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Abstract

Weather observations are conventionally performed by
single polarization C-band weather radars with a tempo-
ral and spatial resolution of 5 min and 1 km, respectively.
However, for urbanized areas, these spatial and tem-
poral resolutions may not be sufficient to detect, mon-
itor, and obtain accurate rainfall rate estimates of fast-
evolving weather phenomena. In this work, a S-band
vertical profiler (TARA) and a X-band horizontal scan-
ner polarimetric weather radars (IDRA) located in the
Cabauw Experimental Site for Atmospheric Research
(CESAR) observatory are used to characterize physical
processes and obtain accurate rainfall rate estimates of
severe thunderstorms at high temporal and spatial res-
olutions. A large convective front over Western Europe
on January 03 2012 was observed by the C-band opera-
tional radar from The Royal Netherlands Meteorological
Institute (KNMI in Dutch initials) and by both, IDRA and
TARA. It is expected the new insights will be revealed
based on the polarimetric and the high-resolution ca-
pabilities from both radars. Moreover, rainfall rate es-
timates obtained from IDRA are used to simulate rainfall
at lower spatial resolutions to analyze the spatial rain
variability over a simulated urban drainage system be-
longing to Rotterdam urban area.

1. INTRODUCTION

The operational KNMI weather radar network in the
Netherlands consists of two C-band Doppler radars.
Both radars are used to obtain quality precipitation es-
timation (QPE) with a resolution of 2.5 by 2.5 km every
5 min. For in-situ measurements, the operational rain
gauge network consists of 330 gauges with a temporal
resolution of 1 day (Schuurmans et al., 2007). However,
for urbanized areas, these spatial and temporal resolu-
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tions may not be sufficient to detect, monitor, and obtain
accurate rainfall rate estimates of fast-evolving weather
phenomena (Schellart et al., 2012). It is also known
that, due to land use characteristics of urban areas and
also to the small scale of urban catchments (i.e., few
hectares up to few square kilometers), it is not uncom-
mon that the time lag between rainfall and runoff peaks
is of the order of few minutes. Therefore, finer weather
observations at urban scales are needed.

In this context, X-band radars are widely used to ob-
tain QPE at higher spatial and temporal resolutions. For
example, the research Center for Collaborative Adap-
tive Sensing of the Atmosphere (CASA) consists of a
network of X-band radars that can adaptively scan the
regions with rapidly-evolving weather (Brotzge et al.,
2005). In Japan, the National Research Institute of
Earth Science and Disaster Prevention (NIED) had es-
tablished a X-band dual polarization radar network (X-
NET) in Metropolitan Tokyo area (Maki et al., 2010). In
Western Europe, the RainGain project includes a net-
work of X-band radars to obtain high resolution QPE in
urbanized cities to cope with urban flood and to reduce
flooding damage (http://www.raingain.eu). The main ad-
vantages of using X-band radars for weather observa-
tions at urban scales are: a) they do not require big an-
tennas to transmit fine beams achieving high antenna
rotation speeds, and b) high spatial resolution can be
obtained by setting reasonably short coverage range for
urban scales. The main disadvantage of weather X-
band radars is that, transmitted and received signals
can be highly attenuated by regions with heavy precipi-
tation; and therefore, decreasing the capability to detect
regions far away from the radar.

In this work, a long-lived convective front over West-
ern Europe is observed and analyzed at distinct spa-
tial and temporal resolutions to assess the variability of
heavy precipitation at urban scales. In section 2, in-
frared satellite observations are shown to identify low
and high clouds. High resolution weather observations
are presented in section 3 to obtain physical information
of the convective front. In section 4, the variability of
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QPE at urban scales is shown. Finally, a summary and
conclusions are given in section 5.

