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- ) precipitation data are, however, commonly, severely lacking. As was recently shown, cellular
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networks infrastructures supply high resolution precipitation measurements at ground level
while often being situated in dry areas, covering large parts of these climatic zones. The potential
Keywords: found in these systems to provide early monitoring and essential precipitation information,
Microwave links directly from arid regions, based on standard measurements of commercial microwave links, is
gi;nz?ilrln ate regions exemplified here over the Negev and the Southern Judean desert, South Israel.

We present the results of two different rainfall events occurred in these regions. It is shown
that the microwave system measured precipitation between at least 50 min (in case 1) and at
least 1 h and 40 min (in case 2) before each of the sparse rain gauges. During each case, the
radar system, located relatively far from the arid sites, provided measurements from heights of
at least 1500 m and 2000 m above surface, respectively. A third case study demonstrates a
relative advantage of microwave links to measure precipitation intensity with respect to the
radar system, over an area of complex topography located in northeastern Israel, which is
relatively far (~150 km) from the radar.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction different points of view. Although the total precipitation
amounts in dry regions are low, the percentage of intensive
Dry climate, which can be further classified into arid and rainfall events, generated by severe convection, is major. At
semi arid climate types, cover more than a quarter of the the same time, in addition to precipitation, shallow soil with
world's land area (Ahrens, 2003; Morin et al, 2009). sparse vegetation, a quick decay of the infiltration curve,
However, precipitation data from these climatic environ- areas of bare rock, and large inclines of the ravines lead to
ments, typified by severe water-scarcity, are severely lacking high levels of peak flow and to the eruption of flash floods
in comparison to more inhabited regions. Real time rainfall (e.g. Cohen et al., 2010; Greenbaum et al., 2006).
monitoring in such areas is of high importance from several Moreover, as a result of the combination of these
conditions, the soil erosion due to water is particularly high
Abbreviations: RSL, Received signal level; QPE, Quantitative precipitation comparing to other climatic zones. Accelerated erosion by
estimates; DSD, Drop size distribution; IMS, Israel Meteorological Service; water (and wind) in dry regions is one of the causes of
LT, Local time. ‘ _ desertification and it exacerbates soil degradation (e.g. Lal,
* Corresponding author at: The Department of Geophysical, Atmospheric 2001). In addition, especially in warm semi arid and desert
and Planetary Sciences, Tel-Aviv University, Ramat Aviv, Tel Aviv 69978, K . TR L
Israel. Tel.: +972 52 36408633; fax: +972 3 6409282. fringe regions, precipitation plays a significant role as a factor
E-mail address: noamda@post.tau.ac.il (N. David). triggering epidemics (Grover-Kopec et al., 2005). Finally, it
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has been shown that rainfall patterns have a strong impact
on vegetation related processes as well as on the entire (arid
and semi arid) ecosystems (e.g. Lazaro et al., 2001; Rietkerk
et al,, 2002).

On the other hand, desert areas, such as those presented
in this research, are particularly problematic for monitoring
as the current measuring methods, if existing at all, provide
only very limited precipitation data. State of the art rainfall
observation systems include surface stations (rain gauges),
weather radiosondes and remote sensing systems — radars
and satellites. However, these techniques are expensive, not
widespread and are often insufficient in their accuracy or in
temporal/spatial resolution, especially close to the ground.

Conventional rain gauges, found at surface stations, provide
an accurate measurement, but they measure locally, at a single
point. In addition, the sparse deployment in dry areas cannot
precisely represent precipitation change spatially in stormy
rain events (e.g. Michaud and Sorooshian, 1994). Even if the
number of gauges in a specific region was much higher, the
ability to detect precipitation in a wide area based on this form
of measurement would still be small. The probability that a
single convective cell will miss the rain gauge entirely is high.
Furthermore, even if precipitation was registered in one of the
gauges, the likelihood of that particular gauge representing the
maximum rainfall in the region is low.

Remote sensing systems provide a large amount of data
over large spatial and temporal spans, and have greatly
improved the ability to monitor precipitation in these areas.
Of these remote sensing systems, the most common for
precipitation measurements is the weather radar (Raghavan,
2003). These systems can provide precipitation data every
5 min with a spatial resolution of 1 km?. The range covered
by a typical radar system normally stands at around
30,000 km? (Morin et al., 2009).

