tropical depression and the remainder from low-intensity frontal
systems during the winter (Goodrich et al., 2008). The elevation



Fig. 1. Study area map showing gauge locations and watershed boundaries. (background image courtesy USGS earth resources observation and science center, from Kennedy
et al. (2013).
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differences between the highest point in the grassland
sub-watershed and its gaged outlet, and the outlet of the grassland
sub-watershed and the urbanized watershed’s outlet are 25 m and
6 m, respectively. Local ground slope varies between 1% and 10%.
Urbanization was occurred mainly between 2001 and 2005 and
is typical of most tract-style housing in the Southwestern United
States. Storms are drained through the streets, except a 1.3 ha area
in the northern urbanized part that drains to the watershed outlet
via a 61-cm corrugated pipe. Vegetation in the developed
sub-watershed is premature, with a few areas of canopy cover.
All pervious surfaces are covered with 2- to 4-cm-diameter gravel
mulch, about 10-cm deep, excluding a few small irrigated turf
areas (Kennedy et al., 2013).

Overland flow from the grassland sub-watershed drains via a
gauged v-notch weir into the urbanized sub-watershed (USGS
09470820 La Terraza Inflow near Sierra Vista, AZ). Runoff from
both the grassland and urbanized sub-watersheds is then mea-
sured using a v-notch weir at the outlet of the urbanized
sub-watershed (USGS 09470825 La Terraza Outflow near Sierra
Vista, AZ). Overland flow from both sub-watersheds has short
duration and happens only in response to the rainfall. Vegetation
on the grassland sub-watershed includes 3- to 6-m-tall mesquite
(Prosopis velutina), at about 10-m spacing, with approximately
plentiful intercanopy desert grass till 1-m tall. Vegetation varies
from mainly grass in the northern reaches to the mesquite in the
southern reaches and is seasonally dormant.

Since this research investigates use of NDVI in an IUH model,
the La Terraza watershed, consisting of two different land use
sub-watersheds was selected. The urban sub-watershed would
be approximately of constant NDVI but the grassland one might
have some changes during different seasons. As regards, most rain-
fall–runoff events occur in summer monsoon in this area, the
grassland sub-watershed might not have many changes during
the summer as well. Therefore, it would be possible to assign an
average NDVI for each sub-watershed for the study period.
Accordingly, this watershed was selected due to satisfying the
requirements to achieve the research goal.

2.2. Field measurements

Stream stages measurements at 1-min intervals, made by an
installed gauge upstream of a 90� v-notch weir at the concrete
channel conjoining two sub-watersheds (Station 1, USGS Station
09470820) and at the outlet of the combined sub-watersheds
(Station 2, USGS Station 09470825), are available from May 2005
until September 2008. Stage data were transformed to discharge
using a standard v-notch weir rating (Rantz, 1983). Sediment loads
trapped behind the weirs were removed regularly and did not
affect the stages. Rainfall data were collected by the
USDA-Agricultural Research Service’s Southwest Watershed
Research Center (SWRC) at 1-min intervals at six rain gauges from
2005 to 2008 (SWRC Gauges 401, 402, 403, 404, 420 and 424)
(USDA, 2013). Both sub-watersheds are ephemeral and all runoff
is the result of precipitation events with no baseflow. The average
rainfall of all of rain gauges was considered as the input rainfall on
both sub-watersheds. Using the /-index method (Chow et al.,
1988), the excess hyetograph of each event was extracted from
observed hyetographs. In this way, any rainfall prior to the begin-
ning of direct runoff was taken as initial abstraction. Since the
study area is small, the rainfall distribution was assumed uniform
over the whole watershed. In this study 12 storm events occurring
in both sub-watersheds (during 2005–2008) were selected to
examine the proposed model’s performance.
2.3. Satellite imagery

Remote sensing provides a helpful tool for precise detection of
land cover changes over time and over relatively large areas. The
effect of land cover change on the proposed geomorphologic rain-
fall–runoff model was explored using Landsat TM images, as well
as rainfall and runoff data. A well-developed global archive of
Landsat images is available, and is widely used to detect and mon-
itor the land-cover changes (Kepner et al., 2008). The Landsat TM
data with a 30 m spatial resolution were used to detect land uses
variation. The TM satellite images of the studied area (on path
35, row 38) were downloaded from the USGS website (https://
earthexplorer.usgs.gov/login/). Since for the study area the major-
ity of rainfall–runoff events occur during June till September,
images taken in these four months over the years 2005–2008 were
used to detect the land cover changes. As the urban sub-watershed
is of approximately constant land cover, also the grassland land
cover might not have many changes during these four months of
year (June till September); the average of Vegetation Index for
the selected images could be assigned for each sub-watershed.
Cloud-free conditions over the watershed should be regarded for
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the image selection. Seven images were available with mentioned
condition over the years 2005–2008 in June till September.

3. Methodology

In this research, we used remote sensing and GIS tools to char-
acterize the land cover changes of the sub-watersheds of the La
Terraza watershed, and to investigate their impacts on the pro-
posed geomorphologic IUH model. A description of remote sensing
analysis and developed hydrologic model is presented below.