2. WEATHER SATELLITE OBSERVATIONS

Infrared (IR) satellites are used to measure cloud tem-
peratures and IR satellites images are typically shown
in gray scale; e.g., cooled clouds are shown as white.
Knowing the temperature of clouds, cold and warm
fronts can be distinguished (Ahrens, 2012). Cold
fronts are associated with cold and vertical develop-
ment clouds, e.g., cumulus clouds. Lifting of clouds
occurs along fronts; i.e., between distinct air masses
and convective long lines of thunderstorms can develop
along frontal boundaries; i.e., frontal squall lines. Warm
fronts are linked with stratiform clouds producing strati-
form precipitation over a large area, commonly, in front
of the warm front. In this work, a large weather convec-
tive system over the North Sea of Europe was observed
on January 03 2012 by the IR satellite SAT24-EISQ51
as shown in Figure 1. Panel a) shows group of clouds
at 1200 UTC with a cyclone located on the North Sea
moving eastward. It can be distinguished two groups of
clouds, one extended group and one narrowed located
east and south of the cyclone, respectively. This may in-
dicate that a warm front is followed by a cold front. In or-
der to better distinguish both fronts, the pressure surface
analysis map at 1200 UTC is shown in panel b). Here,
the low pressure (T) is in the center of the cyclone with
two associated fronts where the warm front is followed
by a cold front approaching the cost of The Netherlands,
driven by the low and high pressure systems. Panel c)
shows the cold front passing through The Netherlands at
1500 UTC. It is know that cold fronts trigger cloud verti-
cal development and can produce severe squall lines or
individual storm cells (Lamb and Verlinde, 2011). The
next section will be focused on convective weather ob-
servations over The Netherlands collected by weather
radars at different spatial and temporal resolutions.

3. WEATHER RADAR OBSERVATIONS

In contrast to the synoptic scale observed by SAT24-
EISQ51, the same convective system was observed
by weather radars. In general, weather radars cover
smaller areas than satellites but with higher spatial and
temporal resolutions. One of the most fundamentals
weather radar products is the so-called reflectivity (Z).
Reflectivity is related to signal power and depends on
the number of hydrometeors per unit volume, size, phys-
ical state, and shape of hydrometeors (Doviak and Zrni¢,
1993). In this work, three radars located in the Dutch

province of Utrecht, the operational radar installed in
DeBilt and two research radars, IDRA and TARA, in
Cabauw (Leijnse et al., 2010) will be used.

3.1. DeBilt Radar Observations (C-band)

The operational radar installed in DeBilt, hereafter De-
Bilt radar, is a horizontal polarized and pulsed radar op-
erating at C-band frequency of 5.6 GHz (Beekuis and
Holleman, 2008). It has a maximum range of 320 km
with a range resolution of 1 km and it coverages a volu-
metric region every 5 min by rotating the antenna 360°
in azimuth and tilting the antenna in elevation from 0.3°
to 25°. The weather system shown in Figure 1 is now
analyzed by the DeBilt radar. A long lived squall line
was identified by the DeBilt radar from 1200 to 1600
UTC, approximately, as shown in Figure 2. The re-
flectivity field at elevation angle of 0.4° and centered
at DeBilt province is shown in panel a) at 1400 UTC.
Here, reflectivity values higher than 40 dBZ can be seen
along the convective line approaching the cost of The
Netherlands. Typically, a squall line is a line of convec-
tive storms that forms along the cold front with a pre-
dominately trailing stratiform precipitation (Storm et al.,
2007). However, due to the warm front previously dis-
cussed, the convective line show a leading and trailing
stratiform precipitation. The evolution of the squall line
is shown by panels b), ¢), and d), at 1430, 1500, and
1530 UTC, respectively. Note the multiple embedded
bow echoes segments along the convective line through
a) ... d).

In the literature review, squall lines also known as mul-
ticell line is associated with a moderate shear between
10 and 20 ms~! and with strong updraft (Weisman and
Rotunno, 2004). If winds increase rapidly with height
ahead of a strong front, thunderstorms triggered along
the boundary may organize into severe storms called
supercell storms. For a localized analysis with a much
higher spatial and temporal resolutions, IDRA observa-
tions are presented below.

