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Quick Facts

Dataset Content:
- instantaneous rainfall ratéR) estimated from measurements of the horizontally
scanning polarimetric radar IDRA for the area around CESAR, available for:
minimum range from the tower =210m
maximum range from the tower =15360 m
in the radar-centred polar coordinate system (range and azimuth), based on the following
two IDRA observables applying fixed parameterisations based on
- specific differential phas@KDP) which is

« independent of radar calibration and signal attenuation,
- estimated applying a novel method that overcomes the poor range resolution of con-

ventional methods to estimate KDP, [iv].
- reflectivity corrected for gaseous and rain attenuai{gh
- used to estimate the rainfall rate when KDP is not available, i.e. usually for weak in-
stantaneous rainfall rates approx. < 3 fimh

- additional variables of this dataset

- differential backscatter phase
- standard deviationsf all observables accounting for the measurement uncertainties,

- daily rain accumulatioras displayed on the quicklook, and
- data processing flags

Data Policy:
- the CESAR data policy appliesttp://www.cesar-database.nl/DataPolicy.do

- if you use the data in a scientific publication, please cite it using the digital object identi-
fier of IDRA data in the 3TU.Datacentre, e.g.
T. Otto and H.W.J. Russchenberg, 2010: IDRA weather radar measurements — all data,
TU Delft, Dataset, http://dx.doi.org/10.4121/uuid:5f3bcaa2-a456-4a66-a67b-

leec928caebd.

Useful Resources:

- this document and the references cited within,

- short course on radar meteorology (online lecture)
http://collegerama.tudelft.nl/mediasite/Silverliglafer/Default.aspx?peid=1805993f
ac954c3fba5855bce7e6a86eld

- introduction to weather radar polarimetry and X-band peculiarities (online lecture)
http://collegerama.tudelft.nl/Mediasite/Play/e6924ad014a16ac99b1e2464b98001d
?cataloqg=7b5b0161-423f-43b2-851f-4b90fd27d07f




Application Notes:

- daily rain accumulatior(shown on the quicklook)

+ is based on the rainfall rate estimates by IDRA, therefore, it includes only rain peri-
ods when IDRA was actually measuring, and no issues such as a synchronisation
loss occurred; please check the Section Data Quality for details.

- instantaneous rainfall rate

- estimated based on Z-R and KDP-R relations as outlined in the Section Data Pro-
cessing,

- fixed parameterisations of Z-R and KDP-R used, however, KDP and Z are available
in this dataset such that any other parameterisation can be easily applied,

- data are provided in the radar-centred polar coordinate system, for the radar position
(latitude/longitude/altitude and Rijksdriehoekscodrdinaten EPSG:28992 Amersfoort)
please refer to the Section Specifications,

- consider that the radar measurements only provide “snapshots” of the spatial distri-
bution of precipitation, for IDRA, every minute a new snapshot is provided, its an-
tennas rotate with a speed of one round per minute,

for fast-evolving convective storms with a high-spatial variability, this temporal res-
olution might not be sufficient,

e.g. consider horizontal wind speeds in the order of I5wisch results in a hori-
zontal displacement of precipitation of 900 m in one minute (the revisit time of ID-
RA), therefore, a small heavy precipitating core might not be sampled by IDRA at
all locations it is actually passing, the result is a wavy pattern in rain accumulation if
the rain rates measured by IDRA are considered to be constant for one minute until
revisiting (this assumption is applied for the creation of the accumulated rain map
that is shown on the quicklook of this dataset),

depending on your application, you might consider to apply cell tracking algorithms
or temporal interpolation schemes, i.e. advection correction methods, to reduce this
effect,

the corresponding Doppler velocity data are available in the dataset <ID-
RA_yyyy mm_dd_standard_range.nc> at [iii].

- specific differential phasenddifferential backscatter phase

- usually the processing of the measured differential phase concentrates on the sup-
pression of the differential backscatter phase, and the extraction of the propagation
phase (specific differential phase) only,
actually, the differential backscatter phase is a very attractive weather radar observa-
ble because it has the same advantages as the specific differential phase, namely its
independence of signal attenuation and radar calibration, but it shows a different
sensitivity with respect to the drop-size distribution, i.e. it is independent of the con-
centration parameter,

- these properties make the differential backscatter phase a prime observable for drop-
size distribution retrieval at X-band, [6], [7],

- the differential backscatter phase is also an indicator of Mie-scattering, i.e. it shows
the presence of raindrops with diameters larger than 3 mm at X-band frequencies.



General Overview

This dataset description document provides information for the CDS datasets
cesar_idra_products_Ib1_t00 v1.0.

IDRA is the TU Delft IRCTR drizzle radar that is located on top of the Cabauw tower,
213 m agl., since October 2007, Figure 1. IDRA is a polarimetric X-band (9.475 GHz, hori-
zontal/vertical polarisations) FMCW radar developed at Delft University of Technology. Its
antennas rotate at 1 rpm at a fixed low elevation angle proviijingresolution observations

of the horizontally spatial and temporal distribution of precipitation up to a range of
15.36 km around the Cabauw Site for Atmospheric Research (CEBAdR)adar transmits
linear sawtooth frequency modulated sweeps alternately at horizontal and vertical polarisa-
tion. The backscattered signal is received simultaneously in an horizontally and a vertically
polarised channel.

Photo: Raymond Shai

Figure1l: IDRA on top of the Cabauw tower. IDRA uses two antennas, one for transmit and one for receive.

The central frequency of 9.475 GHz, sensitive receivers with a large dynamic range, and the
possibility to adjust the power of the transmitted signal, permit IDRA to monitor the spatial
distribution and the temporal evolution of precipitation (from fog and drizzle to heavy con-
vective rain).

This dataset contains the following IDRA products as a result of a post-processing of IDRA
standard range (max. 15.36 km) data available at the 3TU.Datacentre [iii]:
- reflectivity corrected for rain- and gaseous attenudjgridBZz),
specific differential phask, (deg km') and its standard deviation,
differential backscatter phasg (deg) and its standard deviation,
estimated rainfall rate (mni*hand its standard deviation,
daily rain accumulation (mm) as displayed on the quicklook,
- data processing flags.

The dataset is available in the NetCDF format according to the requirements of the CESAR
database system. The metadata is compliant with the “netCDF Climate and Forecast Metada-
ta Convention - CF1.4”, see [2] and [3] for further information.

