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Abstract
A spatial rainfall model was applied to radar data of air mass thunderstorms to yield a
rainstorm representation as a set of convective rain cells. The modeled rainfall was used
as input into hydrological model, instead of the standard radar-grid data. This approach
allows a comprehensive linkage between runoff responses and rainfall structures. Copyright
 2005 Royal Meteorological Society

Keywords: spatial patterns; rainfall; weather radar; conceptual modeling; thunderstorms;
distributed hydrological models

1. Introduction

Complex interactions exist between the spatiotemporal
structure of rain systems and watershed hydrological
response. While this is a long-standing research issue
in hydrology, a comprehensive study of these interac-
tions requires detailed rainfall data in space and time
that were effectively unavailable until recently.

For many years, rain gauge networks were the pri-
mary source of storm data. However, these networks
are typically sparse and the recorded rainfall data do
not adequately represent the spatial variability of the
storm (e.g., Michaud and Sorooshian, 1994). In recent
years, a new type of rainfall data, coming from weather
radar systems, has become available. This new tech-
nology permits a detailed view of the rainstorm over
the watershed with high spatial and temporal resolu-
tion. Access to reliable information on different storm
characteristics, such as the location of the storm over
the watershed and its structure and moving direction,
presents a new stage in rainfall-runoff analysis.

It was hoped that the use of detailed radar rainfall
information as input into hydrological models rep-
resenting the watershed hydrological response would
significantly improve understanding of rainfall-runoff
processes and help in predicting their outcome. How-
ever, a review of studies using radar rainfall data in
hydrological modeling (e.g. Collinge and Kirby, 1987;
Julien et al., 1995) does not provide clear evidence
for any such improvements (e.g., Carpenter et al.,
2001). Among the difficulties reported were the inac-
curacy of radar rainfall estimations (e.g., Krajewski
and Smith, 2002) and runoff sensitivity to subpixel
rainfall variability (e.g., Michaud and Sorooshian,

1994; Winchell et al., 1998; Ichikawa et al., 2002).
Arguably, even though information about rainfall
structures exists in radar rainfall data, it is but only
implicitly represented. As a result, the major strength
of this source of information is not fully exploited.

In the current study, we suggest explicitly represent-
ing the rainfall through application of a rainfall model.
This approach will allow a direct linkage between rain-
fall structures and watershed hydrological response by
means of hydrological modeling. The article focuses
on modeling spatial structures of rainfall in air mass
thunderstorm events. The rainfall model is applied to
radar data and is evaluated using a dense gauge net-
work. For a case study, the modeled rainfall is applied
to a distributed hydrological model and the sensitivity
of runoff response to rainfall pattern is examined.

2. Background

The study area is the 148 km2 Walnut Gulch Exper-
imental Watershed (WGEW; Goodrich et al., 1997)
located in the semiarid climate regime of southeast-
ern Arizona (Figure 1). The summer weather of this
region is strongly affected by the North American
monsoon (Douglas et al., 1993; Wallace et al., 1999),
which results in frequent air mass thunderstorms that
are highly convective, intense, localized and of short
duration.

Thirteen convective storms from the 1999 and
2000 monsoon seasons were analyzed in the study
(Table I). For one of the storms (August 11, 2000),
a hydrological model was applied.

The watershed is equipped with a dense network of
rainfall gauges (Figure 1) managed by the Agriculture
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Figure 1. (a) Location map of the study area and the radar station. (b) The radar segment (azimuth: 93–122◦ and range: 42–78 km
relative to the Tucson radar) encompassing the 148 km2 WGEW study area and the 74 gauges in the watershed. Radar polar grid
resolution is of 1◦ × 1 km

Table I. Storm characteristics

Storm Study area Local start time
Duration

(h)
Areal storm
depth∗ (mm)

Max1min††

(mm/h)
Max Depth‡‡

(mm)

1 WGEW 06/17/1999 14 3 2.1 150 26.7
2 WGEW 07/06/1999 18 3 10.2 148 28.8
3 WGEW 07/14/1999 10 14 43.9 260 89.0
4 WGEW 07/25/1999 17 3 1.7 232 25.2
5 WGEW 08/02/1999 16 6 10.0 152 28.8
6 WGEW 08/18/1999 14 3 2.1 166 16.2
7 WGEW 08/28/1999 16 5 19.7 230 37.7
8 WGEW 08/31/1999 15 5 16.4 219 47.8
9 WGEW 06/18/2000 16 3 3.1 129 23.7

10 WGEW 06/29/2000 11 3 15.2 182 57.6
11 WGEW 07/16/2000 17 6 7.1 113 29.5
12 WGEW 08/06/2000 18 7 25.3 326 55.8
13 WGEW 08/11/2000 11 4 24.0 391 90.4

∗ Average of all gauge data available. For the WGEW study area, all the gauges are located within the watershed.
† Maximum 1-min rainfall intensity recorded at a gauge.
‡ Maximum storm depth recorded at a gauge.