3.2. IDRA Radar Observations (X-band)

IDRA is one of the research radars installed in CESAR
observatory (i Ventura and Russchenberg, 2009) and it
is 23 km southwest from DeBilt radar. IDRA is a fre-
quency modulated continuous wave (FMCW) and dual-
polarimetric radar working at X-band frequency of 9.475
GHz. The standard operational range is of 15 km with
a range resolution of 30 m. It scans at a fixed elevation
angle of 0.5° and rotates the antenna over 360° every 1
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Figure 1: Panel a) shows an infrared (IR) satellite imagery from SAT24-EISQ51 over Europe on 1200 UTC, 03
January 2012 showing the strong frontal zone over the Netherlands associated with a deep low pressure system
centered over the North Sea. Panel b) displays the corresponding synoptic chart at ground level, courtesy of the
German Weather Service. Panel (c) is as in a) but 3 hours later at 1500 UTC, 03 January 2012.
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Figure 2: Reflectivity field at elevation angle of 0.40° observed by DeBilt radar. The evolution of the squall line from
1400 to 1530 UTC sampled at 30 min is shown in panels a) ... d). The squall line moves southeastward passing over
DeBilt city. Note the large attenuated area northwest of DeBilt shown in panel d).
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Figure 3: Schematic representation of a mature phased supercell storm. a) Top view: Contours lines at low-levels
indicate reflectivity gradients from 20 to 50 dBZ. Note the hooklike echo and the bounded weak echo region (BWER)
located at the southwest flank of the cell. b) Vertical cross-section view: Solid lines indicate the updraft and the
outflow aloft. Reflectivity gradients from 20 to 60 dBZ are shown by dashed lines. The strong downdraft is shown by
the gray area. The BWER is indicated by the vertical arrow located within the updraft region.
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Figure 4: Reflectivity field observed by IDRA at elevation angle of 0.50°. The fast-evolve storm is shown by panels a)
... d) from 1445 to 1448 UTC. The 30 dBZ contour is denoted by the black line and regions inside the IDRA coverage
with saturated received power are shown as black areas. Panel a) shows the hooklike echo on the southwest flank of
the storm. Panel b) shows a storm with similar features to the schematic representation of a mature supercell storm
shown in Figure 3. The early dissipation stage of the storm is shown by panels c¢) and d).
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Figure 5: Differential reflectivity field observed by IDRA at elevation angle of 0.50°. Large oblate shaped drops are
concentrated in the north flank of the storm. The hooklike echo shows the presence of medium oblate drops.
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Figure 6: Specific differential phase field observed by IDRA at elevation angle of 0.50°. Areas with the largest
differential phase are located over the hooklike echo and eye-shaped storm regions.
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min. Observations obtained by IDRA were able to cap-
tured storm features associated with supercell storms
but at much smaller scale. Therefore, a brief introduction
to convective storm conceptual model is outlined next.

The initiation of suerpcell storms includes conditional in-
stability, warm moist air, and source of lift. Typically, su-
percells are isolated, long lived of 5 hours, and are as-
sociated with strong shears larger than 20 m s—!. But
it can also be surrounded by other cells and short lived
of 1 hour or less (Bunkers et al., 2006). The conceptual
model on a mature stage supercell according to Weis-
man (2003) is shown in Figure 3. The horizontal cross-
section at low-levels is shown in panel a). Reflectivity
gradients from 20 to 50 dBZ are indicated by the solid
contour lines. The reflectivity core is noted by the gray
area. Note the hooklike appendage located at the south-
west flank of the cell. The hooklike appendage or hook
echo is the result of precipitation echoes around the ro-
tating updraft. The area free of rain inside the hook echo
is the bounded weak echo region (BWER) also associ-
ated with the updraft. BWER is bounded at sides and
top by strong echoes. Panel b) shows a vertical cross-
section of the supercell along the segment AB shown
in panel a). The updraft and the outflow aloft are indi-
cated by the solid countour line. The BWER is bounded
by reflectivity echoes denoted by the dashed lines. The
strongest downdraft is represented by the gray area with
reflectivity larger than 50 dBZ. These mentioned signa-
tures are described next using IDRA observations.