The CESAR data policy applies which can be found onlirgtat//www.cesar-database.nl
If this data is used in a scientific publication please cite it using the digital object identifier
(DOI) of IDRA data in the 3TU.Datacentre:

T. Otto and H.W.J. Russchenberg, 20IDIRA weather radar measurements — all data
TU Delft, Dataset, http://dx.doi.org/10.4121/uuid:5f3bcaa2-a456-4a66-a67b-
leec928caebd.
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Deployment Locations and History

IDRA is a stationary radar system, installed on top of the Cabauw tower. The following list
gives an overview when IDRA was installed at the Cabauw tower, and in which periods ID-
RA was operational (green marker).

August 2007

18-10-2007
05-12-2007
14-12-2007

26-06-2008

28-11-2008

05-03-2009

27-04-2009

09-12-2009

26-12-2009
01-01-2010

Installation of IDRA on top of the Cabauw tower.
First measurement, antenna stationary.
First measurement with rotating antennas.
Installation of the IDRA control and data processing computer.
The real-time processing reaches operational status.
IDRA'’s electronics were removed from the tower to improve the receivers.
IDRA’s electronics were re-installed on the tower.
IDRA is fully operational again.
Signal processing changeske Section “Signal Processing” for details.
Mechanical problems with the antenna gear box.

Antenna gear-box problem solved. IDRA is back to normal operation.
Estimated rainfall rate retrievals available at the CESAR database from this
date onwards.



Near-Real-Time Data Plots

Near-real-time data plots of IDRA measurements can be found online at:
http://ftp.tudelft.nl/TUDelft/irctr-rse/idra/

IDRA'’s near-real-time plots are updated once per minute.




Data Description and Examples

Figure 2 shows one-minute of data which corresponds to one full antenna rotation, i.e. to one
plan-position indicator (PPI). The radar is located in the middle of the plots. The ordinate and
the abscissa of this PPI show the range (km) from the radar.

| SN e
‘{-. -
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(e) processing flags &Yy (deg knt) (9)05sco0 (deg) (Prain (MM 1Y)
Figure 2: Primary variables of this dataset. See explanation below for details.
Shown are the primary variables of this dataset, namely:

Fig. 2(a): Co-polarised equivalent reflectivity factor at horizontal polarisation corrected for
gaseous- and rain attenuatifim (dBZ). The reflectivity in linear units (mtm?)
is proportional to the backscattered and received power.

Fig. 2(b): Estimated one-way specific differential ph&gg(deg km'), and corresponding
standard deviationg, (deg kni') shown in Fig. 2(f).

Fig. 2(c): Estimated differential backscatter phase (deg), and corresponding standard
deviationo;c, (deg) shown in Fig. 2(g).

Fig. 2(d): Estimated instantaneous rainfall rate (min hand corresponding standard
deviationoain (Mm K') shown in Fig. 2(h).

Fig. 2(e): Data processing flags with the following possible values

0 - noflags,

1 - rainfall rate estimate based on Z-R relation,

2 - rainfall rate estimate based on KDP-R relation,

4 - no rainfall rate estimation due to total signal extinction or receiver
saturation,

8 - no rainfall rate estimation, radar measurements likely whithin or
above the melting layer.

The data are in radar-centred polar coordinates (radar azimuth and range).

In irregular intervals, data might be missing. Missing data may indicate that IDRA was not
running in the standard-range mode but in a different mode, or that IDRA was not measuring
at all. For a query whether missing data are available in a different data acquisition mode for
a specific date check the quicklooks of IDRA data available at the 3TU.Datacentre, [iii], or
contact the PI.



Data File Contents

Table 1 provides an overview of the dimensions, global attributes, and variables contained of
the dataset. For additional information on dimensions and variables please refer to their cor-

respondingunits andcommentttributes.

Note that most primary variables are stored as 16-bit integer. They need to be multiplied by

their correspondingcale_factorattribute! For theainfall_rate andsigma_rainfall_rate also
their correspondingdd_offsetttributes need to be applied:

unpacked_value = packed_value - scale_factor + add_of f set.

Table 1: < cesar_idra_products_Ib1l t0O0 v1.0> contents.

Dimensions Description
scalar dimension used for variables with one value
time time dimension
range range dimension

quicklook_azimuth

azimuth dimension used only for the primary variable
thickness_of_daily_rainfall_amount

Attributes Description
global attributes as specified by [2]
Primary variables Description

equivalent_reflectivity_factor

co-polarised equivalent reflectivity factor at horizontal
polarisationZ,, (dBZ) corrected for gaseous- and rain
attenuationy scale_factorattribute applies

specific_differential_phase

specific differential phaskiy, (deg km);
¢ scale_factorattribute applies

sigma_specific_differential_phase

standard deviation of the specific differential phase
owap (deg km'); ¢ scale_factorattribute applies

differential_backscatter_phase

differential backscatter phad., (deg)
d scale_factorattribute applies

sigma_differential_backscatter_phas|

standard deviation of the differential backscatter p
G500 (deQ);d scale_factorattribute applies

[©)

rainfall_rate

instantaneous rainfall ra(mm );
¢ scale_factorandadd_offsetttribute applies

sigma_rainfall_rate

standard deviation of the rainfall ratg;, (mm H"), only
for rainfall rates estimates based on
specific_differential_phasgKDP-R relation)

d scale_factorandadd_offsetttribute applies

dataset_flags

data processing fla:

0 - no flags,

1 - rainfall rate estimate based on Z-R relation,

2 - rainfall rate estimate based on KDP-R relation,

4 - no rainfall rate estimation due to total signal extinct
or receiver saturation,

8 - no rainfall rate estimation, radar measurements li
whithin or above the melting layer.

thickness_of_daily_rainfall_amount

daily rainfall accumulation () as displayed on the gk-
look

ion

kely







Secondary variables

Description

iso_dataset

contains a copy of the dataset metadata, for morr-
mation refer to [2]

product

contains a copy of the product metadata, for morer-
mation refer to [2], and additional metadata of the datg

iset

station_details

contains metadata describing station details,
for more information refer to [2]

azimutti

azimuth angle of each profile (rad), applies to each pri
ry variable excepthickness_of_daily_rainfall_amount

It must be stressed that there is no fixed partition of
scan (one plan-position indicator) into regular ang
intervals because the data acquisition rate is not syn
nised with the antenna rotation speed of one round
minute. Therefore, each profile is tagged withazgnuth

ma-

one

ular

chro-
per

gaseous_attenuation

gaseous attenuation (c applied to correcequia-
lent_reflectivity factofor gaseous attenuation

range_resolution

the resolution along slant range (m)

frequency_excursion

bandwidth of the transmitted linear up-chirp (Hz)

differential_phase_offset

system differential phase offset that is applied tc
measured differential phase in order to correctly estim
the differential backscatter phase, see Section Data P

ate
ro-

cessing for details

! IDRA’s antennas rotate at one round per minute.