Research Service of the US Department of Agriculture
(USDA-ARS). Rain data from 74 gauges, which
passed quality control, were used for radar calibration
and in the evaluation procedure.

The watershed is located 50 to 70 km east-southeast
of the US National Weather Service (NWS) Tucson
WSR-88D weather radar. Radar data from an 1125-
km2 segment encompassing the watershed were used
(see Figure 1b). Because radar beams at the first and
second tilts are partially blocked by terrain before they
reach the watershed (Morin et al., 2003), only the third

tilt data (elevation angle of 2.4◦, equivalent to 3-km
altitude above ground over the study area), were used
for the analysis.

Radar reflectivity data (Z ) [mm6 m−3] are converted
to rain intensity data (R) [mm/h] using a power law
Z –R relationship Z = aRb . The exponent parameter
(b) was set to the value of 1.4 that is used by the NWS
for convective rainfall (Fulton et al., 1998), while the
multiplicative parameter (a) was adjusted on the basis
of comparison of gauge and radar storm depth data.
The resulting Z –R relationship, based on analysis of
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radar and gauge data for the selected 13 storms over
WGEW, was

Z = 655R1.4 (1)

An upper threshold of 100 mm/h was applied to the
estimated rain intensity. This is a default threshold rain
intensity used by the NWS to reduce unreasonably
large estimates caused by hail cores in thunderstorms
(Fulton et al., 1998).

3. Rainfall modeling

The conceptual rainfall model used in this study to
represent spatial structures of rainfall is a deterministic
version of the model proposed by Rodriguez-Iturbe
et al. (1986). Using rain gauge data, the model was

found suitable for representing the spatial variability
of storm rain depth in the WGEW (Eagleson et al.,
1987). The model assumes that rain intensity fields are
composed of multiple rain cells. Each rain cell is an
isotropic circular element with maximum rain intensity
at the center and a quadratic exponential decay with
distance from the center:

Ri (d) = βi e
−2α2

i d2
(2)

where Ri (d) is rain intensity [mm/h] for rain cell i at a
distance d [km] from the rain cell center at coordinates
(Xi , Yi ), βi is the rain intensity [mm/h] at the center
of rain cell, and, αi is the decay parameter [km−1]
of rain cell i . Equation 2 defines a two-dimensional
nonnormalized Gaussian surface, where βi represents
the amplitude and αi represents the spatial extent.
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Figure 2. Illustration of model application for radar data from the storm of July 6, 1999 at time 14 : 45 (LTC). (a) Radar reflectivity
map. (b) Radar rain intensity map upon application of the Z –R relationship described in Section 2. (c) Rain cell segments. Black
dots show the center of maximum pixels and are considered as the rain cell center locations. (d) Parameter estimation for rain
cell 1. Observed area above threshold (Aτ ) for threshold values (τ ) between 5 and 100 mm/h are indicated (circles). The α
parameter is estimated on the basis of these values. The β parameter is estimated from the resultant α and the estimated rain
cell integral. The computed curve resulting from the estimated α and β parameters is shown. (e) Model results for the given
radar rainfall map. Three rain cells were identified. The four parameters for each rain cell are shown in table (location in UTM
coordinates). Figure shows the resulting rain intensity field plotted on 100 × 100-m grid. (f) Mapping of the modeled rain intensity
field to the radar-grid pixels for comparison with the observed radar rain intensity map (b)
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Parameter αi is equivalent to the inverse of two times
the standard deviation of the Gaussian distribution.

A procedure was developed for estimating model
parameters for each radar map (Figure 2). The main
computational steps in this procedure are as fol-
lows: (1) input radar reflectivity map, (2) convert radar
reflectivity to radar rainfall intensity, (3) segmentation,
(4) eliminate or merge small and weak segments,
(5) determine the rain cell parameters and (6) model
output: number of rain cells for each radar map and
four model parameters for each cell. These steps are
repeated for the series of radar maps of a given
storm. The algorithm produces a description of the
rain cells (number, location and parameters) as they
evolve throughout the storm.

