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Abstract. Rain can be measured and represented in many
ways such as point data from rain gauges, grid data from
meteorological radar, or interpolated data. In this paper we
represent rain fields by implementing a rain cell model of
convective rain cells. The rain fields are used as an input to a
hydrological model to test the watershed response to spatial
and temporal characteristics of the rain cells. As a case study
we tested an extreme storm event over a semi-arid watershed
in southern Israel. The rain cell model was found to simulate
the rain storm adequately. The use of these modeled cells al-
lowed us to test the sensitivity of the watershed hydrological
response to rain cell characteristics and it was found that the
watershed is mainly sensitive to the starting location of the
rain cell. Relatively small changes in the rain cell’s location,
speed and direction may increase watershed peak discharge
by three-fold.

1 Introduction

Rainstorms in semi-arid environments are often character-
ized by a large variability in time and space, are limited in
size and cover only part of the watershed (Marco and Valdes,
1998; Syed et al., 2003). A number of studies have shown
that the hydrologic response of watersheds in semi-arid cli-
mate regimes is sensitive to convective rain cells attributes
in time and space (Saulnier and Le Lay, 2009) and also the
spatial variability of the rain data (Bonnifait et al., 2009).
Most of these studies take one of the following approaches:
(1) analysis of real rainstorms and inspecting the hydrologic
response to the storm characteristics (Arnaud et al., 2002;
Younger et al., 2009) or, (2) generating synthetic rainstorm
data with a range of characteristics and applying a hydrolog-
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ical model to test the probable hydrological response (Gabel-
lani et al., 2007; Shah et al., 1996; van Werkhoven et al.,
2008). The main deficiency of the first approach is the re-
striction to the very specific conditions of the examined rain-
storm.The second approach is often applied as a part of rain-
storm stochastic models that are aimed on providing a de-
scription of the spatial and temporal distribution of rainfall
fitted to the climatological characteristics of a specific region
(Gupta and Wymire, 1979; Northrop, 1998; Wheater et al.,
2005; Mehrotra et al., 2006; Leonard et al., 2008; Cowpert-
wait, 2010; among others). Many of the stochastic models
are based on the theory of point processes with rain cells as
their building units represented by space-time models as ex-
plained below. The present study uses a different approach,
first suggested by Morin et al. (2006), where the two methods
mentioned above are combined. The analysis is based on real
rainstorm data for which a rain cell model is fitted and then
the rain cells characteristics are changed. Combined with a
hydrological model, the effect of the changes in the rain on
the runoff hydrograph is tested.

Rain cell models are designed to represent the basic ele-
ments of the convective rain storm, the rain cells, and de-
scribe their spatial and temporal evolution. These models are
commonly applied to rainfall data from meteorological radar
systems which provide detailed space-time rain rate informa-
tion (Barnolas et al., 2010; Morin et al., 2006). Several stud-
ies focused on rain cell modelling describing circular or el-
liptical cell shapes (Feral et al., 2003; Karklinsky and Morin,
2006; Northrop, 1998; von Hardenberg et al., 2003; Willems,
2001; Cox and Isham, 1988), with the rain rate spatial dis-
tribution within the cell represented in one of the following
ways:

1. Rain cells with a constant rain rate throughout the cell
(Northrop, 1998; Cox and Isham, 1988).

2. Cells with a Gaussian decay of rain from the cell center
(Willems, 2001; Morin et al., 2006; Northrop, 1998),
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This model fits mainly to the core of the convective rain
cell characterized by a relatively fast decay of rain rates
from the center outwards but not to the outer part of the
cell with typically lower gradients (Feral et al., 2003).

3. Cells with an exponential decay of rain from the cell
center (Capsoni et al., 1987a, 1987b; Willems, 2001;
von Hardenberg et al., 2003). For example, the EX-
CELL model Capsoni et al. (1987a) describes the rain
cells as an ellipsoid whereby the rain decays from the
center exponentially. This model creates cells with
overestimation of the rain rate in the center (Feral et al.,
2003).