Advanced weather radars can provide a wide range of
detailed information about precipitation and the dynamics of
rainstorms, from rainfall intensity and wind velocity, to the
type and vertical structure of precipitation (Verlinde et al.,
2002). Moreover, weather radars have shown to be useful in
extending the predictability of flash floods (e.g. Morin et al,,
2009). Despite this, radar data have had limited quantitative
use in meteorological applications, because of errors and
uncertainty in the surface precipitation estimates derived from
it (Harrison et al., 2000). These errors and uncertainties are the
outcomes of several factors, such as: calibration issues, the
spatial expansion effect of the radar beam and problems with
partial beam filling, problems with beam overshooting
(Durden et al., 1998; Gabella et al., 2011) and high sensitivity
of the rain rate-reflectivity relation to drop size distribution
(DSD) variations (Jameson, 1991). In addition, dry desert areas
are quite often not covered by radars.

It is obvious then, that the ideal measurement method
would provide data from a wide spatial range, as the radar
does, with close proximity to the ground, as is the case with
rain gauges, directly from the areas of interest, at low costs.
The advantage of the precipitation measurement method
using the existing microwave networks is that it combines
these exact characteristics. Cellular network infrastructure
already covers large land areas all over the world, including
regions that are difficult to access, such as complex topogra-
phy, and particularly arid and semi arid zones.

Weather conditions and rainfall in particular affect the
electromagnetic radiation, causing attenuation of radio signals.
Thus, microwave communication networks are in effect
built in monitoring sensors of the environment (Messer et
al., 2006). The skill of the method to measure precipitation
(correlation with rain gauges), was found to be higher with
respect to that of the radar system.

Microwave links are typically installed at elevations of only
a few tens of meters above the ground level and as a result
their measurements reflect the events close to the surface. In
addition, many of these systems provide measurements at
high spatial and temporal resolutions. Finally, since the data
required by the method are only standard network data, the
costs are minimal.

Rainfall monitoring, using microwave links, has been
extensively studied over the past few years. These links have
been shown to be useful for identifying dry and rainy periods
(Chwala et al., 2012; Wang et al., 2012; Rayitsfeld et al.,
2012) and for estimating path averaged rain rates (e.g.
Leijnse et al., 20073, 2008; Messer et al., 2006; Messer, 2007;
Upton et al, 2005). Reconstruction of rainfall intensity
distribution using commercial microwave networks has also
been presented (Goldshtein et al., 2009; Zinevich et al., 2008,
2009). Other applications which were demonstrated include:
areal evaporation measurements (Leijnse et al., 2007b),
humidity monitoring (David et al., 2009, 2011), identification
of melting snow (Upton et al, 2007), calibration and
correction of radar systems (Kramer et al., 2005; Rahimi et
al., 2006) and even monitoring of vegetation characteristics
(Hunt et al., 2011). Here we demonstrate the ability to
produce quantitative precipitation estimates (QPE) based on
standard microwave network measurements taken directly
from arid, rural regions and areas of complex terrain where
radar and rain gauge techniques are often insufficient.

2. Method

The interpretation and modeling of atmosphere-induced
impairments on radio links have been researched by tele-
communication specialists for years. Several models, relating
the attenuation rate A (given in dB/km) with the rain
intensity R (mm/h), exist. One accepted approach is the
power law model for the attenuation described as (Olsen et
al,, 1978):

A=aR

where the constants a and b are functions of frequency,
polarization and DSD (Jameson, 1991). Given measurements
of the received signal level (RSL), and transmission levels,
parameters which are routinely collected by many cellular
providers, the rainfall induced attenuation A can be derived
and hence the requested rain rate R (Messer et al., 2006). In
order to determine the base line level of the microwave
measurements the median no-rainfall RSL measurements
were chosen separately for each link over a no rain period (of
at least 2 h) prior to the onset of the event. Then, these
measurements were subtracted from those acquired during
the rainfall event itself. Finally, wet antenna attenuation
correction was applied (Zinevich et al., 2009).
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3. Sources of error