This dataset is acquired in the alternate polarization mode, with a sweep time gfisiOehérefore, the meas-
urement of one polarimetric cycle requires 2x4096= 819.2us. For one profile, 512 polarimetric cycles are

averaged, 512x819.g@s = 0.4194304 s. A total of 143 profiles does natecane full plan-position indicator
but only 359.81° as it takes 59.9785472 s which is less than the 60 s time for one full antenna rotation.
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Primary Variables and Expected Uncertainty

For the primary variablespecific_differential_phasealifferential_backscatter phasend
rainfall_rate, the uncertainty is quantified by the corresponding standard deviation provided
by the primary variablesigma_differential phasesigma_differential_backscatter _phase
andsigma_rainfall_raterespectively.

These standard deviations do account for measurement uncertainties. However, they do not
account for the following uncertainties and possible systematic errors:

differential_backscatter_phase

The differential backscatter phase is derived as the difference of the measured differential
phase and the differential propagation phase (twice the range accumulation of the specific
differential phase). In case the system differential phase (secondary vatitibten-
tial_phase_offsgtis not properly estimated, the differential backscatter phase will be biased.

rainfall_rate:

The provided standard deviation of the rainfall rate only accounts for the measurement uncer-
tainty. However, be aware that for the estimation of the rainfall rate, Z-R and KDP-R rela-
tions with fixed parameterisations are employed that are valid for one raindrop-size distribu-
tion only. Therainfall_rate will thus be biased due to natural variability of the raindrop-size
distribution. This bias is more significant in case the Z-R relation is employed, see Figure 3.

10*

l(‘ﬁ= {deg km ')

biue: zZ, [mma m 3}

red:

rainfall rate (mm h'')

Figure 3: X-band scattering computations based on a large variety of raindrop-size distributions measured over
two years by a 2D-video disdrometer at CESAR. Especially for higher rainfall rates, it can be seen that the vari-
ability of Z-R (blue) is much larger than the variability of KDP-R (red). KDP-R relations are usually employed
at X-band frequencies for instantaneous rainfall rates >3 thm h

In addition rainfall rates estimated by the Z-R relation can be biased due to an over- or under-
compensation for gaseous- and rain-attenuation, or due to radar mis-calibration. Bggause

is independent of signal attenuation, and furthermore it is a self-calibrating measurement,
rainfall rates estimated by the KDP-R relation are not affected by those issues. The primary
variabledataset_flaggrovides information whether thainfall_rate is based on thequiva-
lent_reflectivity _facto(Z-R relation) or on thepecific_differential_phasgKDP-R relation).

For more detailed information, the reader is referred to the Section Data Processing and ref-
erences provided therein.
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Quicklook

The quicklook shows a PPI of the daily rain accumulaR&d (mm) based on the IDRA
measurements, i.e.
RRd(range, azimuth) = Y.;ime RR(range, azimuth) - At

whereAt is the update rate of the rainfall rd&& measurements by IDRA, i.e. one minute.
The daily rain accumulation is also stored in the dataset as the primary vdhigkle
ness_of daily rainfall_amout

2011-08-25 daily rain accumulation (mm) no data
15 50 rain
flags
i}
= 10
E 40 )
g s =
Y 30
: 0 ¢
= =
2 20 §"
g -5 18
=
% 10 L
-15 ' J 0 u
-10 0 10
W-E Distance from Radar (km) (IDRA 7 TU Delft)

Figure 4: Example of a quicklook.

Be aware that the daily rain accumulation is based on IDRA data only, if there were periods
during the day when IDRA was not measuring in the standard mode, the daily rain accumula-
tion might not correspond to the true daily rain accumulation. Also in case of a synchronisa-
tion loss, IDRA might miss rain, see Section Data QuadtySynchronisation Loss for de-

tails.

An indicator which periods during a day were taken into account for the computation of the
daily rain accumulation is shown right next to the PPI (blue curve). Also shown are periods
when no data was acquired in the standard mode (grey shaded area).

To check whether IDRA missed some rain, please compare the quicklook information with
either the CESAR rain gauge measurements provided attfh&www.cesar-database,. r

with measurements of the KNMI weather radars that are accessible e.g. via
http://www.buienradar.nl/historie.aspxote that this website uses Central European Time
instead of UTC).

An additional indicator (the red curve) shows the presence of processing flags, i.e. whether in
a certain period certain range-bins were not used for the rainfall rate estimation due to total
signal extinction, radar receiver saturation or possible measurements in or above the melting
layer, see the Section Data Quality for more information.
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Data Processing

This dataset is based on the polarimetric moments: attenuated reflectivity, attenuated differ-
ential reflectivity, and differential phase measured by IDRA, and made publicly available
through the 3TU.Datacentre, [iii]. For details about IDRA and the signal processing (e.g. clut-
ter filter) employed, please refer to the dataset description document of the data in the
3TU.Datacentre, [4], and for more detailed information to [i].

Only IDRA data after December 2009 is processed because the signal processing was
changed back then. This decision was made due to the fact that the previous signal processing
was optimised for the observation of drizzle and light rain (i.e. a spectral clutter filter based
on the differential reflectivity and the differential phase was employed which also partially
suppressed radar signals from heavy precipitation).

The following processing steps are applied to estimate the primary variables of this dataset:

1. Based on the quicklook data available at the 3TU.Datacentre, [iii]
(<IDRA_yyyy-mm-dd_quicklook>), a rain mask is derived for IDRA measuring in
the standard mode (15.36 km max. range at a range resolution of 30 m). The rain
mask is shown as a blue curve on the dataset quicklook.

Only data that falls within the rain mask is used for further processing.

2. Based on the radiosounding (De Bilt) at 00:00UTC, 12:00UTC, and 24:00UTC, and
the temperature measurements of the CESAR tower, the approximate lower height of
the melting layer is estimated.

IDRA data that might be contaminated by measurements within or above the melting
layer is removed from the further processing.
The primary variablelataset_flagss set to the valug when this is the case.

3. A speckle filter based on morphological image processing is applied in order to re-
move spikes and single range-bins without valid data in neighbouring range-bins, i.e.
non-meteorological echoes that were not removed by the spectral clutter filter.

4. The specific differential phase, the differential backscatter phase, and their standard
deviations are estimated according to [iv] but only for profiles that satisfy the follow-
ing condition:

max|¥a, (Zny > 25dBZ)| — min[W,, (Zn, > 25dBZ)| > 5deg,
i.e. the differential phas&(,) accumulation in rain should be at least 5 deg.
The following coefficients were applied for the differential phases estimation, [iv]:
a=0.34 dB degd, b= 0.055 dB deg, d = 0.68,e = 0.042f = 10 dBZ,g = 20 dBZ.