4. Combination of the Gaussian and exponential decay
functions. The HYCELL model (Feral et al., 2003)
combines the two equations to describe both the high
rain rates with the fast decay at the cell core and the
lower rain rates and gradients at the margins. The HY-
CELL rain cell model is used in the current study.

It should be noted that rain fields are often represented as a
superposition of several rain cells and thus their spatial struc-
ture is more complex than the fields of the individual cells.
Some of the models account also for the rain cell dynamic
where the cells are often assumed to move in a constant ve-
locity and direction and to maintain constant characteristics
during their life time (e.g., Northop, 1998). Direction and
velocity of rain cells can be derived by applying tracking al-
gorithms to observed rain cells. The TITAN model (Dixon
and Wiener, 1993; Johnson et al., 1998) used an optimization
process to obtain the most likely option for the cell move-
ments, while other models (Han et al., 2008; Rinehart and
Garvey, 1978) track the cells by recognizing which of the
cells in the next time step has the highest correlation to the
current cell.

The hydrologic response of watersheds in semi-arid cli-
mates is known to be influenced by the rainstorm properties
such as rainstorm direction, location, and velocity. Rain-
storms moving upstream typically generate hydrographs at
the catchment outlet with an early and slow rise, medium
peak discharge and a slow decay, while storms moving down-
stream typically cause a later flow at the catchment outlet
with a higher peak and a relatively fast rise and decay of
the hydrograph (Singh, 1997). A different study, however,
found it was upstream moving storms that produced higher
peaks than downstream moving storms (van Werkhoven et
al., 2008). Morin et al. (2006) showed that directions which
caused the cell to remain longest over the watershed pro-
duced the highest flow peaks. Chang (2007) found that the
direction affects the flow timing more than the rain inten-
sities. The location of the storm over the main channel is
also of great importance (Morin et al., 2006) because of
the averaging effect of flow routing through a channel net-
work caused by unifying travel times from different locations
(Zoccatelli et al., 2010). The interaction between the shape

of the watershed and the location of the storm affects runoff
generation; a storm closer to the outlet produces more runoff
(Syed et al., 2003; van Werkhoven et al., 2008). Storm ve-
locity determines the amount of rainfall over the watershed
and the amount of generated runoff. Slower storms produce
higher magnitude runoff flows (Singh, 1997; Doswell et al.,
1996).

The main objective here is to study the hydrologic re-
sponse of a semi-arid watershed to rain cell characteristics.
This is achieved using the following three stages:

1. Applying a model to describe the rain cells and their
characteristics in time and space

2. Using the model generated rain cells as an input to a
calibrated hydrological model

3. Inspecting the relations between the rain cell character-
istics and the watershed hydrological response, and test-
ing the watershed sensitivity to changes in the rain cells
characteristics.

2 Study area and data

2.1 The Negev desert climate

The Negev desert covers an area of about 10 000 km2 in
southern Israel (Fig. 1a). It is bounded by the Mediterranean
Sea from north-west, the Dead-sea from north-east and the
Gulf of Aqaba from the south. The central Negev Mountains
reach a height of about 1000 m a.s.l. The Beqa watershed
drains the Negev western slopes toward the Mediterranean
Sea (Kahana et al., 2002).

The Negev desert climate is classified as arid to semi-
arid according to the Koeppen climate classification (Ahrens,
2003). Rain in the Negev could be local or widespread; dis-
tinguishing between the two different rain structures is im-
portant since the rain rate and duration is different between
the two cases (Dayan and Sharon, 1980). Most of the major
runoff events in the Negev are caused by convective storms
composed of several rain cells. Since each rain cell has a
short lifespan, the cells are often organized into a larger struc-
ture in which cells are generated and disappear, allowing the
storm to last longer than a normal rain cell (Doswell et al.,
1996). Therefore the storm movement direction is specified
by both wind and topography and the cell generation pro-
cesses inside the storm.