3.1. Remote sensing analysis

The large scale monitoring and detecting the land cover degra-
dation can be provided using satellite remote sensing data
(Eklundh and Olsson, 2003). Following Li et al. (2015), Landsat
TM images were processed using ENVI imagery analysis software
(ENVI, 2009a) to define the vegetation cover. Seven cloud-free
TM satellite images were used to detect the land cover changes
of the study area (Fig. 2) and pre-processing was applied to the
images to produce the land cover map. This section describes the
image pre-processing procedure and the concept of NDVI.

3.1.1. Image pre-processing
The image pre-processing performed in this study includes

image preparation, and geometric, radiometric and atmospheric
corrections as described briefly below.

(i) Image preparation

Landsat 4–5 images consist of seven spectral bands. Layer stack-
ing was used to create a multiband file from geo-referenced images
with different cell sizes, extents, and projections (ENVI, 2009b).
The input bands were resampled and re-projected to a common
output projection and cell (pixel) size. This output includes a geo-
graphic extent that either contains all of the input file extents or
only the data extent where all of the files overlap. Then, the water-
shed boundary was used to subset the stacked layer via ROIs
(region of interests) operation. In this way, the study area could
be extracted from the whole image.

(ii) Geometric correction

The purpose of geometric image correction is to eliminate geo-
metric distortions caused by different factors that differ for each
image acquisition event to ensure every picture cell is located in
its true planimetric map location (Sriwongsiatnon et al., 2011).
The selected images in this study were all geo-referenced to the
same co-ordinate system without any need to conduct further geo-
metric correction.

(iii) Radiometric correction

The images were also pre-processed by radiometric modifica-
tion. This correction transforms the image data obtained by differ-
ent sensors into a common radiometric scale and decreases signal
variations uncorrelated to the brightness of the image surface, such
as spectral radiance and top of atmospheric (TOA) reflectance
(Sriwongsiatnon and Taesombat, 2011). After application of
radiometric correction, images taken on different dates by several
sensors could be compared (Sriwongsiatnon et al., 2011). TM
imagery provides the spectral information in the format of a
Digital Number (DN). Using DN values, spectral radiance (L) in
W m�2 sr�1 lm�1 can be computed via the following equation
(Sriwongsiatnon et al., 2011):
L ¼ GðDNÞ þ B ð1Þ

where G is the band-specific rescaling gain factor and B is the band
specific rescaling bias factor. To better evaluation of the images, the
variability between sensors should be reduced. In this way, the
spectral radiance (L) (obtained by Eq. (1)) was transformed to a
planetary or exoatmospheric reflectance via Eq. (2). This procedure
eliminates the cosine effects. The cosine effects are resulted from
different acquisition times and compensate for different values of
the exoatmospheric solar radiances due to the variations of the
spectral bands (Chander and Markham, 2003),

R� ¼ pd2L
E0 cos hz

ð2Þ

where R* is the TOA reflectance (dimensionless), d is the earth–sun
distance in astronomical units, E0 is the mean solar exoatmospheric
spectral irradiance, and hz is the solar zenith angle (degrees). The
relation between the earth–sun distance (d) and the Julian day
(Dy) of the satellite data acquisition can be expressed as
(Sriwongsiatnon and Taesombat, 2011):

d ¼ 1� ½0:01672 cosð0:9856ðDy� 4ÞÞ� ð3Þ

(iv) Atmospheric correction

There is a remarkable interaction between the radiation of the
earth surface and atmosphere prior to arrival of radiation to the
satellite sensor. Such interaction is much significant when the tar-
get surface includes non-bright objects (e.g., water or vegetation).
The purpose of atmospheric correction is to eliminate the atmo-
spheric effects to specify true surface reflectance values and to
determine physical characteristics of the Earth’s surface. The
Darkest Pixel (DP) method as a reliable method for visible,
near-infrared and short-wave-infrared spectral areas can be
applied for land cover and vegetation monitoring in local level
(Hadjimitsis et al., 2010). The DP atmospheric correction method
was employed to pre-process the images in the current study.

3.1.2. Normalized Difference Vegetation Index (NDVI)
The seven processed satellite images were used to calculate the

NDVI values for the study area.
NDVI measures the photosynthetic activity indirectly and varies

between �1 for low and +1 for high photosynthetic activity. The
NDVI as a well-known Vegetation Index introduced by Rouse
et al. (1974) as:

NDVI ¼ qNIR � qRED

qNIR þ qRED
ð4Þ

The main concept behind the NDVI is that for vegetated surface,
red (qRED) and near-infrared (qNIR) wavelengths are characterized
by high and low absorptions, respectively (Chen et al., 2003).
Chlorophyll reflects about 20% in the red (qRED) and 60% in the
near-infrared (qNIR). The contrast among the responses of these
bands is the quantified absorbed energy by chlorophyll which indi-
cates level of different vegetation lands (Tucker and Sellers, 1986).