Both environmental and instrumental effects are sources of
error in estimating path-averaged rainfall for a link. A major
source is the baseline uncertainty. Fluctuations of atmospheric
humidity are a primary cause of baseline level variations over
time, as well as ducting and scintillation effects. Temperature
variations affect the analog circuitry of the transmit and
receive units which may lead to additional signal variations.
In addition, mechanical oscillations, such as those caused
by winds moving the microwave antennas or alternately
scatterers found close to the propagation path (e.g. moving
tree leaves) may also cause variations in the baseline signal
(Leijnse et al., 2007b). Baseline uncertainty dominates system
quantization error uncertainties, as well as errors resulting
from DSD variability along the link. Additional sources include
wet antenna effects and spatial variability of rainfall in the
vicinity of the link, which affects the accuracy of QPE out of the
link path. Extensive research analyzing and quantifying the
various sources of perturbations has recently been conducted
(Zinevich et al,, 2010).

4. The Dead Sea and north Negev regions

The Negev desert, which constitutes the southern half of
Israel, is an arid climate region extending between the
latitudes of 29° North and 31°20 North (Kidron, 2000; Jacobs
et al., 2002; Kahana et al., 2002). The climate found in the area
of the Dead Sea ( which borders with the northeast part of the
Negev) spans from arid in the south part and near its shores, to
Mediterranean, semi arid climate, in the north (Cohen and
Laronne, 2005; Dayan and Morin, 2006).

Severe convection generates heavy precipitation in these
regions while two dominant synoptic systems account for
most of the major rainfall events (Dayan and Morin, 2006;
Kahana et al., 2002; Krichak et al., 2000). One of these is the
Red Sea trough — a tropical synoptic scale system. This
barometric trough is accompanied by an upper-level trough
which develops over Egypt, providing favorable conditions
for the development of severe convective storms. Alpert et al.
(2004) have shown that the frequency of Red Sea troughs
was doubled over the last 5 decades. The second synoptic
system contributing to rainfall in the area is a Syrian Low—an
intense Mediterranean cyclone which is centered over Syria.

In the cases demonstrated below it is shown that the
radar system covers the middle of the country, while the arid
climate study areas, are in the south. As a result, due to the
curvature of the Earth and the radar beam transmission
angle, the radar precipitation measurements over these areas
are distant from the surface at an elevation of about 2000 m
above ground level in the case of the north Negev region. In
the southern Dead Sea area, in addition to the aforemen-
tioned problem, the radar beam, and particularly the one
that is transmitted at the lowest elevation angle (which is
targeted at providing precipitation measurements from
elevations closer to the ground) is disrupted by the regional
topography. The data, from the minimal elevation, acquired
in this case, are actually measured at an altitude of about
1500 m above the ground. Therefore, precision of these QPE
is doubtful.

5. Results

Three case-studies are presented. The first two are the
two rainfall events that occurred in the arid region of the
southern Judean desert and in the northern part of the Negev.
The 3rd case-study is based on a rainfall event occurred in
northern Israel over an area of complex topography. The
microwave system, spread across the tested regions, provides
minimal and maximal measurements per 15 minute in-
tervals for each link. Accordingly, the maximal and minimal
rainfall intensities were derived based on these measure-
ments (Messer et al, 2006). The microwave link values
represent the average measurement of several links that are
routed over the same physical path. The attenuation
measurements of the links were related to rainfall only
when attenuation was simultaneously recorded on several
links over the same propagation path. Three radar images are
presented (Figs. 1A, 2, and 5A) while the convective cells in
each image are overlaid on a physical map of the region. The
color of each cell indicates the QPE according to the scale
found to the right of each image.

5.1. Case 1: 24-25 October 2008

There are 32 relatively long microwave links deployed in
the first examined region of the southern Judean desert
(Fig. 1A). The system's frequency range is 17-19 GHz with
a quantization error of 0.1 dB. These links span from 6
to 26 km in length, across an area of approximately
60x30 km?. All links are installed between 10 and 50 m
above ground level and are spread across seven different
physical paths (transmitting more than one link over the
same physical path is possible by varying link frequency and
polarization). The results presented for this case study are
derived from 29 of the 32 microwave links found in the
region (in some cases, some links were not employed due to
a technical malfunction or lack of data for the particular link).
Also presented are measurements from 6 Israel Meteorolog-
ical Service (IMS) rain gauges located at the examined area.
On the night between 24 and 25 October 2008, heavy
precipitation fell in the Judean desert and the Negev over
short periods of time. Cold air at high altitude and the
entrance of humidity from Jordan in the east, created a well
developed convective cloud, covering the northeastern
Negev, and southern Judean desert (Fig. 1A).