The reflectivity field sampled by IDRA from 1445 to 1448
UTC is shown in Figure 4. Panel a) shows strong reflec-
tivity echoes moving eastward at 1445 UTC. Blank spots
correspond to areas of received saturated power and 30
dBZ contours are denoted by black lines. Panel b) is
similar to panel a) but at 1446 UTC. Here, the reflectiv-
ity field shows a very similar structure to the supercell
storm model showed in Figure 3 a), but at much smaller
scale. Both, the hooklike appendage and the BWER
are clearly seen in the center of the reflectivity field; that
is, the southwest flank of the storm cell. As mentioned
above, the hooklike echo and the BWER are due to the
rotating updraft carrying precipitation away. Another fea-
ture associated with the rotating updraft is given by the
eye-shaped echo east of the hooklike echo. The small
region free of rain in the center of the eye-shaped echo
increases as shown in panels c) and d), at 1447 and
1448 UTC, respectively. Instead of a gradual strength-
ening of the hooklike storm cell, it dissipates rapidly.
One hypothesis is that the eye-shaped storm cut the in-
flow which feeds the hooklike storm over the right for-
ward flank and therefore weakening the dynamic source
lifting (Bluestein, 2008). Two well known polarimetric
variables, differential reflectivity (Z4,.) and specific dif-

ferential phase (K,), are discussed below (Bringi and
Chandrasekar, 2001).

First, the differential reflectivity is defined as the ratio of
reflectivities at the horizontal and vertical polarization.
Z g4 does not depend on the number of hydrometeors
as that is the case for reflectivity; instead, on the size
and shape of hydrometeors. The Z, field is shown in
Figure 5. Panel b) shows high values of Z;,; i.e., large
raindrops on the north side of the hooklike storm. On
the other hand, the hooklike echo region contains small
values of Z;,. and that is the region the initially dissi-
pates as shown in panels c) and d). Second, the spe-
cific differential phase is the range derivative of the ac-
cumulated phase difference between the forward wave
propagation in the horizontal and vertical directions. The
K, field is shown in Figure 6. It can be seen that the
hooklike echo region contains large values of Kg,; i.e.,
a large number of raindrops are concentrated in this re-
gion. However, the size of these raindrops should be
small because Z,- values are low in the hooklike region.
K, field also shows the eye-shaped storm associated
with a rotating updraft. In order to analyze the convec-
tive hooklike storm, data collected by TARA is presented
next.

3.3. TARA Radar Observations (S-band)

The research profiler radar TARA is a FMCW dual po-
larized radar working at S-band frequencies of 3.3 GHz
(Heijnen et al., 2000). TARA is able to obtain profiles
from 200 m up to 38 km with a standard range reso-
lution of 75 m. The temporal resolution of each profile
is 1.5 sec and the elevation angle can be set manually
between 0° and 90°. The hooklike storm cell will be de-
scribed next by TARA based on reflectivity, linear depo-
larization ratio, radial velocity, and wind direction (Doviak
and Zrni¢, 1993).

Vertical profiles of the hooklike storm obtained at ele-
vation angle of 75° are shown in Figure 7. The x-axis
express the time from 1429 to 1500 UTC and the y-axis
the range from 200 m to 4000 m. Panel a) shows the re-
flectivity field manifesting similar features to those from
the supercell conceptual model shown in Figure 3 b) but
at smaller scales. For example, the top of the storm cell
is only 3 km, approximately, which is a much smaller
version of the conceptual model. Nevertheless, the
updraft-downdraft couple and the BWER can be seen
around 1444 UTC, approximately. The downdraft core
is noted by reflectivity values larger than 40 dBZ. In con-
sequence, the melting layer breaks and after the storm
leaves the TARA boresight, the melting layer begins to
develop again from 1000 m and raise up to 1500 m.
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Figure 7: Height-time profile observations by TARA at elevation angle of 75°. The variables of reflectivity, linear
depolarization ratio, vertical velocity, and wind direction are shown in panels a), b), c), and d), respectively, from
1429 to 1500 UTC. Storm profiles captured between 1441 and 1448 UTC, approximately, show high similarities to
the vertical cross-section of a mature supercell storm shown in Figure 3