The NDVI value for a specific pixel always varies from �1 to +1;
and the NDVI value of a pixel with no green leaves will be close to
zero. Water bodies are specified by extreme negative values, sur-
faces with no vegetation cover result in zero NDVIs, and the high-
est density of green leaves is indicated by NDVI value close to +1
(0.8–0.9). NDVI is related to the leaf area index (LAI) and vegetation
coverage; the higher the NDVI, the larger the LAI, and the higher
the vegetation coverage. Therefore, NDVI indicates the vegetation
cover level and also acts as a beneficial index for monitoring vege-
tation variations and land cover changes.



Fig. 2. NDVI classification map of Landsat TM images for seven dates.
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The aforementioned steps were applied to obtain the NDVI
maps of the study area for seven images. Fig. 2 shows processed
Landsat images of the study area. The NDVI classification in
Fig. 2 describes the spatial land cover of two sub-watersheds.
The NDVI values which are smaller than 0.16, present the urban-
ized part of the watershed, while the higher NDVI values show
the higher vegetation coverage. The mean NDVI values range from
0.170 to 0.210 in the urbanized sub-watershed, and from 0.226 to
0.530 in the grassland sub-watershed.

The NDVI properties of the processed images are also presented
in Fig. 2. The ‘Sum NDVI’ values indicate the summation of NDVIs
in all pixels of each sub-watershed land cover map. The NDVI of
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each sub-watershed was calculated using ENVI and GIS tools. The
summation of NDVIs (over all pixels) in each sub-watershed was
calculated as:

NDVIw ¼
Xl

i¼1

NDVIi ð5Þ

where NDVIw is the summation of NDVI (Sum NDVI) of the
sub-watershed, and l is the number of pixels in each
sub-watershed’s image.

The average of Mean NDVI values for all seven images in grass-
land and urban sub-watersheds are respectively 0.372 and 0.195
and 147.98 and 29.03 for Sum NDVI.

As it can be seen from the images (Fig. 2), the NDVI range of vari-
ation is relatively small (as expected) during the four-month study
period for the urban sub-watershed. However, some changes are
observed in the grassland sub-watershed during the study period.

In the southern part of the grassland sub-watershed (which is
covered mostly by mesquite) the NDVI has larger values in all
images, while the upper part (which is covered by grass and
changes monthly during the growing phenology) has smaller
NDVI values. The largest changes are observed in the upper part
of the grassland sub-watershed which is dominant by desert
grasses which respond and grow rapidly with summer rainfall.
These changes occur during different months also from
year-to-year (see Fig. 2). Overall, there is an increasing trend from
the years 2005 to 2008 in the processed images. Similar results
were also found in monthly variation; in general, the NDVI values
are increasing from June to early September. The minimum and
maximum NDVIs are predominantly observed at June and
August, respectively in both sub-watersheds (see Fig. 2).

3.2. Geomorphological Cascade of Unequal linear Reservoirs (GCUR)

3.2.1. Model formulation
The modeling approach of this study is based on Geomorpho-

logical Unit Hydrograph and cascade of linear Reservoirs. In this
approach, a watershed is divided into sub-watersheds, and then
each sub-watershed is represented by a linear reservoir. In most
conceptual reservoir modeling approaches (e.g., Agirre et al.,
2005; Cheng and Wang, 2002; López et al., 2012), it has been
assumed that the entire watershed has the same land use and,
based on the uniform land uses, the effective rainfall is divided pro-
portionally between sub-watersheds according to the areas.
Therefore, in watersheds including various land uses, although
such models can lead to acceptable performance at watershed’s
outlet, it may lead to unsatisfactory results at outlets of interior
sub-watersheds.

To overcome this problem, the changes in land cover were
incorporated in the model by introducing a coefficient related to
the average NDVI of each sub-watershed. This coefficient enables
us to account for land use change and thereby improve the repro-
duction of observed hydrographs at all sub-watershed outlets. A
schematic design of the GCUR model is presented in Fig. 3.

Distributing excess rainfall in proportion to sub-watershed
areas; the IUH vector is calculated as (Singh, 1988):

½hðtÞ� ¼ 1
½k� e

t½a�½C� ð6Þ

where:

½C� ¼

C1

C2

�
�

CN

2
6666664

3
7777775
; ½k� ¼

k1

k2

�
�

kN

2
6666664

3
7777775
; a¼

�a1 0 0 . . . 0
a1 �a2 0 . . . 0
0 a2 �a3 . . . 0
0 0 0 . . . 0
. . . . . . . . . . . . . . .