Note: Because the differential backscatter phase is simply estimated as the difference
of the measured differential phase and the differential propagation phase (which is
twice the range accumulation of the specific differential phase), the knowledge of the
precise system differential phase is required. The system differential phase is estimat-
ed according to [iv] and stored in the varialdifferential_phase_offsetn case the
differential backscatter phase is biased, this offset can be checked in combination with
the measuredifferential_phasevailable in [iii].

In this processing step it is also checked whether total signal extinction and/or radar
receiver saturation occurs, if stataset_flagwill be set to the valud.

5. The reflectivity is corrected for gaseogméeous_attenuatiprand rain attenuation as
outlined in [v] (see Appendix B) and stored in the primary variaddgiva-
lent_reflectivity factar

13



6. The rainfall rate is estimated either based on a Z-R or KDP-R relation as outlined in
[v] (see Appendix B).
Dataset_flagsshows, whether the rainfall rate is based on the Z-R (Valoe the
KDP-R (value2) relation.

7. The standard deviation of the rainfall rate is estimated only when the KDP-R relation
is applied as

Okdp
Orain — C2° K *RR
dp

with the specific differential phadey,, its standard deviationq, and the estimated
rainfall rateRR = c; - Kgf, (c1=13,c,=0.75).

14



Data Quality

The raw signal streams of IDRA are processed in real-time by the radar control computer.
Signal quality flags are not provided by the signal processing. Thus, users of this dataset
should be aware of issues described in this Section.

It is strongly advised to consult the following resources which can help in identifying data
quality issues with IDRA and its products:

- dataset quicklook of daily rain accumulation,

- http://ftp.tudelft.nl/TUDelft/irctr-rse/idraivith all it's resources, i.e. animations of at-
tenuated reflectivity plan-position indicators of the last years,

- measurements of the KNMI weather radar network which can be found online e.g. at
http://www.buienradar.nl/historie.aspxote that this website uses CET instead of
UTC),

- rain gauge measurements at CESAR, i.e. the datetebrological surface data, val-
idatedwhich is available at thettp://www.cesar-database.nl,

- measurements and quicklooks of the profiling radar TARA, i.e. the ddiaB& pro-
cessed multi-beam Doppler and polarimetric davailable at the CESAR database.

Clutter echoes (possible issue for Z-R relation only)

The signal processing employs a filtering of the polarimetric observables in the Doppler spec-
trum domain in order to suppress clutter echoes and interferences, [5]. However, some clutter
(like insects in the summer time), and interference signatures might still be preserved in the
processed data. These can be revealed by comparing IDRA data to other sensors, and some-
times also by inspecting rain accumulations based on IDRA’s rainfall rate product (dataset
quicklook). Usually, the remaining clutter is of weak amplitude and results in negligible rain-

fall rate estimates.
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Figure5: Possible clutter echoes, 2011-08-01.

Figure 5 shows the daily rain accumulation of tAeoflAugust 2011. The blue circle shows

some remaining clutter from the highway A12. The orange circle highlights probably insects,
they are measured only close to the radar because the radar sensitivity reduces with range.
Usually insects are observed only during the day with its peak around noon, and only when
ground temperatures raise above ~15°C.

Rainfall rate estimates based on the KDP-R relation are not sensitive to the clutter echoes de-
scribed here.
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Clutter filter (possible issue for Z-R relation only)

To suppress clutter echoes and interferences within the radar system, a notch filter in the
Doppler domain is employed. Signals with Doppler velocities between -0:58amg
0.08 m§" are suppressed.
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Figure 6: The effect of the (old signal processing) notch filter, 2008-08-03.

This also affects the estimated reflectivity in case when the radial velocity of the parts of the
meteorological echo lays within the suppressed band of Doppler velocities. The resulting re-
duction of the reflectivity of the meteorological echo is perceivable in the PPI, see for an ex-
ample Figure 6. However, it must be stressed that Figure 6 shows data with the old signal
processing (before December 2009) where the notch filter was four times wider than in the
current signal processing.

The clutter filter described here does not influence rainfall rate estimates based on the KDP-R
relation.

Receiver Saturation

When the received echo exceeds the dynamic range of the radar receiver, saturation occurs.
IDRA is equipped with an attenuator to reduce the transmitted power in these cases. This at-
tenuator is however still not controlled automatically in real-time. Thus, the data might in-
clude receiver saturation effects that due to the nature of a FMCW radar results in a smearing
effect in range.
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Figure 7: The effect of receiver saturation on reflectivity measurements.

Figure 7 show examples of receiver saturation. In the data processing applied, usually regions
of receiver saturation are identified and excluded from the rainfall rate retrieval, the primary
variabledataset_flagean be used to check when and where this applies.
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Multitrip echoes (possible issue for Z-R relation only)

In monostatic weather radar observations range aliasing can occur. In that case, the received
signal stems from the transmission of an earlier sweep, and is thus designated to a wrong
range closer to the radar. These multitrip echoes usually manifest in the PPI as radial reflec-
tivity patterns with a low intensity as shown in Figure 8. Because of their low intensity, also
the resulting estimated rainfall rates are weak.
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Figure 8: Multitrip echo, 2011-09-10.

Sometimes those multitrip echoes are not fully removed in this dataset. PPI's that do not con-
tain an homogeneous precipitation pattern should thus be treated with care. Additionally one
may also verify the presence of the multitrip echoes by evaluating the data of other instru-
ments listed at the beginning of this section.

Synchronisation loss

For reasons that are still under investigation, a synchronisation loss occurs sometimes. This
affects the computed weather radar observables. Figure 9 shows an example of such a cor-
rupted reflectivity measurement. As for multitrip echoes, the PPI does not show an homoge-
neous precipitation pattern.
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Figure9: Corrupted IDRA reflectivity measurement due to the loss of synchronisation, 2009-06-04.

Usually when a synchronisation loss occurs, the data is not taken into account for rainfall rate
retrieval because it is filtered out by the rain mask (step 1 of the data processing). Thus, if a
synchronisation loss happened, rain echoes are missed by IDRA! You can use the resources
introduced at the beginning of this section to check for such situations, i.e. comparing the rain
mask on the quicklook with data of other sensors.
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Melting layer

Based on the radiosounding (De Bilt) at 00:00UTC, 12:00UTC, and 24:00UTC, and the tem-
perature measurements of the CESAR tower, the approximate lower height of the melting
layer is estimated. Based on this estimate, a maximum range for IDRA measurements unaf-
fected by the melting layer is calculatédhtaset flagsshow when and where IDRA meas-
urements are not considered for rainfall rate estimation due to possible melting layer contam-
ination. This is also signalised on the quicklook (red curve).
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Figure 10: A low melting layer reduces the maximum range of rainfall rate estimation by IDRA, 2010-11-08.