Convective rain cells can be clearly recognized from me-
teorological radar data as areas with high rain rates. In semi-
arid and arid areas of Israel it was found that these cells
are round or elliptic, with areas less than 100 km2 and, in
some cases, the cells were bound within a low-rate rain area
(Dayan and Morin, 2006; Karklinsky and Morin, 2006).
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Figure 1. (a) Regional map, (b) The Beqa watershed map. Red circle indicates the hydrometric 3 

station at the watershed outlet, the blue circle marks the closest rain gauge, and the radar 4 

polygons are marked in black.   5 

Fig. 1. (a)Regional map,(b) The Beqa watershed map. Red circle indicates the hydrometric station at the watershed outlet, the blue circle
marks the closest rain gauge, and the radar polygons are marked in black.

2.2 Watershed characteristics

The 94 km2 Beqa watershed (Fig. 1b) is located in south-west
Israel with its outlet south of the city of Beer-Sheva. The
watershed height spans from 460 to 260 m and most of the
area is rural, partly covered by cultivated fields and sparsely
inhabited territories.

From long-term daily rain data (1957–2002) obtained
from the closest rain gauge (located in Beer-Sheva), the mean
annual rainfall in the region is 196 mm with a standard devia-
tion of 83 mm. On average there are 40 rainy days that occur
between November and March, while summer is hot and dry.

Between the years 1947 and 2006, 290 flows were mea-
sured in the Beqa watershed. The maximal observed peak
was 240 m3/s in December 1951 and the mean annual runoff
is 0.32× 106 m3.

2.3 The rain storm

The rain storm selected for the study is an extreme storm
event that occurred on 20–23 December 1993, and which
caused major floods in the Negev area (Ziv et al., 2005).
Over the Beqa watershed the storm occurred on the 22–23
of December. Rain was mostly in the form of afternoon con-
vective showers, with rain totals that in some cases exceeded

the long-term December averages. This rainstorm resulted in
extreme flash floods with return periods of 35–100 years for
several watersheds.

The rain gauge near the Beqa watershed measured 24 mm
for this storm but the meteorological radar data indicate
more than 70 mm over some parts of the watershed (Fig. 2).
The resulted flash-flood (Fig. 3) had a peak discharge of
81.4 m3/s, which is fifth in the watershed record (1951–2006)
and with a return period of about 10 years. The flash-flood
event was the largest one with sufficient hydrological and
meteorological data and therefore selected for this study.

3 Methods

Data from the Shacham meteorological radar system located
at Ben-Gurion airport (Fig. 3a), 90 km distance from the
studied watershed, were used in this research. The radar data
resolution is 5 min in time and 1.4◦

×1 km in space. Radar
maps at polar coordinates are transformed into 1× 1 km2

Cartesian maps of 34× 34 km2 around the watershed area
(Fig. 1b).

Radar reflectivity data, Z (mm6 m−3), are translated into
rain rate data, R (mm/h), using the methodology described in
Morin and Gabella (2007). In this method an initial power
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 1 

Figure 2. Accumulated rain depth over the Beqa watershed from the storm of 20-23/12/1993. 2 

Data are based on calibrated radar data. 3 
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Figure 3. The observed hydrograph for the rainstorm of 20-23/12/1993.  7 

Fig. 2. Accumulated rain depth over the Beqa watershed from the
storm of 20–23 December 1993. Data are based on calibrated radar
data.
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Figure 3. The observed hydrograph for the rainstorm of 20-23/12/1993.  7 

Fig. 3. The observed hydrograph for the rainstorm of 20–23 De-
cember 1993.

law relationship is applied with an exponent value of 1.5 and
then a correction factor is applied to the initial rain rate esti-
mates depending on the distance from the radar, topographic
height and latitude (Morin and Gabella, 2007).

3.1 Rain cell identification

The first step of the rain cell modelling process is segmenta-
tion. A segment including a rain cell is defined as the area
around a local maximum, contoured by a threshold rain rate,
R2 (mm/h) or a neighbour segment. In the segmentation pro-
cess the rain rate matrix is scanned from the highest value

down; each time a local maximum is found it is defined
as a new rain cell segment. The segment is then expanded
by adding neighbour pixels. Segments that are smaller than
9 km2, or have a maximum rain rate of less than 30 mm/h, are
removed. Adjacent segments where the difference between
the peak and the pixel bordering the segments is less than 25
mm/h are united into a single segment.