0 0 0 �aN�1 �aN

2
666666664

3
777777775

ð7Þ
Eq. (6) gives the IUH of each sub-watershed (hi(t)) and consequently
the related outflow hydrograph can be computed. Using this
semi-distributed GCUR model, it is possible to incorporate hydro-
logical conditions as well as the land use properties of the interior
watershed parts. One can obtain the IUH of GCUR through
(Nourani et al., 2009):

hiðtÞ ¼
XN

i¼1

Ci
A dðtÞQi

j¼1ðkjDþ 1Þ
ð8Þ

In the original form of cascade of unequal linear reservoirs
(Singh, 1988), the storage parameter (mean residence time) of each
sub-watershed (ki), represented by a reservoir, should be estimated
by calibration. However, in GCUR, ki can be linked to the geomor-
phological and land use properties of each sub-watershed and

unknown parameter (k) as:

ki ¼ kðKiÞI�1
VCi

ð9Þ

in which (Nourani et al., 2009):

Ki ¼ L�0:1
i C0:3

i S�0:3
0i ð10Þ

k is the model parameter with dimension [TL�1/2]. IVC is the calcu-
lated vegetation cover coefficient using the average NDVI obtained
through remote sensing data for each sub-watershed. S0i is the aver-
age overland slope, Ci is ith sub-watershed area and L, with dimen-
sion [L], is the longest flow path in the drainage network. The

method of moments can be used for determining parameter k as
(Nourani et al., 2009):

k ¼ M1ðQÞ �M1ðIÞPN
i¼1

Ci
A

Pi
j¼1Ki

� � ð11Þ

Eq. (11) shows that the model parameter, k, is explicitly linked
to geomorphological properties of the sub-watersheds. In model-
ing via GCUR, only one parameter (i.e., ki) is computed by the
experimental equation (Eq. (9)) which is related to geomorpholog-
ical properties (via Ki) and land-cover properties (via Ivc) of the
sub-watersheds.

The semi-distributed GCUR model reflects the hydrological con-
ditions of the interior parts of the watershed. In typical conceptual
approaches, the entire watershed is assumed to have a uniform
land use (which may lead to poor outcomes in watersheds with a
variety of land uses), the GCUR approach, incorporates a coefficient
related to the NDVI of each sub-watershed. The mean residence
time of each sub-watershed in the GCUR model is thereby related
to both the geomorphological properties and the land uses (via
NDVI) and is different for each sub-watershed. Accordingly, the
GCUR model incorporates the land use properties of
sub-watersheds into the parameter formulation, while most of
other geomorphologic models (e.g., Agirre et al., 2005; Chaoqun
et al. (2008); Huang et al., 2008; Nourani et al., 2009; Cheng and
Wang, 2002; López et al., 2012) consider only geomorphologic
properties such as area, slope and length of watershed.

3.2.2. Formulations investigated
To examine the capability of the proposed model, three differ-

ent formulations of modeling were considered.

(i) Formulation 1

In the first formulation, the entire watershed is considered as
having approximately uniform land use. The geomorphologic

parameters (k; Ki, ki) are calculated using watershed outlet hydro-
graphs and geomorphological properties of the sub-watersheds
(using Eqs. 9–11). This is a special case of the GCUR model, in



Fig. 3. A schematic of GCUR model.
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which the IVC parameter is equal to one and set to be the same in all
sub-watersheds. As such, this formulation is similar to other geo-
morphologic unit hydrograph modeling approaches in which land
use variation is not considered (e.g., Agirre et al., 2005; Nourani
et al., 2009; López et al., 2012). The advantage of this formulation
is that watershed outlet hydrographs (Eq. (8)) can be estimated
using only one parameter (ki) which, in turn, can be calculated
using physical properties (Li, Ci, S0i) of the watershed. Although this
model is expected to predict the outlet hydrograph accurately, it is
unable to estimate the interior hydrographs reasonably when
substantial land cover or land use is present. To overcome this
problem and obtain accurate simulations of the interior
sub-watersheds hydrographs, formulations 2 and 3 are also pro-
posed and investigated.

(ii) Formulation 2

In the second formulation, the real time interior sub-watershed
hydrograph can be estimated using the available effective rainfall
hyetograph and corresponding outlet hydrograph.

In this situation, the parameters (k; Ki, IVCi, ki) are estimated for
each event considering geomorphologic and vegetation cover
parameters obtained using GIS tools and remote sensing data using
Eqs. (9)–(11) for each sub-watershed. Since the physical and land
use properties of sub-watersheds can be different, this formulation
considers such differences and provides the interior sub-
watersheds hydrographs with reasonable accuracy. In fact, with
an available data set consisting of effective rainfall hyetographs
(I(t)), watershed’s outlet hydrograph (here, Q2(t)) and physical
properties of sub-watershed, obtained using remote sensing data,
the interior sub-watershed hydrograph (here, Q1(t)) can be esti-
mated accurately. However, it should be noted that while this for-
mulation is able to estimate the real time interior sub-watershed
discharge, it is not capable of forecasting future floods. Through
this formulation the interior sub-watershed discharge is estimated
based on the outlet’s hydrograph at the same time.

(iii) Formulation 3

In this formulation, some of the available observed historical
rainfall hyetographs over the watershed and hydrographs at the
watershed’s outlet are used to calibrate the model to use for
estimation of hydrographs at both the watershed outlet and the
interior sub-watersheds for probable rainfall over the watershed
in future. For this, some observed events from the past are used

to calibrate and verify the model. First, the model parameter (k)
is calculated using physical properties of sub-watersheds (using
Eqs. (10) and (11)) for each rainfall–runoff event data set and then

the average value of calculated k s from different calibration events
is considered as the model parameter for verification events. In this
case, both the watershed outlet hydrograph (Q2(t)) and the interior
sub-watershed hydrograph (Q1(t)) can be forecast with adequate
precision by employing the observed historical data of some events
at watershed’s outlet and the geomorphologic parameters and land
uses of each sub-watershed using remote sensing data.