Figure 10 shows a measurement where the rainfall rate retrieval is only carried out for a lim-
mited range due to a low melting layer. The quicklook of daily rain accumulation shows the
clear cut-off at a range of about 10 km.

Note, that in the example of Figure 10 there still seem to be a range dependence of the daily
rain accumulation which might indicate that parts of the melting layer were not correctly re-
moved before rainfall estimation.
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Instrument Details

Detailed Description

Figure 11 shows the block diagram of IDRA. The upper part of the figure shows the transmit-
ter path. The lower part shows the co- and the cross-polarised receiver channels.

The synchronisation of the system is provided by a GPS timing board. This GPS timing
board is also used to provide an accurate time stamp for the processed data.

For a detailed description of IDRA the reader is referred to [i].
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Figure 11: IDRA block diagram showing the transmitter and receiver channels.
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Specifications
Table2: Specifications of IDRA.

Parameter Value
latitude 51°58'11.92" North
longitude 04°55'37.16" East
Rijksdriehoekscoérdinaten Xipra = 123321 m

EPSG:28992 Amersfoort / RD New YViora = 442530 m

height above sea-level 213 m agl.

solid-state ampfiers, modulation achieve
by direct digital synthesiser

polarimetric (alternately linear horizon:
and linear vertical)

frequency modulation on transmit sawtooth

heterodyne, quadrature receiv
two channels, receiving the co- and the

transmitter

polarisation on transmit

receiver . . .
cross-polarised component (linear horizontal
and linear vertical polarisation)

maximum range 15 km in standard mode operation

cross-polarisation isolation <-30dB

minimum detectable reflectivity -15 dBZ at 15 km

dynamic range of the receiver 69 dB

Parameter Symbol Value

central frequency fe 9.475 GHz

frequencyexcurspn, fthe correspd- Af 5 MHz

ing range resolution is c/(®f)

sweep time AT 409.6 ps

transmitted power Py 0,1, 2,5,10, 20 (W)

antenna gain, transmit Gt 38.65 dB

antenna gain, receive G 38.65 dB

gain of the receiver chain Grec 53 dB

antenna ha-power beamwidtr o 1.8° (0.031 rad)

transmit

an_tenna ha-power beamwidth e- b 1.8° (0.031 rad)

ceive
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Theory of Operation

IDRA employs the frequency-modulated continuous wave radar principle, i.e. the radar is
transmitting and receiving at the same time. The frequency of transmitted signal is sawtooth
modulated. The backscattered and received echo is shifted in frequency with respect to the
transmitted signal. This frequency shift, called the beat frequency, is directly related to the
range of the echo.

The beat frequency is evaluated by mixing the transmitted signal with the received signal.
Subsequently, a Fourier analysis is performed to separate the contributions from different
range bins. The radar equation for distributed targets is then applied to calculate the reflec-
tivity of each range bin.

For a detailed overview of the theory of operation, the reader is referred to [i].

Calibration

After IDRA has been built, extensive measurements have been carried out in order to charac-
terise the system, and to derive the radar system constant necessary for accurate reflectivity
measurements. For details about the calibration, the reader is again referred to [i]. In order to
sustain the calibration of the system, a noise measurement is performed every day which is
used to monitor variations of the receiver gain of IDRA.

In irregular intervals, passive measurements of the sun position is carried out in order to en-
sure that 0° azimuth corresponds to @eongraphic North Pole.
Operation and Maintenance

More information about the operation and the maintenance of IDRA are available as internal
documentation at TU Delft IRCTR.
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Glossary and Acronyms

A/D analogue-to-digital

CDS CESAR database system

CESAR Cabauw experimental site for atmospheric research

CET Central European Time

dd day

DDD dataset description document

DDS direct digital synthesizer

DOI digital object identifier

FFT fast Fourier transform

FMCW frequency-modulated continuous-wave

GPS global positioning system

HH hour

IDRA IRCTR drizzle radar

IRCTR International Research Centre for Telecommunications and Radar of the Delft
University of Technology

LDR linear depolarisation ratio

MDD metadata description document

mm month

MM minute

Pl principle investigator

PPI plan position indicator

TARA transportable atmospheric radar

yyyy year

X-band electromagnetic frequency band from 8 GHz to 12 GHz
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Appendix A: Header dump of the IDRA product dataset

net cdf cesar_idra products Ibl t00_v1.0_yyyymud. nc {

di nensi ons:

scalar = 1;

time = UNLIM TED;

range = 512,

qui ckl ook_azi nuth = 143;
vari abl es:

char iso_dataset(scal ar=1);

:title = "I DRA post-processed data: rainfall rate estimates and differential

propagati on and backscatter phases";

;abstract = "This dataset contains post-processed X-band (central frequency of
9.475 CGHz) weat her radar data fromthe TU Del ft IRCTR dri zzle
radar IDRA. It includes plan-position indicators (PPl) of the
specific differential phase, the differential backscatter phase,
and the estimated rainfall rate. IDRAis nounted at the top of the
Cabauw tower at 213 magl., and is scanning horizontally at a
fixed | ow el evati on angle, covering a slant range of 15 kmwith a
range resolution of 30 m |DRA thus provides the horizontally spa-
tial distribution of precipitation over the CESAR observatory.";

:status = "onGoi ng";

chierarchyLevel = "dataset";

curl = "http://ww. cesar - dat abase. nl";

:protocol = "website";

;ui d_dataset = "2e590c10-2297-11e2-81cl- 0800200c9a66";

:topic = "clinmatol ogyMet eor ol ogyAt nosphere”;

:keyword = "radar, differential phase, precipitation, rainfall rate";

:west bound_I ongi tude = "4.707";

: east bound_I ongi t ude "5.145";

: sout hbound_| ati t ude "51. 835";

:nor t hbound_| atitude = "52.105";

:tenporal _extent = "2010-01-01, onGoi ng";

:datasetDate = "2012-11-01";

:dat aset Dat eType = "publication";

:statenent = "Based on the dual -polarinetric radar nmonents neasured by | DRA,
the specific differential phase, the differential backscatter
phase and the rainfall rate are estimated.";

:code = "28992";

. codeSpace = "EPSG';

;accessConstraints = "CESAR data policy";

useLimtation = "none";