Each segment is fitted with an ellipsoid cell shape as de-
scribed in Feral et al. (2000) and the cell features are ex-
tracted: segment area (km2), maximal rain rate (mm/h), sum
of rain rates (km2 × mm/h), Rrms – Root mean square of
the rain rates in the segment (mm/h), ellipsoid center loca-
tion, ellipsoid major radius length (km), ellipsoid minor ra-
dius length (km), ellipticity (ratio of minor to major radius
lengths) and the orientation (deg.) of the ellipsoid major ra-
dius.

The HYCELL rain cell model is fitted to the segment
based on the derived features as described in Feral et
al. (2003):

R(x,y) =


RGexp

[
−

(
x2

a2
G

+
y2

b2
G

)]
if R ≥ R1

REexp

[
−

(
x2

a2
E
+

y2

b2
E

)1/2
]

if R2 ≤ R ≤ R1

 (1)

As mentioned above, a rain cell is defined above a threshold
value (R2), whereR1 (mm/h) is a threshold rain rate that
separates the exponential function (cell outer part) and the
Gaussian function (cell inner part) as described in Eq. (1):
x, y are the point coordinates relative to the cell center,RE
and RG (mm/h) are peak rain rate for the exponential and
Gaussian functions, respectively, and,aE, aG, bE, bG (km)
represent the decay rate along the major (a) and minor (b) of
the exponential (E) and Gaussian (G) radii.

The three parametersR1, RE andRG are fitted for each
rain cell by minimizing the target function:

ζ =

∣∣∣∣ R̄H

R̄r
−1

∣∣∣∣+ ∣∣∣∣ (Rrms)H

(Rrms)r
−1

∣∣∣∣+ ∣∣∣∣RH

Rr
−1

∣∣∣∣ (2)

whereR̄H andR̄r(mm/h) are the rain rate average according
to the model and the radar, respectively,(Rrms)H and(Rrms)r
(mm/h) are the root mean square rain rates according to the
model and the radar, respectively, and,RH andRr (mm/h) are
the rain rate maximum according to the model and the radar,
respectively.

The parametersaE, aG, bE and bG are calculated using
Eqs. (3–6)

bE =

√√√√ Ar

πer ln2
(

RE
R2

) (3)

aE = erbE (4)

bG =
aG

er
(5)
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aG =

√√√√√aEln2
(

RE
R1

)
ln

(
RG
R1

) (6)

It is assumed that the rain cells’ parameters remain con-
stant in time and that the cells move at a constant velocity and
direction during their life time. In order to derive these pa-
rameters from the data, the identified rain cells were tracked
in time. In the current study a manual tracking procedure
was applied where every cell in each time step was examined
and a decision was made whether this cell was new or a cell
from the former time step that moved. The cell parameters
were then taken as the median value throughout the cell’s
life span. While the simplified assumptions above allow the
present model being parsimonious they imply that changes
of rain cell properties during its passage are not accounted
for.

3.2 Hydrological model calibration and application

The hydrological model used in this research is an event-
based distributed hydrological model describing the gener-
ation of rainfall excess, routing of surface water over hill-
slopes and in channels toward the outlet, with infiltration
into the channel alluvium. The model was used in previous
studies to simulate watershed runoff for arid and semi-arid
watersheds (Morin et al., 2009; Bahat et al., 2009) and was
calibrated for the studied storm event.

The watershed was divided into 17 sub-catchments. Rain
rate is assumed to be uniform over each sub-catchment and is
computed as the spatial average of the rain rate over the sub-
catchment. When the accumulated rainfall depth is larger
than the initial loss parameter value (20 mm) and the rain rate
is higher than the constant infiltration capacity (10 mm/h),
rainfall excess is generated as the difference between the rain
rate and the infiltration capacity. The Kinematic wave equa-
tion is used to compute water routing over the hillslopes and
in the channels (Bahat et al., 2009). Manning parameters was
taken as 0.08 for hillslopes and 0.025 for channels, and the
constant alluvium infiltration rate was 100 mm/h.