The IMS rain gauges which are deployed in the area, as
well as the network of microwave links are depicted in
Fig. 1A. A convective cell (green) can be seen in the Tamar
Fort region. The rainfall in this area was detected by the
microwave links in the vicinity (at least 50 min) long before
the rain gauges in the area as can be seen in Fig. 1B-E. The cell
did not pass over all the specific point-locations of the rain
gauges in the region.

Among the rain gauges, the Sdom gauge was the first to
measure precipitation only at 21:50 local time (LT). The
Rotem plain rain gauge did not indicate precipitation at all
while many of the microwave links located at the area
indicated precipitation.

As can be seen from the microwave link measurements
(Fig. 1B-C) the cloud movement, in this case, was from south
to north. As a result the relatively southern links were the
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Fig. 1. The microwave links and rain gauges located in the arid region are superimposed over a magnified radar image (A) which was acquired at 21:00 LT. The color
of each convective cell indicates the rainfall intensity according to the scale found to the right of the image. B-E: Maximal (B) and minimal (C) intensities of
precipitation as measured by the microwave links, compared to that measured by the IMS' rain gauges (D and E) located in the area. The Rotem plain rain gauge, not
depicted here, did not measure precipitation at all. The indicated time represents the first detection of precipitation. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

first to measure precipitation as early as 21:00 LT. Finally, the A simulation was carried out in order to evaluate the
northernmost links, of Beit Yatir-Shima and Beit Yatir-Arad effectiveness of the microwave links in capturing the precipi-
physical paths, detected precipitation. tation in comparison to the rain gauges across the study region.
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The locations of the precipitation stations and microwave
links in the area were mapped. Random circles of a 5 km
radius were inserted into the simulation area to represent the
convective cells in the region. In the simulation the cases
where the location of a convective cell corresponded with a
microwave link below it, were counted. Where several links
corresponded with a single convective cell, the occurrence
was counted only once.

Similarly, all cases where a convective cell was located
above the rain gauges, were enumerated. The simulation was
run for 10,000 cases in which 10,000 convective cells were
randomly positioned above the simulation area. The results
showed that the probability of detecting a convective cell
with the microwave links located in this region was 3.6 times
greater than the probability of detecting one using a rain
gauge (26.6% against 7.3%, respectively).

5.2. Case 2: 17-18 January 2010

On January 17-18,2010, the Negev, Arava (and Sinai) regions
experienced relatively high levels of precipitation. Several IMS
rain gauges deployed in the region measured rainfall levels of
30-80 mm that, in some cases, equaled the entire yearly average

for the region. This event was generated due to a cold air surge in
the middle atmospheric layer in conjunction with an equatorial
moisture layer below which was advected to the region from
central Africa by the sub-tropic jet stream (Ziv, 2001).

Fig. 2 presents the radar image acquired at 19:00 LT on
January 17.

Fig. 3 details the study area including the locations of the
microwave links deployed at the site along with two online
meteorological service rain gauges at this location. In this case,
we used the measurements of 4 microwave links located over
2 different physical paths. The lengths of the links range
between 9.5 and 13.2 km, and they operate in the 18-23 GHz
frequency range with a quantization error of 0.1 dB. Links are
installed between 27 and 70 m above ground level.

Fig. 4, shows the rain rates as deduced from the microwave
links (maximum and minimum) along with the rain gauge
measurements.

As early as 16:30 LT, the two links located between Nafha
and Mitzpe Ramon (Fig. 3) already started indicating rainfall
(of low intensity though). Larger amounts of precipitation
can be seen from 18:15, further increasing at 18:15-18:30.
Beginning at 18:30, rain is also measured simultaneously on
the Nafha-Lavan mountain links, indicating that, during this

Fig. 2. The IMS radar image which was taken at 19:00 LT on January 17. The study area is marked by a circle. The radar measurements from this region are taken at

an altitude of about 2 km above the ground.
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Fig. 3. The microwave links in the site at the northern Negev. The physical
paths of the 4 links are marked as lines while the two meteorological service
rain gauges, are denoted by triangles. As a result of the strong rainfall, most
of a farm located in the area, was severely damaged. Of some 80,000 m? of
vineyards, only 9000 m? remained — the damaged centers are indicated by
asterisks.

time slot, rainfall fell over the specific area of the farm located
by the links' intersection point. On the other hand, the Mitzpe
Ramon rain gauge started measuring precipitation at 18:10
till 18:30 and again at later times while the Ovda gauge
started measuring only at 18:40. Other rain gauges, installed
at more remote locations (at distances of about 25 to 50 km)
from the test site, have started measuring rainfall also only
from 18:40 LT or at later times.