:organi sati onNane_dataset = "Del ft University of Technol ogy (DUT)";
emai | _dataset = "t.otto@udel ft.nl";

:role_dataset = "Principle Investigator";

:nmetadata_id = "672c0380-2297- 11e2-81c1l- 0800200c9a66";
:organi sati onNane_netadata = "Delft University of Technol ogy (DUT)";

:role_netadata = "Principle Investigator"”;

emai |l _metadata = "t.otto@udel ft.nl";

curl _netadata = "http://atnos. webl og. tudel ft.nl";
: et adat aDate = "2012-11-01";

. met adat aDat eType = "creation";

:l anguage = "eng";

: met adat aSt andar dNane = "1 SO 19115";

: met adat aSt andar dNaneVer si on = "Nederl ands profiel op |1SO 19115 voor
geografie, v1.2";

char product (scal ar=1);
:date_start_of _data = "2011-09-10T15: 00: 05Z";
:ref _doc = "cesar _idra_products_I bl t00 v1.0. pdf";
:ref _doc_version = "1.0";
:format _version = "net CDF, 4.0";
;originator = "Qto T., DUT";
:revision_date = "2012-11-01";
:radar _radiati on_wavelength = "Central radiation wavel ength (nmeter): 0.03164";
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:el evation_above_horizon = "El evation (degree) neasured fromthe horizon (0
degree) upwards: 0.5";
:antenna_beamwi dth = "Hal f- power beamw dth of the transmt and receive an-
tennas (degree): 1.8";
:sweep_time = "Sweep tinme of the transmitted |linear up-chirp (s-6): 409.6";
:sanpl e_size = "Nunber of sweeps that are averaged for the cal cul ation of one
profile: 512";
:date_end_of _data = "2011-09-10T15: 59: 582" ;

char station_detail s(scal ar=1);
:name = "CESAR observatory";
:latitude = "51.97";
:longitude = "4.926";
:elevation = "-0.7";
CWVMOid = "06348";
:address = "Zijdeweg 1";
:postal _code = "3411 WMH';
icity = "Lopi k";
;administration_area = "Urecht";
:country = "the Netherlands";

float time(time=2613);

:standard_name = "tine";
;units = "hours since 2011-09-10 00: 00: 00";
caxis = "T";

i nt range(range=512);

:long_nanme = "slant_range";

:cesar _standard_nane = "sl ant_range";

:scan_type = "non-fixed";

:mai n_beam el evati on_above_horizon = 0.5f; // float

runits = "ni';

:comment = "Slant range (neter) to the |eadi ng edge of the range bins. The ra-

dial extension of the range bins is provided by the variable
<range_resol ution>.";

fl oat qui ckl ook_azi nmut h( qui ckl ook_azi nut h=143) ;

:long_nanme = "Azimuth for the daily accumul ated rainfall quicklook";

tunits = "rad";

:comment = "The azimuth (radian) is nmeasured cl ockwi se fromthe Geographic
North Pole.";

float azi muth(time=2613);

:long_nane = "azi nmut h";

runits = "rad";

:comment = "The azinmuth (radian) is nmeasured cl ockwi se fromthe Geographic
North Pole.";

short equivalent _reflectivity factor(ti ne=2613, range=512);

:comment = "Co-polarised equivalent reflectivity factor at horizontal polari-
sation in logarithmc units (dBZ, normalised to 1 mmb m3) correct-
ed for gaseous and rain attenuation.";

:_FillValue = -32768S; // short

sunits = "dBZ";

:long_name = "reflectivity corrected for attenuation";

:scal e_factor = 0.0030518509475997192; // double

short specific_differential _phase(ti me=2613, range=512);

:long_name = "specific differential phase";

;units = "degree km1";

:scal e_factor = 0.0061037018951994385; // double

:comment = "Estimated specific differential phase KPD (degree km1).";

: _FillValue = -32768S; // short
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short sigma_specific_differential _phase(ti ne=2613, range=512);

:long_nane = "standard devi ati on of the specific differential phase";
cunits = "degree km1";

:scal e_factor = 0.0061037018951994385; // double

:comment = "Standard deviation of the estimated specific differential phase

estimate due to neasurenent uncertainties only. Please refer to the
dat aset description docunent for details.";
:_FillValue = -32768S; // short

short differential backscatter_phase(ti ne=2613, range=512);
:long_nanme = "differential backscatter phase";
;units = "degree";
:scal e_factor = 0.005493331705679495; // double
:comment = "Estimated differential backscatter phase (degree).";
:_FillValue = -32768S; // short

short sigma_differential backscatter_phase(ti ne=2613, range=512);

:long_nanme = "standard devi ati on of the differential backscatter phase";
;units = "degree";

:scal e_factor = 0.005493331705679495; // double

:comment = "Standard deviation of the estinmated differential backscatter phase

due to neasurenent uncertainties only. Please refer to the dataset
description docurment for details.";
:_FillValue = -32768S; // short

short rainfall _rate(ti me=2613, range=512);
:long_name = "instantaneous_rainfall_rate";
‘units = "mm h-1";
:scale_factor = 0.01; // double
:add_offset = 327.67; // double
:comment = "Estimated rainfall rate based on the specific differential phase
whenever avail able, else based on the reflectivity.";
: _FillValue = -32768S; // short
: _Unsigned = "true";

short sigma_rainfall _rate(time=2613, range=512);

:long_nane = "standard devi ati on of the instantaneous rainfall rate";

runits = "mm h-1";

:scale_factor = 0.01; // double

:add_offset = 327.67; // double

:comment = "Standard deviation of the estimated rainfall rate due to neasure-
ment uncertainties only. Please refer to the dataset description
docunent for details.";

:_FillValue = -32768S; // short

: _Unsigned = "true";

byte dataset flags(tine=2613, range=512);
:comment = "Dataset flags indicated regi ons where no rainfall rate estination
was possible due to total signal extinction, receiver saturation,
or radar measurenents possibly within or above the nelting |ayer.";

float thickness_of _daily_rainfall _anmount (quickl ook_azi nut h=143, range=512);

:long_nanme = "daily accurul ated rainfall";
cunits = "ni;
:coment = "Plan-position indicator of the daily accunul ated rainfall as shown

on the quickl ook.";

float differential _phase_offset(time=2613);

:long_name = "differential phase offset";
runits = "rad";
:comment = "Differential phase offset that was used for the calculation of the

differential backscatter phase. Please refer to the dataset de-
scription docunment for details.";
:_FillvValue = -999.0f; // float

fl oat gaseous_attenuation(range=512);