Panel b) shows the linear depolarization ratio (Lg;.). Lg,
is a measure of the ratio of the received vertical power to
the transmitted horizontal signal or vice versa and it is a
good indicator of mixed hydrometeors (Bringi and Chan-
drasekar, 2001). Downdraft regions show small L, val-
ues indicating pure rain. On the other hand, high val-
ues of Ly, can be related to the melting layer containing
mixed hydrometeors. The radial velocity (v..) is shown in
panel d). Hydrometeors falling to the ground and those
being lifted by the updraft are indicated by negative and
positive v,., respectively. Large hydrometeors falling to
the ground are located in the main downdraft reaching
negative velocities of 12 m s~!, approximately. On the
other hand, small hydrometeors being lifted by the up-
draft reach positives velocities of 10 m s=1. Finally,
panel d) shows the wind direction (w). At low levels, the
cold front is notable by southwester winds, w = 2007,
lifting air masses coming from northwest, w = 300Y, re-
spectively. The following section describes the rainfall
variability in space and time over the simulated urban
catchment of Rotterdam city.

4. TEMPORAL AND SPATIAL RAIN VARIABILITY

The focus of this section is to analyze the spatial variabil-
ity of rainfall in time and space over a simulated catch-
ment from the Rotterdam city (Bruni et al., 2013). Rain-
fall rate (R) was estimated based on differential phase
measurement obtained by IDRA (Otto and Russchen-
berg, 2012). The estimated rainfall rate at 1446 UTC
is shown in Figure 8. Only areas with R larger than 2
mm hr~! are shown. At the first glance, the variabil-
ity of R can be noted. For example, rainfall rate values
smaller than 20 mm hr~! are indicated by blue-tone col-
ors. Values of rainfall rate between 20 and 50 mm hr—!
are given by green-tone colors. Those values can be
seen within the hooklike echo and eye-shaped regions.
Regions with rainfall rate values larger than 50 mm hr—1,
indicated by the red-tone colors, are found in the eye-
shaped and south regions of the storm. The simulated
catchment is denoted by the dashed rectangular with an
area of 6 km?, approximately. The location of the sim-
ulated catchment was chosen in a way that, the catch-
ment received the largest amount of precipitation. The
rain variability within the catchment is described next.

First, the rainfall field representation was mapped from
polar to Cartesian coordinates resulting in squared grids
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Figure 8: Estimated rainfall rate by IDRA at elevation an-
gle of 0.50° and 1446 UTC. Note that heavy precipita-
tion is located within the hooklike echo of the storm. The
dashed black rectangular simulates the urban catch-
ment in Rotterdam city.

of 100 m?. Rainfall rate over the catchment area ob-
tained by IDRA every 1 min is shown in Figure 9. At
1439 UTC, panel a), only light precipitation is observed.
From 1440 to 1443 UTC, panels b) ... e), storm regions
with rainfall rates larger than 20 mm hr—! passed over
the catchment. At 1444 UTC, panel f), the storm left the
catchment area and only light precipitation is observed
again. Note that the storm moves rapidly over 5 min,
temporal variability, and the revisit time of operational
radars is of 5 min. In consequence, storm revisit times of
5 min are not enough to capture this kind of fast-evolving
storm. The spatial rainfall variability is explained below.

The rainfall rate map shown in panel c) of Figure 9 was
used to simulate rainfall rate at lower spatial resolutions
as shown in Figure 10. Squared grids of 100, 500, and
1000 m? are shown in panels a), b), and c), respectively.
Figure 10 shows that if conventional radar; e.g., C-band
radars, were used to estimate rainfall rates over urban
scale catchments, the showed spatial rain variability will
not be able to be captured.