3.3 Sensitivity analysis

The sensitivity of the watershed hydrological response to
three convective rain cell parameters was examined. The
parameters are: rain cell starting point, rain cell movement
direction, and rain cell speed. The sensitivity was tested in
two approaches. The first was a local sensitivity analysis of
one parameter while keeping the other parameters fixed. The
second was a global sensitivity analysis, a variance based
method (Saltelli et al., 2006) in which values of all three pa-
rameters are changed simultaneously and the contribution of
each parameter and of the interactions between them to the
overall variance is examined.

4 Results

4.1 Rain cell modelling

The rainstorm is composed of 329 radar maps from which
141 segments were found and the HYCELL rain cell param-
eters have been derived. A good fit (R2 larger than 0.85) is
obtained between modelled rain cells and the rain segment
data comparing maximum rain rate, areal average rain rate,
rain area and total rain (the sum of rain in all of the cell’s
pixels) for all 141 cells (Fig. 4), suggesting the model as very
capable of describing the rain cells elements.

Rain cell tracking was applied and 56 cells were found
in all the time steps. For each rain cell the median of the
HYCELL parameters were derived (see Sect. 3.1 above) and
the dynamic parameters were computed: starting location,
movement direction, movement speed and cell life duration.
Figure 5 presents the distribution of cell maximum rain rate,
area, and ellipticity. The average of the rain cell maximum
rain rate is 77 mm/h, with more than half of the cells max-
imums between 30 and 80 mm/h. The average cell area av-
erage is 100 km2. Since the watershed area is 94 km2, it im-
plies that about half of the cells are larger than the watershed.
The average ellipticity of the cells is 0.58, with a value of
one representing a circle, thus most of the cells can be de-
scribed as ellipsoids. Figure 6 presents a histogram of cell
life span. For the 56 cells the average life span was 12.6 min
(2.5 time steps) while the maximum life span for a single cell
was 70 min.

4.2 Hydrological model results

Two rainfall inputs were fed into the hydrological model: the
original radar rain rate data and the rain rates as obtained
from applying the rain cell model. The computed outlet
runoff hydrographs are similar for the two inputs (Fig. 7)
suggesting that the rain cell model represents the important
elements of the storm. There is, however, a time shift be-
tween the observed and the modelled hydrographs, which is
suspected to be a result of inaccuracies in the observed flow
timing caused by the mechanical recorders of the hydromet-
ric stations.

By running the model with one rain cell at a time it was
found that only one major cell (referred here as the “flooding
cell”) produced flow at the watershed outlet while the rest of
the cells did not generate outlet flow individually. No out-
let flow was generated even if all cells except to the flooding
cell were input to the model. The outlet hydrograph gen-
erated from the flooding cell, as computed by the model, is
presented in Fig. 8.

4.3 Sensitivity analysis

Sensitivity analysis was conducted by varying characteristics
of the flooding rain cell and examining the effect on total rain
and outlet runoff (peak discharge and runoff volume). The
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Figure 4. Correlations between the rain segment data and the model generated rain cells. 2 
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Fig. 4. Correlations between the rain segment data and the model generated rain cells.
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Fig. 5. Histograms of:(a) maximum rain rate (mm/h),(b) segment area (km2), and(c) ellipticity for the 141 rain cells derived for the
analyzed storm.

flooding cell starting location was changed to be each one
of the 34× 34 pixels, leaving all the other cell parameters
unchanged. The total rain over the watershed (mm), peak
discharge (m3/s) and total runoff volume (m3) computed for

each starting location are shown in Fig 9. These results show
that if the rain cell starting location was about 4 km north-
west of the original point, the peak discharge and runoff vol-
ume could be doubled. From examining the relation between
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Figure 6. Life span histogram for the 56 rain cells 4 
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Figure 7. The observed hydrograph (black), the modeled hydrograph computed using the radar 7 

data (blue) and the modeled hydrograph computed using the rain cell  model data (red). 8 
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Fig. 6. Life span histogram for the 56 rain cells.
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Figure 7. The observed hydrograph (black), the modeled hydrograph computed using the radar 7 

data (blue) and the modeled hydrograph computed using the rain cell  model data (red). 8 
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Fig. 7. The observed hydrograph (black), the modeled hydrograph
computed using the radar data (blue) and the modeled hydrograph
computed using the rain cell model data (red).

the distance of the cell center from the outlet and the peak
discharge (Fig. 10), cells that originated too close or too far
from the outlet had relatively low peak discharge while at dis-
tances of 8–12 km from the outlet the peak discharges were
highest. These differences are caused by the larger amount
of rainfall precipitated over the watershed when the cell starts
from mid-value distances as compared to the two extremes.