:long_nanme = "estimated gaseous attenuation";
;units = "dB";
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:comment = "Gaseous attenuation used for the attenuation correction of the re-
flectivity.";
int frequency_excursion(scal ar=1);
:long_nane = "frequency excursion";
runits = "s-1";
:comment = "Frequency excursion of the transmtted |inear up-chirp.";

int range_resol ution(scal ar=1);

:long_nanme = "range resol ution";
cunits = "ni;
:coment = "Radial extension (neter) of one range bin.";

(title

"1 DRA post-processed data: rainfall rate estimates and differenti al
propagati on and backscatter phases"”;

"Del ft University of Technol ogy (DUT)";

"Based on the dual -polarinetric radar nonents neasured by |DRA, the
specific differential phase, the differential backscatter phase

and the rainfall rate are estimted.";

"cesar_idra_products_I bl t00_v1.0.pdf @http://ww. cesar-

dat abase. nl *;

"CF-1.4";

rinstitution
chistory

:references

: Conventi ons

:location = "CESAR observatory, the Netherlands";
:source = "G ound-based polarinmetric weather radar";
:exanpl e = "http://ftp.tudelft.nl/TUDelft/irctr-rse/idral";
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Appendix B: Rainfall rate retrieval with IDRA

ERAD 2012 - THE SEVENTH EUROPEAN CONFERENCE ON RADAR IN METEOROLOGY AND HYDROLOGY

Rainfall rate retrieval with IDRA, the
polarimetric X-band radar at Cabauw, Netherlands

Tobias Otto and Herman W.J. Russchenberg
TU Delft Climate Institute, Department of Geoscience and Remote Sensing, Stevinweg [,
2628CN Delfi, Netherlands, totto@tudelft.nl, how.j.russchenbergiatudelft.nl
(Dated: 30 May 2012)

Tobias Otto

Abstract

In 2012, a polarimetric X-band weather radar will be installed in the city of Rotterdam in the frame of the INTERREG
IVB NWE programme RAINGAIN'. The purpose of this radar is the measurement of rainfall rate with a high spatial and
temporal resolution to allow the urban water management authorities to cope with extreme rainfall events and to help
preventing flood damage.

In order to define an optimum rainfall rate retrieval algorithm for the Rotterdam radar, we evaluate in this contribution a
rainfall rate retrieval algorithm based on differential phase measurements. For this study, we are using data acquired by the
polarimetric X-band radar IDRA which is operated since 2007 at the Dutch national meteorological observatory CESAR®.

1. Introduction

Weather radars are common to measure the spatial distribution and the temporal evolution of precipitation over a wide
range. The operational weather radar network of Europe (EUMETNET/OPERA Radar Network) that covers the whole of
Europe currently consists of 194 radars working at S- and C-band”. Those radars provide a low elevation precipitation scan
with a spatial and temporal resolution down to 1x1 km* every 5 minute. This coarse resolution is a result of the sparse
placement of these radars, and the volume scanning strategy that is required to accommodate the multitude of stakeholders
such as weather fore- and now-casters, aviation meteorologists, and hydrologists.

In recent years, radar meteorologists exploit X-band weather radars for dedicated, short-range (<50 km) applications as:

gap-filling radars in complex terrain such as mountainous areas, Météo France Dossier de Presse (2011),

to obtain high-resolution rainfall data in densely populated urban areas for the improvement of urban water
management and flood prediction, Maki et al. (2008), RAINGAIN project’,

to improve the low-altitude radar coverage, McLaughlin et al. (2009).

The compactness of X-band weather radars makes them easily deployable even in urban areas. Furthermore, they can
provide a higher temporal and spatial resolution than standard operational weather radars because of the reduced range
coverage, and the less stringent requirements on the scanning strategy due to their focused application.

However, the X-hand challenge for the observation of precipitation is the significant higher level of attenuation by rain.
Cloudbursts with instantaneous rainfall rates >100 mmh™' may even lead to the total extinction of the radar signal within few
kilometres. One way to counteract on the attenuation issue is the use of polarimetric radars at linear horizontal / vertical
polarisation basis. Such radars can directly measure the differential phase. i.e. the phase difference between the co-polarised
echoes at horizontal and vertical polarisation. The differential phase is a self-calibrating measurement, and, furthermore, it is
not affected by attenuation unless the radar signal is totally extinet. However, because the scattering regime at X-band can
be non-Rayleigh already in moderate rain, the differential phase is a superposition of the differential phase on propagation
and on backward-scattering. In Otto and Russchenberg (2011), we proposed a method to estimate the range derivative of the
differential propagation phase, the specific differential phase K. and the differential backscatter phase d.,,. By reflectivity-
weighting, this method also achieves an improved range resolution compared to conventional K, estimators. In this
contribution we applied this method for the estimation of Ky, and in turn for the estimation of the rainfall rate. The
polarimetric weather radar terminology and the scattering computation methodology are introduced in the next section
followed by a detailed description of the rainfall rate estimation algorithm. Finally, the rainfall rate is estimated for an IDRA
rain measurement in September 2011, and some conclusions are drawn.

2. Basics

Usual polarimetric weather radar observables include the reflectivities Z;}'  based on the co-polarised echoes at horizontal

2wy

(hh) and vertical (vv) polarisation, and the differential phase W'}

Zin o) = Zy ) =2 [ e (r)dr (m

! http:/fwww.raingain.eu.
? CESAR — Cabauw Experimental Site for Atmospheric Research, hitp:/fwww.cesar-observatory.nl
" OPERA - Operational P for the Exchange of Weather Radar Information, “Radar database v1.177. http://www_knmi.nl/opera, March 2012,
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Fig. I: Relationships used for the rainfall rate estimation at X-band based on scattering computations using 41530
RDSD's measured by a 2D video distrometer throughout the year 2009 at Cabaww and corresponding fits: (a)
rainfall rate vs. Ky, (b) Zy, vs. rainfall rate for Zyy, < 30dBZ.