A schematic diagram of the methodology and the model input
and output for the three aforementioned formulations is
illustrated in Fig. 4. In all three cases the input data to the model
is spatially uniform rainfall (I(t)) and the outlet’s hydrographs
(Q2(t)). Since the study area is small, the rainfall is considered
uniform over the whole watershed; however, as discussed above,
the model approach does not limit the use of distributed rainfall
over the watershed. The model is used to estimate the interior
watershed’s hydrographs (Q1(t)) for the three formulations. In
formulation 1 uniform land use is assumed for the whole
watershed while in formulations 2 and 3 the land use variation
is incorporated into the model via IVC. Formulation 2 estimates
the interior watershed’s hydrographs based on outlet’s
hydrographs at the same time; and the formulation 3 estimates
both the outlet and interior watershed’s hydrographs after

calibrating the model parameter (k) based on the available his-
torical events.
4. Model performance measures

The Root Mean Square Error (RMSE) and the Nash–Sutcliffe effi-
ciency (NSE, Nash and Sutcliffe, 1970), are two model performance
measures for evaluation of the hydro-environmental models
(Gupta et al., 2009). To assess the performance of the proposed
model, both of these criteria are reported. According to Legates
and McCabe (1999) a hydrological model can be adequately evalu-
ated by NSE and RMSE, but owing to the importance of the peak
discharge in flood control and the volume of runoff in water
resources management, two other important criteria, the ratio of
absolute error of peak flow (EP) and the ratio of absolute error of
hydrograph’s volume (EV) were also used in this study to evaluate
the proposed methodology as (Rwasoka et al., 2014):



Fig. 4. A schematic of proposed methodology via three formulations.
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NSE ¼ 1�
Pn

t¼1½Q t;Obs � Q t;sim�2Pn
t¼1½Q t;Obs � Q Obs�

2 ð12Þ

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
t¼1½Qt;Obs � Q t;sim�2

n

s
ð13Þ

EP ¼
jQ P;Sim � Q P;Obsj

Q P;Obs
� 100 ð14Þ

EV ¼
jVSim � VObsj

VObs
� 100 ð15Þ

where Qt;Obs and Qt;Sim are the observed and computed discharges at
time t; n is the number of observed data; QP;Obs and QP;Sim are
observed and simulated peak discharges; VObs and VSim are observed
and simulated volumes of hydrographs, respectively. High values
for NSE and small values for RMSE, EP and EV indicate that the model
is highly efficient.
5. Results and discussion

To evaluate performance of the proposed modeling approach,
12 storm events occurring over both sub-watersheds were
selected.

Geomorphological factors for the sub-watersheds extracted by
GIS and the model parameters are shown in Table 1.

Land cover detection for the study area was performed using
seven images of Landsat 4–5 TM over the period 2005–2008. The
NDVI of each sub-watershed was calculated using ENVI and GIS
tools (Fig. 2).

The ratio of average greenness between sub-watersheds could be
calculated considering the NDVIw (Eq. (5)) of each sub-watershed by
averaging the value of NDVIw in seven processed images. Due to
higher NDVI values, which means more pervious area in grassland
sub-watershed, the contribution of effective area in runoff genera-
tion in the urban and grassland sub-watersheds are not equal and
should be determined using land cover properties. These contribu-
tions could be calculated using two equations: first, the summation
of the effective area of sub-watersheds participating in runoff
generation is equal to the area of the whole watershed; second,
the average greenness (and hence pervious area) of the grassland
watershed is about 5 times as much as that of the urban one
(see Sum NDVI values in Fig. 2); consequently, the contribution
of effective area in runoff generation in the urban sub-watershed
is 5 times as much as that of the grassland one. Therefore, the IVC

parameter (presented in Table 1) for each sub-watershed could
be calculated as:

IVC1C1 þ IVC2C2 ¼ A

IVCd2 ¼ 5IVC1

�
) IVC1 ¼ 0:46; IVC2 ¼ 2:32 ð16Þ

Model parameter (k) was then determined using sub-watershed
quantities (Table 1) and 12 storm events data.

Performance of the GCUR model was examined for the three
formulations explained in Section 3. For all formulations, the
hydrological results were evaluated based on the observed hydro-
graphs. The results of the simulations for the formulations are pre-
sented and discussed below.



Table 1
Geomorphological factors of sub-watersheds.