The effect of cell movement direction on the watershed
hydrological response is shown in Fig. 11. Three different
starting locations are considered: the original starting point,
the watershed outlet and the upstream edge of the watershed.
The direction that produced the highest peak discharge was
the direction in which the cell spent the majority of its lifes-
pan over the watershed. For a cell starting at the original
starting point, a 65◦ rotation counter-clockwise would double
the peak discharge. For a cell starting at the watershed out-
let a 110◦ rotation clockwise from the original cell direction
would produce the highest peak discharge while movement
in the original direction would not produce any runoff. As for

 26
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Figure 8. Hydrograph using the modeled hydrograph computed using all the rain cell model 2 

data (dotted line) and the modeled hydrograph using only the flooding cell data (solid line). 3 
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Fig. 8. Hydrograph using the modeled hydrograph computed using
all the rain cell model data (dotted line) and the modeled hydrograph
using only the flooding cell data (solid line).

a cell starting upstream, a rotation of 95◦ counter-clockwise
from the original direction would produce the highest peak
discharge.

The rain cell speed was changed between 0 to 16 m/s while
keeping the rest of the characteristics unchanged. A decrease
in peak discharge as the speed increases can be seen (Fig. 12)
due to the fact that higher velocities cause the cell to pass
over the watershed faster and with less rain.

A global sensitivity analysis of runoff peak discharge to
rain cell location, direction and speed was conducted and the
sensitivity indexes are presented in Table 1. The most in-
fluencing factor is the cell location, both as a main effect
(caused by this factor only) and total effect (caused by the
factor and all its interactions with other factors). Rain cell
speed is the second most important of the three factors ex-
amined here.

5 Summary and discussion

The rainstorm of the 22–23 December 1993 over the Beqa
watershed was analyzed. Rain maps obtained from radar data
were divided into segments and for each segment rain cell
model (HYCELL) was applied. The rain cells were tracked
in time yielding 56 rain cells. The modelled cells were used
as an input to the hydrological model and one of the cells was
found to be the most significant in generating the flash flood.
Sensitivity analysis was conducted based on this major cell
and it was found that the watershed runoff was very sensi-
tive to the convective rain cell characteristics. In particular,
a small change of cell location, direction and speed, could
cause a three-fold higher flood peak discharge.

Sensitivity of the watershed hydrological response to rain
cell characteristics was investigated in the current study us-
ing a unique approach combining real storm data and a rain
cell model. Although more cases need to be studied, sev-
eral advantages and potential applications of the presented
approach can be suggested:
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Fig. 9. (a)The peak discharge (m3/s) (b) the total runoff volume (m3) and(c) total rain over the watershed (mm), for each starting point of
the flooding cell. The original direction of the flooding cell over the basin (black) is indicated by the red line.
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Fig. 10. Peak discharge versus distance from the outlet for each
starting location of the flooding cell.

Table 1. Global sensitivity indexes.

Factor Main effect Total effect

Speed 0.08 0.69
Movement direction 0.01 0.31
Starting point 0.30 0.91

1. Using rainfall input into a hydrological model based on
rain gauge data neglects the rain spatial structure be-
cause the gauges represent sparse point samples. Radar
data visually represents the storm spatial structure but,
as hydrological model input, there is no explicit rep-
resentation of this spatial structure. In the current ap-

proach, the convective rain cell properties serve as ex-
plicit input to the hydrological model and thus their
linkage with hydrological response is better determined.

2. Rain data resolution in rainfall-runoff models is
very important (Faures et al., 1995; Michaud and
Sorooshian, 1994; Andreassian et al., 2001). In research
conducted in the Neckar watershed, south-west Ger-
many (Bardossy and Das, 2008), it was found that in-
creasing rain gauge density increases spatial knowledge
about the rain and improves the hydrological model re-
sults. Another factor is the rain spatial variance. In areas
with high rain spatial variance the accuracy of the rain
fields is more important (Segond et al., 2007; Yatheen-
dradas et al., 2008). Representing rain fields with mod-
eled rain cells, as done in the current study, provides
continuous field presentation using mathematical equa-
tions. Hence, it can be modified to fit any required res-
olution both in time and space.