The algorithm was applied to radar data from
13 storms over the WGEW, which included 1438
radar maps. Three hundred seventy seven rain cells
were identified in these maps. Summary of their
characteristics are presented in Figure 3 and Table II.
Figure 3d presents an example of the modeled rain
cells over WGEW for four time steps in the 6 July
1999 storm.

The modeled cell center rain intensity parameter
(β) varies over a relatively large range (mean =
61.5 mm/h, standard deviation = 42.3 mm/h), while

Table II. Summary of modeling results

Maps Total β, mm/h α, km−1

with number
Storm cells of cells Aver. Min. Max. Aver. Min. Max.

1 19 49 51 11 225 0.37 0.25 0.54
2 29 112 47 13 193 0.38 0.15 0.67
3 86 370 62 11 228 0.41 0.23 0.67
4 13 28 90 20 239 0.46 0.34 0.67
5 29 80 44 11 129 0.40 0.22 0.53
6 17 35 58 14 142 0.44 0.31 0.60
7 30 124 70 14 211 0.39 0.22 0.63
8 39 167 74 9 225 0.36 0.19 0.57
9 12 36 47 16 132 0.38 0.25 0.54

10 28 129 65 14 203 0.41 0.26 0.58
11 31 72 41 10 95 0.41 0.29 0.60
12 21 182 69 13 214 0.37 0.15 0.56
13 23 54 86 12 247 0.39 0.25 0.55

the distribution of the decay parameter (α) shows small
variability (mean = 0.39 km−1, standard deviation =
0.08 km−1). Physically, the latter observation indicates
that at 2.5 km (2.1–3.2 km) distance from the cell
center the rain intensity is reduced to 14% of its
intensity at the center. Rapid decline in rain intensity
was previously reported in other studies of the Arizona
region (Osborn and Renard, 1988). Our estimation
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Figure 3. Histograms of computed model parameters for 13 storms over the WGEW study area: (a) number of rain cells, (b) β
parameter and (c) α parameter. (d) Modeling results for the storm of July 6, 1999 over the WGEW study area. Rain cells at time
steps 11 to 14 (18 : 56–19 : 11 LTC). The cell center and the 25-mm/h contour (for cells with β > 25 mm/h) are plotted. The two
numbers near each rain cell are the cell center intensity, β (in mm/h) and the decay parameter, α (in km−1) parameters
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of α is supported by Eagleson et al. (1987), which
reported an estimated mean value of α = 0.43 km−1

and standard deviation of 0.17 km−1 over a set of 426
storms.

4. Evaluation of rainfall model

An important step in this study was to evaluate
the modeled radar rainfall using a different (ideally
independent) dataset. For this, we used the dense
gauge network in the WGEW (an average of one gauge
in 2 km2, Figure 1). Although these data had already
been used to remove the overall bias from the radar
rainfall estimations (Section 2), they still provided a
set of relatively independent observations.

The evaluation process includes comparison of sev-
eral rainfall sources as follows: radar-modeled rainfall,
gauge-modeled rainfall, radar-grid rainfall and gauge-
interpolated rainfall.

Several evaluation tests were applied in order to
examine the different aspects of the model results.
Summary of the main findings in these tests are given
below:

1. Radar rainfall modeling was able to identify most
(71%) of the gauge-modeled rain cells at a rela-
tively close distance (2 km on average). A mod-
erate fit of radar-modeled and gauge-modeled rain
cell parameters was found (correlations of 0.65 and
0.5 for the β and α parameters, respectively).

2. Radar-modeled rain cells are characterized by
higher (+27% bias) β parameter values relative to
gauge-modeled rainfall. Possible explanations are
altitude differences and the effect of evaporation.

3. Gauge-modeled rain cells are in general larger
(+52%) than the radar-modeled rain cells and the
rain field is characterized by higher spatial corre-
lation. We suspect this to be a result of inadequate
spatial sampling by the gauge network. The out-
comes are lower α parameter values (−15%) and
smoother rain fields.

4. Modeled rainfall (gauge and radar) represents only
convective rain pixels in data. This results in under-
estimation (−32% on average) of areal rainfall as
compared to the gauge-interpolated rainfall. Corre-
lation of areal rainfall between radar-modeled and
the gauge-interpolated rainfall is relatively good
(0.89, 0.75, 0.66 for watershed size, 4 × 4 km area
and 1 × 1 km area, respectively).