Now, to analyze the rain variability over the urban catch-
ment during the storm event, the accumulated rainfall
depth in mm (A) was estimated. The accumulated rain-
fall depth for each grid of the catchment is the accumu-
lated sum of rainfall depth over time. Examples of A
sampled every 1 min from 1200 to 1530 UTC are shown
in Figure 11. Three grids of 100 m? (p1, p2, and p3)
located within one larger grid of 1000 m? (P) were cho-
sen to asses rainfall spatial variability. A from grids p1,
p2, p3, and P are shown by the red, blue, green, and
thick black line colors, respectively. Before 1440 UTC,
approximately, part of the leading stratiform precipitation

was over the catchment location; and therefore, A from
the four grids are similar and smaller than 1 mm. How-
ever, when part of the convective line passes over the
catchment site, from 1440 UTC approximately, A from
the four grids reaches different values larger than 1mm.

5. SUMMARY AND CONCLUSIONS

Conventional weather radars usually coverage a large
spatial domain but limited to obtain precipitation infor-
mation at poor spatial and temporal resolutions. X-band
radars are suitable for urban scale observations and
possibly overcome such limitation. Rainfall rate of a fast-
evolving storm was estimated to show spatial rain vari-
ability over an urban catchment area.

A convective squall line storm was used to test the ca-
pability of high resolution for the analysis of rain vari-
ability in time and space on the dual polarimetric IDRA.
The variability of rain in time over the simulated urban
catchment of Rotterdam city was evaluated by captur-
ing snapshots of rainfall rate field over 5 min. For the
spatial rain variability, rainfall rate obtained by IDRA and
simulated rainfall rate at lower spatial resolutions were
compared using the accumulated rainfall depth. In ad-
dition, high resolution weather observations were able
to depict storm processes related to severe weather as
shown by IDRA and TARA.

In summary, high resolution weather observation is vital
for obtaining accurate rainfall rate estimates. As illus-
trated in this work, such X-band dual polarimetric IDRA
should be used for weather observations at urban scale.
It is foreseen that in such high resolution precipitation
context, urban hydrology users will benefit from better
description of fast runoff processes and short response
times, leading to significant improvements on real-time
urban flood forecasting.
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Figure 9: Rainfall rate over the simulated urban catchment. Estimated rainfall rate from 1439 to 1444 UTC sampled
every 1 min is shown by panels a) ... f). The catchment size is of 2 by 3 km, approximately, as shown in panel a).
Grids were mapped to grids of 100 by 100 m.

10 2012-01-03 14:41, rainfall rate (mmh) x 10° 20120103 14:41, rainfall rate (mm/h) 10 2012-01-03 14:41, rsintall rate (mmih)
147 447 447 100
a) b C -
4465 4.485) 4465
% | : © €
& 8 8 Ed
§ : g
£ L
E s g 4 £ 7
g 8 o
g g g 50
N 455 & auss & 4455
§ § ﬁ 50
) o] u
E a8 E 445 E 48 S
Il
i - £
H S qus S 4w »
g asast ¥ b
8 8 g
7] 9 9 e
z z z
v 484 244
10
4 44 . . 4
12 1205 121 1215 122 122 12 1205 12 1215 122 1228 28 12 1205 121 1205 122 12 128 12
W-E coordinate (m), EPSG:26992 Amersioort 210 W-E coordinate (m), EPSG:28992 Amersfoort 10’ W-E coordinate (m), EPSG.28092 Amerstoort x10°

Figure 10: Rainfall rate over the catchment area for distinct spatial resolutions at 1441 UTC. Rainfall rate values over
grid sizes of 100 by 100, 500 by 500, and 1000 by 1000 m are shown in panels a), b), and c), respectively. Note that
high rainfall rate values decrease as the spatial resolution decreases.
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Figure 11: Accumulated rainfall depth from 1200 to 1530 UTC. Three grids of 100 by 100 m (p1, p2, and p3) are
located inside of a bigger grid of 1000 by 1000 m (P). A from p1, p2, and p3 are depicted by the red, blue, and green
lines, respectively. For grid P, A is shown by the thick black line. Note the variability on A shown by p1, p2, and p3.
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