Sub-watershed Ci (m2) S0i (%) Li (m) Impermeability (%) Elongation ratio Shape factor IVCi Ki

Grassland 319,700 2.43 834.64 �0 0.76 2.18 0.46 69.90
Urban 128,310 1.55 549.55 37 0.74 2.35 2.32 56.58
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5.1. Evaluation of model for formulation 1

In this formulation, two sub-watersheds of the study area hav-
ing different land uses were treated as though they were as
sub-watersheds with uniform and identical land use. The model
parameters were calculated using observed hydrographs at the
watershed outlet (the weir downstream of the urban watershed
– USGS stream gauge 09470825) and the geomorphological prop-
erties of the sub-watersheds (Eqs. (9)–(11)). The IVC parameter
was set to be the same in both sub-watersheds and equal to one.
The computed hydrographs are shown in Fig. 5. Since the model
uses the geomorphologic characteristics of the watershed to calcu-
late the model parameters, these parameter values will be, to some
degree, uncertain, and comparing the computed and observed
hydrographs at the watershed outlet enables a qualitative
assessment of that uncertainty. As can be seen in Fig. 5, although
this formulation predicts the outlet hydrograph (station 2) fairly
accurately, it is unable to provide reasonable estimates of the inte-
rior hydrographs (station 1). The calculated parameters for this for-
mulation are shown in Table 2. The average values for NSE, RMSE,
EP, and EV at the watershed outlet are 0.80, 0.042, 20.84, and
6.60, respectively. In contrast, the averages of the aforementioned
criteria at grassland sub-watershed outlet (USGS stream gauge
9470820 – inner part) are 0.24, 0.009, 40.27 and 36.59, respec-
tively. It is obvious that this formulation is unable to provide rea-
sonable simulation for the interior sub-watershed hydrographs
and, in particular, their peak values and volume are overestimated.
In some formerly presented IUH models (e.g., López et al., 2005 and
Nourani et al., 2009) the effects of variable land cover were not
incorporated into the model formulation. Such models might
appropriately predict the interior watershed hydrographs in
watersheds with approximately uniform land use, but as demon-
strated herein such models will be unable to accurately estimate
interior sub-watersheds hydrographs in watersheds having differ-
ent land uses sub-watersheds (like the watershed in this study). To
address this problem formulations 2 and 3 were considered and
examined.

5.2. Evaluation of model for formulation 2

This formulation aims to estimate the interior sub-watershed
hydrographs (station 1) based on information provided by outlet
hydrographs (station 2) and the physical properties of the
sub-watersheds, including their land cover type.

In this formulation, all of the events are used to compute corre-
sponding interior sub-watershed (grassland) hydrographs for the
study area. The calculated parameters for formulation 2 are shown
in the right hand portion of Table 2. The average values for NSE,
RMSE, EP, EV for formulation 2 at outlet (station 2) are 0.81,
0.041, 28.84, 8.23, respectively. However, the averages of afore-
mentioned criteria at the grassland sub-watershed outlet (station
1- inner part) are now improved to 0.77, 0.006, 17.80 and 13.29,
respectively. Fig. 5 compares the observed and modeled hydro-
graphs for formulations 1 and 2. As it can be seen from Fig. 5
and Table 2, this formulation is better able to simulate the internal
watershed hydrographs, illustrating the need to take land use vari-
ation into consideration within the model formulation. This formu-
lation employs outlet hydrographs to estimate the corresponding
internal watershed hydrographs; however, it is unable to forecast
future discharges. The formulation 3 is considered to address this
issue.

5.3. Evaluation of model for formulation 3

In this formulation, the interior and outlet hydrographs were
assessed using available observed event data (uniform rainfall over
the watershed and hydrographs at watershed outlet), and using
physical properties of the sub-watersheds with different land cover
types. Eight events were selected for model calibration to the out-
let hydrographs. The remaining four events were used to examine
the simulated hydrographs for the outlet (station 2) and the inte-
rior (station 1) grassland sub-watershed (see Table 3). The model

parameter (k) was estimated for each event using the moment
method and the average of the calibrated values was used for the
evaluation of the model (see Fig. 6). Based on both calibration
and verification results, it can be seen that the values of the criteria
are reasonable. The average evaluation stage values for NSE, RMSE,
EP, EV at the watershed outlet (station 2) are 0.75, 0.056, 37.82,
22.85, respectively. The corresponding values for average NSE,
RMSE, EP, EV at the grassland watershed outlet (station 1) are
0.78, 0.009, 21.37, 22.18, respectively. Clearly, accounting for land
cover properties in the model formulation leads to improved effi-
ciency at the internal sub-watershed.

The second and third studied model formulations result in
acceptable values for the efficiency criteria, and indicate the ability
of the model to predict runoff hydrographs at both the watershed
outlet (station 2) and at internal sub-watershed (station 1). Evident
from an analysis of Tables 2 and 3 is the large difference in abilities
of formulation 1 and formulations 2 and 3 to predict the hydro-
graphs at the interior sub-watershed outlets. Figs. 5 and 6, show
a high level of agreement with observed hydrographs for formula-
tions 2 and 3. This can be attributed to the value added by incorpo-
rating information about land cover variation provided by NDVI.

It is also worth noting that the GCUR model formulations of 2
and 3 (Figs. 5 and 6) both are able to simulate both the rising limbs
of hydrographs (which are mostly related to storm properties) and
the recession limbs (which are usually related to the watershed
morphology) appropriately. In general, urban runoff tends to have
a sharper rising limb and higher peak values while runoffs in
natural watersheds have smaller peak values and the rising
limb climbs more slowly. The hydrographs in Figs. 5 and 6, show
that the overall shapes of the urban sub-watershed hydrographs
are similar to each other, while those for the grassland
sub-watershed tend to be more different, as expected.