5. Modeled rainfall as input to hydrological
model

The above sections presented rainfall modeling in the
form of rain cells. In this approach, each rainfall map
is translated into a set of rain cells specified by their
location, maximum rain intensity and decay factor.
Because this modeling process recognizes rainfall

spatial patterns that may play an important role in
runoff generation, we evaluated the possibility of using
the modeled rainfall as input to a hydrological model.

We analyzed the rainfall-runoff event of 11 August
2000, which totaled 25-mm watershed average rainfall
depth with a maximum gauge depth of 91 mm and
a recorded runoff peak discharge of 154 cm at the
watershed outlet.

The hydrological model used is the KINEROS2, a
physically based, event oriented, rainfall-runoff model
(Woolhiser et al., 1990; Smith et al., 1995) developed
by USDA-ARS scientists for watersheds in semiarid
environments. The model represents the watershed
as a cascade of overland flow planes and channels,
thereby allowing rainfall, infiltration, runoff and ero-
sion parameters to vary spatially. Recently, a GIS-
based tool (AGWA) was developed by the USDA-ARS
(Miller et al., 2002) for delineating watersheds into
hillslope-contributing areas (abstracted into overland
flow plane model elements) and channels and gener-
ating model parameter files, based on topography, soil
and land cover information. In this study, we used
the KINEROS2 model with default parameters gen-
erated by AGWA for the WGEW (delineation of 53
planes — average area 2.8 km2 and 21 channels).

Two rainfall inputs were analyzed using the hydro-
logical model. The first was the radar-grid rainfall data
and the second was the radar-modeled rainfall data.
Figure 4a presents the two computed runoff hydro-
graphs at the watershed outlet. It should be emphasized
that the radar rainfall estimations were based on the
Z –R relationship described in Section 2. If the default
NWS Z –R relationship for convective precipitation is
used (Fulton et al., 1998), the computed runoff peak
discharge is more than three times higher.

Comparing the two computed runoff hydrographs in
Figure 4a, only minor differences were revealed. This
suggests that both inputs contain essentially the same
information required for predicting the hydrological
response (as represented by the hydrological model).
We believe that by using the rain cell analysis repre-
sentation, a better understanding can be gained of the
major factors that generate runoff.

A manual examination and tracking of the modeled
rain cells in the 11 August 2000 rainfall-runoff event
(Figure 4b, Table III) identified five rain cells (cells
A–E) that developed close to or over the watershed.
Two of the modeled cells (A and C) were intense
(in terms of maximum intensity and volume) and
lasted a relatively long time (more than 60 min).
The modeled cell A initiated outside and north of
the watershed and then moved southward into the
watershed. The modeled cell C developed within
the watershed and moved west-northwest toward and
beyond the watershed outlet. The three other cells
(B, D and E) moved generally northward, had shorter
duration (15 min) and were less intense.

Comparison of the computed runoff response for
each modeled cell separately indicates that only cell C

Copyright  2005 Royal Meteorological Society Atmos. Sci. Let. 6: 23–30 (2005)
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Figure 4. (a) Computed runoff hydrographs at the WGEW outlet using the KINEROS2 rainfall-runoff model for the August 11,
2000 storm with different inputs: radar-grid rainfall (thick solid line), radar-modeled rainfall (thin solid line) and radar-modeled
rainfall with only rain cell C (see Figure 4b) active (thin dashed line). (b) Modeled rain cells locations and trajectories over WGEW
for the August 11, 2000 storm. Rain cell tracking was done manually. (c) Computed response of model elements in relation to rain
cell location and trajectories for the August 11, 2000 storm over the WGEW. Averaged rain depth contributed by the modeled
rain cell C to each overland flow plane is shown. For selected points along the channel network, the time of peak discharge (Tp)
and peak discharge (Qp) are presented