5.3. Case 3: microwave links vs. radar measurements from a
relatively remote area of complex terrain

An advantage of the microwave links over the radar system
is demonstrated, based on measurements taken during a
rainfall event which took place on 11 December 2010 at the
Golan Heights, a volcanic plateau spread over an area of
1040 km? (Yom Tov et al., 1995) located in the eastern side of
the north Jordan valley (northeastern Israel, as seen in Fig. 5A),
about 150 km away from the radar's location in central Israel.
The topographic heights, in this region, range from ~2200 m in
the north to below sea level in the south. In this case, the radar

beam that is transmitted at the lowest angle reaches an
elevation of about 2000 m above sea level in this location. In
addition, during this event, the radar rays were propagating
through many Cumulonimbus clouds which were found along
the propagation path, across a distance of a few tens of km
(Fig. 5A). As a result of these conditions, the radar system
underestimated the actual rain rate over the region. Two
microwave links transmitting on the same physical path are
located in the area. A rain gauge is located 6.5 km from the
northern end of the links (Fig. 5B). We compared the rain rate
measurements from the microwave system to the radar
measurements under the assumption that the rain gauge
describes the ground truth. Each of these methods provides
measurements in different ways: The microwave links provide
maximum and minimum rain rate measurements every
quarter hour. Radar provides measurements of rain rate
every 5 min, and the rain gauge measures the amount of rain
accumulated in every 10 minute period. Therefore, to allow for
a comparison to be made, we chose a common base for the
three tools as far as the measured time interval, as well as the
measured quantity (rain rate). Since the links provide a
maximum and minimum measurement every 15 min, one
can deduce that precipitation was continuous in intervals
where the minimum and maximum measurements are both
greater than zero. During intervals where only a maximum
value was observed — one can deduce that the precipitation
occurred for a period of less than 15 min. To correlate the rain
gauge and microwave measurements, we used the maximum
measurements of the links that include measurements of
precipitation intervals shorter than 15 min. We correlated the
measurements over a half hour interval, from which the
maximum rain gauge and link measurements, respectively,
were chosen. The correlation coefficient derived from a
Pearson correlation test (Neter et al., 1996), was 0.85 (based
on measurements taken between 04:30 and 18:30 LT). We
correlated the radar QPE from the area to the rain gauge
measurements, using the same time interval (half hour) and
for the same time period (04:30 to 18:30 LT). The maximum
reading from the rain gauge every half hour was compared to
the maximum radar measurement during that same half hour.
The correlation coefficient was 0.2. We then compared the
intensity measurements. Fig. 5A shows a radar image taken
during the storm event at 13:00 LT. Fig. 6 presents the rain rate
measured during the entire event, by each of the methods, in
the observed area. The rain gauge measurements can be seen
to fall between the minimum and maximum QPE of the links.
On the other hand, the radar measurements underestimated
the intensity compared to the rain gauge and observed
precipitation rates of ~1 mm/h during the whole storm event.

These results show the great potential of microwave
systems to provide reliable rain rate measurements with high
resolution from areas where, at times, the radar system does
not provide sufficient response.

The disparities between the link measurements to those
of the rain gauge are expected, primarily due to spatial
variability of the rainfall (Zinevich et al., 2010). Additionally,
the links provided measurements of the minimal and
maximal intensities which were taken instantly while the
gauge's intensity rates were derived based on the amount of
liquid water that has accumulated inside the instrument
during a 10 minute time interval.
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Fig. 4. The maximal and minimal rainfall intensities measured using the microwave links compared to the Mitzpe Ramon and Ovda rain gauge readings. The
indicated times (in LT) over the plot denote the first detection of precipitation by the microwave links (16:30) and rain gauges (18:10, 18:40, respectively).