Simultaneous consideration of geomorphological and land
cover parameters in the formulation of the proposed model pro-
vides this capability. As indicated by EP and EV in Tables 2 and 3,
the error of peak flow and the volume of hydrographs show accept-
able accuracy in both formulations 2 and 3. Based on the results in
Tables 2 and 3, it can be noted that some events show high values
of error of peak flows (EP); however, both formulations result in
small values of EV that is of great importance in water resource
management.

Note that, the performance values obtained for the watershed
outlet were, for most events, higher than those for the internal
sub-watershed outlet in both formulations, which may be due to



Table 2
Calculated parameter of model for formulations 1 and 2.

Event Date Formulation 1 Formulation 2

Outlet Grassland Outlet Grassland

k NSE RMSE
(mm)

EP (%) EV (%) NSE RMSE
(mm)

EP (%) EV (%) k NSE RMSE
(mm)

EP (%) EV (%) NSE RMSE
(mm)

EP (%) EV (%)

1 13/08/2006 3.77 0.73 0.038 20.40 18.38 0.64 0.005 9.76 31.68 2.11 0.68 0.043 47.57 19.48 0.87 0.003 9.64 5.76
2 18/08/2005 3.91 0.72 0.049 26.20 8.51 0.54 0.015 25.22 31.02 2.17 0.64 0.059 52.10 9.13 0.74 0.011 29.83 19.54
3 23/08/2005 2.51 0.84 0.039 18.38 2.02 �0.09 0.006 76.76 46.24 1.99 0.88 0.034 16.30 1.78 0.75 0.003 1.89 8.11
4 25/08/2006 3.52 0.79 0.023 15.89 1.46 0.64 0.002 18.00 41.92 2.08 0.86 0.018 14.30 1.28 0.90 0.001 21.50 17.81
5 14/07/2008 7.88 0.81 0.038 5.04 0.13 0.52 0.006 24.32 29.75 4.21 0.80 0.034 29.54 10.59 0.80 0.004 23.97 14.36
6 18/07/2008 6.35 0.58 0.087 37.81 21.14 0.39 0.010 23.32 33.77 4.06 0.60 0.089 56.10 31.90 0.71 0.007 30.19 0.51
7 19/07/2008 6.53 0.83 0.037 29.68 0.79 �0.46 0.008 37.18 64.83 5.14 0.88 0.032 28.94 0.70 0.77 0.003 23.93 10.61
8 23/07/2008 2.38 0.92 0.038 25.56 2.13 0.47 0.009 19.28 21.23 1.91 0.93 0.033 26.45 1.85 0.54 0.009 12.02 32.98
9 04/08/2007 2.92 0.90 0.014 2.00 1.88 0.49 0.002 85.57 0.54 2.35 0.92 0.013 2.51 1.73 0.79 0.001 23.16 21.88

10 07/08/2008 2.40 0.89 0.067 25.24 2.12 0.53 0.023 35.96 30.31 1.92 0.92 0.058 23.17 1.84 0.82 0.015 15.67 7.59
11 08/08/2006 3.62 0.67 0.031 21.69 18.32 �0.25 0.002 31.40 49.20 2.94 0.74 0.030 23.99 18.50 0.84 0.001 13.85 17.68
12 14/08/2008 3.96 0.74 0.061 26.83 1.28 0.54 0.022 20.30 29.05 3.19 0.81 0.056 28.63 1.10 0.69 0.018 11.97 8.45
Average 0.78 0.043 21.23 6.51 0.33 0.009 33.92 34.13 0.80 0.041 29.13 8.23 0.77 0.006 18.14 13.78

Table 3
Verification results of formulations 1 and 3.

Event ka Formulation 1 ka Formulation 3

NSE RMSE EP (%) EV (%) NSE RMSE EP (%) EV (%)

Verification Outlet 9 4.61 0.85 0.017 22.42 7.41 2.96 0.83 0.018 30.59 15.53
10 4.61 0.74 0.103 37.92 33.35 2.96 0.68 0.114 45.46 38.72
11 4.61 0.62 0.034 31.30 18.41 2.96 0.71 0.032 43.75 18.21
12 4.61 0.75 0.060 23.35 8.66 2.96 0.79 0.059 31.46 18.95

Average 0.74 0.053 28.75 16.96 0.75 0.056 37.82 22.85

Grassland 9 4.61 0.81 0.001 50.10 8.78 2.96 0.84 0.001 15.08 17.37
10 4.61 0.41 0.026 22.63 81.71 2.96 0.76 0.017 24.79 29.08
11 4.61 0.20 0.002 14.87 12.68 2.96 0.76 0.001 21.93 35.72
12 4.61 0.44 0.023 31.26 47.53 2.96 0.74 0.017 23.66 14.58

Average 0.47 0.013 29.72 37.68 0.78 0.009 21.37 24.18

a The average of the calculated values of events 1–8.