Table III. Rain cell characteristics in the storm of August 11,
2000

Cell
Start
time

Duration,
min

Maximum
intensity,

mm/h
Volume,

m3
Rain over

WGEW, mm

A 11 : 58 70 170 1.54 × 106 5.3
B 12 : 23 15 138 0.28 × 106 2.3
C 12 : 41 65 247 2.32 × 106 12.5
D 13 : 06 15 150 0.27 × 106 1.0
E 13 : 21 15 92 0.17 × 106 0.0

contributed to the peak discharge at the watershed out-
let (Figure 4a, dashed line). This is probably due to its
location within the watershed for most of its life cycle.
Another important factor is the specific configuration
of rain cell C relative to the watershed. Examining
the detailed response of each model element (over-
land flow planes and channels) revealed that the cell
passed close to watershed tributaries at three locations,
precipitating more than 25 mm of intense rainfall
over their associated contributing areas. This generated

significant excess rainfall over the associated runoff
model elements and high peak flows at the tributaries
to the main channel (Figure 4c). The flow toward and
along the main channel was such that runoff peaks
arriving from the tributaries were close in time to the
runoff peak of the main channel, resulting in an inten-
sification of the peak flow. Over the last 7 km of the
channel, there was no lateral contribution to the flow
from hillslope areas or tributaries, which resulted in
reduction of peak flow due to channel transmission
losses.

In view of the above description, it is clear that
different configurations of rain cells relative to the
watershed can yield different runoff responses. Using
the rainfall input in the form of modeled rain cell rep-
resentation enables examination of runoff sensitivity
to realistic rain cell characteristics (such as location,
direction, velocity, spread and maximum intensity).
Figure 5a presents sensitivity of runoff peak discharge
to direction of rain cell C obtained by rotating the
observed track of the rain cell by a given angle. These
results indicate that the observed cell direction enhance

Copyright  2005 Royal Meteorological Society Atmos. Sci. Let. 6: 23–30 (2005)
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Figure 5. Sensitivity of computed runoff peak discharge at the watershed outlet to (a) direction of rain cell C and (b) velocity of
rain cell C

runoff peak discharge for the reasons stated above.
According to the model, the peak discharge would
be 8% higher if the cell direction were rotated 15o

clockwise from its current direction. In that case, loca-
tions of high intensity rainfall are closer to the water-
shed main channel, resulting there in high discharges.
Sensitivity analysis to rain cell velocity (Figure 5b)
indicates potential for significant increase in peak dis-
charge for slower rain cell (velocity less than 3 m/s).
The increase in peak discharge is resulted from the rel-
atively large rainfall amounts that are rained over the
same area, causing large runoff amounts to be gener-
ated and to flow toward the outlet.

The analysis shown here is limited to the hydrologi-
cal response as represented by the hydrological model.
The main goal is to demonstrate the potential of using
modeled rainfall as input to a hydrological model. Fur-
ther research needs to be conducted to examine the
advantages and disadvantages of this approach from a
more general perspective.

6. Summary and conclusions

The article presents the application of a conceptual
rainfall model to observed radar data and the input

of the modeled rainfall into a distributed hydrological
model. We suggest that by using this approach, rain-
fall structures are explicitly represented in the hydro-
logical model input, which allows a direct linkage
between rainfall structures and watershed hydrological
response.

Applying the rainfall model to radar data yields
rainstorm representation as a set of convective rain
cells with a limited set of characteristic variables.
The modeled rainfall has a relatively simple structure,
but includes all the main spatial features of rainfall
patterns: location and magnitude of maximum rainfall
intensity, rain–no rain areas (rain cell coverage)
and small-scale variability (within rain cells). These
features are important characteristics of the rain system
and are known to play a significant role in watershed
response to rainfall. The rainfall model was applied to
radar data of 13 air mass thunderstorms in southeastern
Arizona and evaluated using a dense rain gauge
network.

We explored the potential use of modeled rainfall
as input to a distributed hydrological model. Although
the original radar rainfall data produced a similar
computed runoff hydrograph as the modeled rainfall,
it is the added insights that can be acquired on the
spatial watershed response behavior using the latter

Copyright  2005 Royal Meteorological Society Atmos. Sci. Let. 6: 23–30 (2005)
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that, in our view, makes this approach beneficial.
This is because there is an essential difference in
the way spatial patterns are represented in modeled
radar rainfall data versus the original radar rainfall
data. In the modeled rainfall, the spatial patterns are
explicitly represented through the model parameters.
The modeling process enables the decomposition of
complex rainfall patterns into modeled cells with
defined parameters and trajectories. In the grid rainfall
data, the patterns are implicitly represented, but are
not easily quantified into well-defined parameters or
functions. For example, location of the rain cell center
is a parameter of modeled rainfall. On the other
hand, in the grid rainfall field, specific analysis of
the data is required in order to obtain the same
information.

The explicit representation of rainfall spatial pat-
terns in hydrological model input allows derivation of
a more comprehensive link between runoff response
and spatial rainfall patterns.
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