6. Summary demonstrated that already-existing microwave networks
deployed in such areas are able to provide vital, high

Very little work has been carried out regarding precipita- resolution (spatial and temporal) information. A key challenge
tion measurements in dry climate regions. Here we have in measuring precipitation using varied sources (e.g. rain

A
Rain gauge
Ortal
&
N

Ay

Qatzrin
B

357 E 358 E

Fig. 5. The IMS radar image (A) was acquired at 13:00 LT. The radar measurements underestimate the precipitation intensity at the Golan Heights region (the area
is marked with an arrow). Rain rates of the order of only ~1 mm/h were measured by this system over the whole area. The IMS rain gauge and microwave links
locations at the Golan Heights region (B). Measurements were taken by 2 different microwave links, located across a single physical path (11.1 km long) found at
northeastern Israel. Links are installed, along the topographic slope of the area, between 405 m and 923 m above sea level. The IMS rain gauge is located 6.5 km
from the northern end of the links at an elevation of 950 m above sea level.
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Fig. 6. The minimal and maximal microwave link measurements (in black and blue, respectively) taken on 11 December 2010 between 04:30 to 18:30 LT. The system
provides measurements every 15 min with a quantization error of 1 dB. System frequency range: 18-19 GHz. Also presented are rain gauge measurements (green)
and radar observations (red). Rain gauge measurements can be seen to fall between the minimum and maximum QPE of the links while radar observations are of up

to ~1 mm/h during the entire event. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

gauge, radar, microwave links) is the ability to integrate the
information received from the different tools in a way that
most precisely recreates the precipitation field. Particularly,
when each measuring instrument has different sampling and
resolution characteristics. Goldshtein et al. (2009), for in-
stance, presented a method to reconstruct rainfall intensity
distribution using commercial microwave links. One of the
advantages of the technique they describe is the possibility to
easily integrate link measurements with rain gauge data and
other sources allowing for improvement of estimation accura-
cy. An additional example of a method that would allow
integration while providing the required synergy is the use of
Copula models (e.g. Vogl et al., 2012).

The results above suggest that the method described here
increases the probability of an early detection of single
convective cells typical for these areas, and their associated
precipitation, as compared to existing rain gauges. The results
of the simulation that was carried out also support this
conclusion. Specifically, in the rainfall event on 24 October
2008 (case 1), the microwave links (located between Tzafit to
Mirvatz Mountain) detected precipitation 50 min prior to the
first rain gauge indicating rainfall. In this case, the rain gauge
found at Rotem plain area, entirely missed the precipitation.
The second case-study, demonstrates the ability to provide
precipitation data from a remote region where almost no other
monitoring facilities exist, and again, at an earlier time with
respect to the only two rain gauges; here, the links detected
precipitation at about 1 h and 40 min before the Mitzpe
Ramon rain gauge and more than 2 h before the one located
in Ovda. The advantage of using the microwave system
comparing to the radar may be considerable, when the radar
rays are interrupted along the propagation path or when the
convective cells are located too low in the troposphere, to be
detected properly by the radar, as demonstrated in the 3rd

case. This situation often occurs in dry climate areas which are
located relatively far from the radar.

These results highlight the potential of commercial micro-
wave links, particularly in connection to early detection and
monitoring of damaging amounts of rainfall. Due to their
climatic and hydrological conditions, dry environments are
particularly prone to this dangerous phenomenon and from
relatively small convective cells. The Judean and the Negev
desert regions, which were dealt with here, are examples of
such areas (see, e.g. Cohen and Laronne, 2005; Cohen et al.,
2010; Dayan and Morin, 2006; Kahana et al., 2002; Shentsis et
al.,, 2012). Intense rainfall is the main flash flood generating
factor and hence the ability to predict this phenomenon highly
depends on the availability of QPE taken directly from the
flood area. With their combination of destructive power,
incredible speed, and unpredictability, flash floods allow only
few opportunities to provide timely warning. Thus, they rank
among the most devastating weather related natural disasters.
Rain gauge networks in these environments are sparse while
radar observations are often insufficient. In other cases, there
may be no precipitation measurement equipment at all in
these arid/semi-arid regions. Consequently, QPE information
derived from existing microwave networks can provide the
complementary useful input required to successfully cope
with this potentially hazardous phenomenon.
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