Fig. 5. Comparison of observed and calculated hydrographs obtained via formulations 1 and 2.
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the use of outlet hydrographs for calculating the model parameter
(Eq. (11)). Also, this might be due to less uncertainty in urban
watersheds where runoff to rainfall ratios are much larger than
in the natural sub-watershed. For small runoff to rainfall ratios in
the natural sub-watershed the uncertainties associated with rain-
fall measurement errors and spatial variability can a dominant part
of the overall model prediction uncertainty (high noise to signal
ratio). In addition, the parameters values (i.e., physical and land
cover properties) in urban sub-watershed are approximately con-
stant while these values are more variable over time in grassland
sub-watershed. This characteristic would show less uncertainty
in the urban watershed which leads to more precise result at
watershed outlet than that of the grassland one.

Formulation 1 has slightly better performance at watershed
outlet, but it is unable to detect land cover variability in its model
formulation and so to estimate the internal watershed



Fig. 6. Comparison of observed and calculated hydrographs obtained via formulations 1 and 3 in verification events.
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hydrographs appropriately. Overall, peak discharge and runoff vol-
ume for the grassland sub-watershed was over-estimated via for-
mulation 1. Over 40% improvement is achieved in simulated peak
discharge and runoff volume at interior watershed outlet if
accounting for the variability of land cover in model formulation
(see averages of EP and EV in Tables 2 and 3).

The mean residence time of each sub-watershed represented by
a linear reservoir, ki, in the unequal cascade of linear reservoirs
with distributed excess rainfall may be different from one
sub-watershed to the other (Singh, 1988). Therefore, calculation
of parameters is difficult and almost undeterminable due to the
large number of parameters. The requirement to estimate parame-
ters is inevitable in any conceptual and geomorphology based rain-
fall–runoff model (Saeidifarzad et al., 2014). As it has been proven
by different studies, the problem of parameter calibration in most
of hydrologic applications is nonlinear, ill posed, multimodal, and
non-convex (Duan et al., 1992). However, in the presented GCUR

model, there is only one parameter (k). GCUR model considers
not only the geomorphologic properties of the watershed, but also
the land cover variation using remote sensing data and considers
land use/cover changes of the sub-watershed in parameter formu-
lation. Application of geomorphologic and land cover data from
inside of watershed led to more realistic parameters which reflect
the variation between watersheds with different land covers.

As discussed earlier, however, other similar geomorphologic
models might be able to simulate the internal hydrographs of the
watersheds with uniform land uses, but they are unable to predict
hydrographs at the interior parts of the watershed with different
land uses. In contrast, the presented GCUR model can also reflect
the hydrological conditions of the internal parts of the watershed
with divergent land uses detecting land cover changes taking
advantages of remote sensing data.

Using three formulations for the GCUR model, it was demon-
strated that this model provides a promising approach for simulat-
ing sub-watershed outlet hydrographs. Each presented
formulation provides a specific application that can be used for dif-
ferent purposes. As discussed before, formulation 1 can be applied
to watersheds where the land cover is approximately uniform over
the sub-watersheds. Formulation 2 could be employed to estimate
interior sub-watershed hydrographs utilizing effective rainfall and
observed hydrographs at outlet with regards to geomorphological
and land cover properties of the sub-watersheds with different
land uses; and, formulation 3 can be used to estimate runoff from
the outlet and internal sub-watershed hydrographs using available
historical rainfall–runoff event data set and the sub-watershed’s
physical specifications. The combination of the geomorphological
parameters with vegetation cover index in model formulation
makes it suitable for prediction of watershed interior runoff.

6. Concluding remarks

The GCUR model is able to improve the efficiency of geomor-
phological rainfall–runoff simulations at the interior of the La
Terraza watershed, located in southeastern Arizona, by taking into
account land use/cover, monitored via remotely sensed data. The
GCUR model as a geomorphological model has been constructed
on the basis of linear reservoir concept and watershed physical
properties. Consideration of land use/cover in the model leads to
acceptable results at both watershed and interior sub-watershed
outlets, particularly for watersheds like the studied watershed
where different land uses sub-watersheds have. The overall
efficiency of prediction was slightly poorer for the internal
sub-watershed than for the outlet. Over 40% improvement is
achieved in simulated peak discharge and runoff volume at interior
watershed outlet if accounting for the variability of land cover in
the model formulation. Application of three formulations of the
model reveals that two formulations in which the land cover
effects are considered in the model formulation are able to simu-
late the hydrographs at an acceptable level near the gauge loca-
tions (in a hydrological sense).

The model was applied on a watershed in semi-arid Arizona
where the rainfall–runoff events are usually occurred in summer
monsoon which the land cover does not change significantly from
one event to another and so the NDVI can be approximately set to
be constant for all events. The vegetation cover changes affect run-
off response of a watershed through changing the hydrological
cycle in the basin. Therefore, this model can be applied to predict
runoffs for different seasons, in which the vegetation cover and
so NDVI is varied due to seasonal changes. The effect of seasonal
NDVI can be analyzed by hydrologists in watersheds with seasonal
variety in event data to develop the geomorphological rainfall–
runoff models. It is suggested to apply this model for different
season’s events to detect seasonal runoff variation with regards
to NDVI changes.
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