3. Rainfall data input (based on gauge and radar data) are
known to have large uncertainties and their effects on
hydrological prediction have been investigated (Faures
et al., 1995; Michaud and Sorooshian, 1994; Villarini
and Krajewski, 2010). However, the rain uncertainties
investigated concern mainly rain magnitudes while un-
certainties in rain patterns (e.g., location, direction, rain
area) were neglected. The present approach to represent
rain storm allows investigating rainfall patterns uncer-
tainties, for example using the GLUE method described
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Fig. 11.Changes in(a) outlet runoff peak discharge,(b) runoff volume and(c) total rain as a function of cell direction of movement for three
starting locations: original position (green), outlet (red) and upstream (blue). The x axis is the angle difference relative to the cell’s original
direction.
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Figure 12. Changes in: (a) peak discharge, (b) runoff volume and (c) total rain as a function of 2 

the flooding cell’s speed. 3 
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Fig. 12. Changes in:(a) peak discharge,(b) runoff volume and(c) total rain as a function of the flooding cell’s speed.

in Beven and Freer (2001), and their hydrological im-
pacts.

4. Design storms are used for planning hydrological sys-
tems, usually as an input to a rainfall-runoff model.
Rain data are usually represented as local rain at a point
or as rain maps for a certain duration and return period

(Chow et al., 1988). Bocchiola et al. (2003) suggested
three methods to produce a design storm for hydrologi-
cal simulations. The first is to use observed rainfall for
a long period and, from it to derive the hydrographs us-
ing a hydrological model. The second is used when rain
observations are not available but the Depth-Duration
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Frequency curves (DDF) of this location are available.
For example, Boni et al. (2007) neglected the spatial
distribution of the rain, and produced hyetographs for
the same rain duration but for different return periods
using a known DDF. The third method is based on
the Monte-Carlo simulation to generate stochastic rain
fields that are fed into the hydrological model to sim-
ulate the runoff. All of these methods do not use the
actual rain or use it with almost no flexibility. Using the
method described in this paper it is possible to create
data for a design storm based on real storm data typical
of the area. These data can then be very flexible and
can be changed easily, by varying the rain rates and also
other features such as cell velocity, size, direction and
others. In addition, the statistical characteristics of rain
cells for a certain area can be computed and thus design
storms for different return periods can be estimated.

5. Using the model described here and by altering rain
cell characteristics, a maximum runoff peak discharge
of about 150 m3/s was obtained, which is about three-
fold the peak discharge obtained from the original rain
cell. A similar conclusion was reached by Smith (2000)
who demonstrated that peak discharge can be maxi-
mized by storm speed and direction. It is interest-
ing to put this enhancement in relation to the envelope
curve of the region. It can be shown that the obtained
peak discharge falls inside the envelope curves for the
Negev area (Meirovich et al., 1998) and that the maxi-
mum flood for watersheds of the same area as the Beqa
watershed can produce a runoff peak of up to about
700 m3/s. This implies that the model does not overes-
timate runoff and, although the highest peak measured
in the Beqa watershed was 240 m3/s (December, 1951),
much higher discharges are possible in this watershed.
It is suggested that by using the present approach one
can determine the flooding potential of a given storm
and how close it can get to the maximal value presented
by the envelope curve.

6 Conclusions

1. The rain cell model produced rain cells that could ade-
quately simulate the original rain storm.

2. Mathematical representation of rain cells allows one to
change their characteristics and to test the watershed
sensitivity to these changes.

3. The hydrological response of the Beqa watershed is sen-
sitive mainly to the location of the rain cell. The cell’s
speed is also important – a cell that dwells longer over
the watershed will produce higher flow peak.

4. For the event discussed in this paper, the peak flow may
be tripled by relatively small changes in starting loca-
tion, speed and direction.
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