P2 (e ):@,_(r_)_z_[" K, (rydr . 2)
The first term in (1) and (2), i.e. the intrinsic reflectivities Z,,, and the differential backscatter phase d,., stem from the
backward-scattering in the range-bin r,. The second terms consisting of the specific attenuations ;"™ and the one-way

specific differential phase Ky, are due to the propagation of the radar signal from the radar at range r; to the leading edge of
the range bin r,.. In case of rain, all terms in (1) and (2) can be related to the raindrop-size distribution (RDSD) N(D):
At

S === 10" [ 0. (D) N (D)aD 3)
: [X

ey =8.686-10"- 2 [ 3[ £,,,.(D) | N(D)ID ()

s, = arg[ [ 5 (s, (D)N(D)::’D} )

Ky = %lo3 -ALm[,fm(o)—ﬂ,m)]mn)dﬂ, (6)

In (3) - (6), D is the equivolumetric raindrop diameter, / is the wavelength, |K|* the dielectric factor, gy, =475, .| are the
radar cross sections at linear horizontal and linear vertical polarisation with sy, .. and fj,,, representing the backward- and
the forward-scattering amplitudes of the hydrometeors, respectively. The reflectivity is usually displayed in logarithmic units
Z,,..(dBZ)=10log,, [IL] (N

mi

3
m“m

For scattering computations, we obtain numerical values of the forward- and backward-scattering amplitudes for rain
using the Fredholm integral method, Holt et al. (1978), with the model for the complex refractive index of water given by
Liebe et al. (1991). Three oblate, spheroidal raindrop shape models were used: Brandes et al. (2005), Thurai et al. (2007),
and a combination of Keenan et al. (2001) for D < 1.35 mm, Andsager et al. (1999) for 1.35 mm < D < 4.4 mm, and Beard
and Chuang (1987) for D = 4.4 mm (KAB). To properly represent the natural variability of rain, we use 41530 RDSD’s
measured by a 2D video-disdrometer throughout the year 2009 at Cabauw, Leijnse et al. (2010). To include also variations
of the raindrop temperature, the air temperature at 1.5 m height measured operationally at Cabauw was used.

The following section introduces an algorithm to invert of the radar measurements, specifically the reflectivity and the
specific differential phase, in order to estimate the rainfall rate.

Rainfall rate estimation

The radar observables introduced in the previous section can be linked to the rainfall rate which in turn is given by
36 & i

o V(D)D'N(D)dD (8)
with w(D) the raindrop terminal velocity. Traditionally. only the reflectivity is used to estimate the rainfall rate because it
was the only measurement that the first weather radars could obtain. However, the reflectivity is not the most favourable
choice because it is prone to radar signal attenuation and to radar mis-calibration which might corrupt the rainfall rate
estimates. A polarimetric weather radar measurement that is not affected by these issues is the differential phase, (2). At X-
band in moderate to strong rain non-Rayleigh scattering may occur with the result that the differential phase is not only the
range accumulation of the specific differential phase K., (6), but it is superposed by the differential backscatter phase ..,
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Fig. 2: For the IDRA measurement (2011-09-10 19:50UTC) plan position indicators are shown of (a) the measured
differential phase W3 (deg) which is decomposed into (b) the specific differential phase K., (deg km') and (c)
the differential backscatter phase 0., Ky, is used with (10) 1o correct (d) the measured reflectivity 2, (dBZ) for
attenuation resulting in (e) Zy, (dBZ). Ky, and Zyy, are used for the estimation of (f) the instantaneous rainfall
rate (mm ') as explained in the text. Note that (a)-(e) show the data in the radar-centred polar coordinate
system (30 m range resolution) while for (f) the data is mapped to the RD New coordinates with a spatial
resolution of 100x100 m. Grey-shaded areas in (f) show regions where the radar data is flagged as unavailable
due to receiver saturation or total radar signal extinction.

(5). In such cases, methods like Hubbert and Bringi (1995), Otto and Russchenberg (2011) can be applied to separate K,
and d,,. Next we describe how Ky, is used in the context of quantitative precipitation estimation (QPE) for the TU Delft
IRCTR drizzle radar (IDRA), Figueras i Ventura and Russchenberg (2009).

Before the rainfall rate estimation, the radar data undergoes pre-processing steps which for IDRA comprise spectral
processing including a polarimetric spectral clutter suppression, Unal (2009), and estimation of the polarimetric weather
radar observables as outlined by Figueras i Ventura (2009, Section 4.2.7). Range segments of receiver saturation and total
radar signal extinction are detected and removed from further data processing. We then separate profile-by-profile the
forward- and backward-scattering components of the reflectivity and the differential phase. First K, and J,, are estimated,
Otto and Russchenberg (2011), when the following condition is met

max(‘¥, )~ min(*¥, )L«- sy > Sdeg. @)

K, is used to estimate the specific attenuation at horizontal polarisation, Holt (1988), applying the linear relation

@™ =034-K,, (10)
with &r,;™ (dB km™) and Ky (deg km™). This relation is valid for X-band (9.475 GHz) and has been determined by
scattering computations as outlined in the previous section. In case that the differential phase accumulation for one profile
does not exceed the threshold defined in (9), the attenuation is estimated by

au™ =2.82x107.10% 0 (n
with ;"™ (dB km™) and Z;;' (dBZ). Also this relation is valid for X-band (9.475 GHz) and has been determined by
scattering computations taking only reflectivities equal to or less than 30 dBZ into account. We also account for gaseous

attenuation applying (3.19) from Doviak and Zrnié (1993).
For the estimation of the rainfall rate R the following relations are applied

.’?=I3v.’f:;,,?s (12)

W =243- R valid for Z,, <30 dBZ (13)

with R (mm h™), Ky (deg km™) and {y (mm® m™). The result of the scattering computations that have been used to
determine (12) and (13) are displayed in Fig. . The raindrop terminal fall velocity relation given by Atlas et al. (1973) has
been employed. Note that (13) is only valid for reflectivities equal to or less than 30 dBZ. Finally, for the estimation of the
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Fig. 3: Temporal evolution of the case study showing the IDRA rainfall rate estimate every 5 minutes. Note that IDRA

is constantly rotating at a fixed low elevation angle, providing an update of the rainfall rate once per minute.

rainfall rate, (12) is used whenever K, is available, its standard deviation is less than 2 deg km™ and Z;, > 30 dBZ, else (13)
is used.

As a last step, the rainfall rate is mapped from the radar-centred polar coordinate system to the Dutch
Rijksdriehoekscodrdinaten EPSG 28992 Amersfoort (RD New) with a spatial resolution of usually 100x100m and a
temporal resolution of 1 minute.

Heavy rain case study 2011-09-10

To test the rainfall rate retrieval as outlined in the previous section, we applied the method to IDRA data from 2011-09-10
19:00-21:30UTC where IDRA measured heavy precipitation as a result of a cold front passing over the Netherlands. The
polarimetric X-band radar IDRA (1 round per minute) is placed on top of the 213 m high meteorological tower at CESAR,
Fig. 4(a), and is scanning continuously with 1 round per minute at a fixed low elevation angle of 0.5 deg. For this
measurement, IDRA which is a frequency-modulated continuous wave radar was set to its standard mode with a sweep time
of 409.6 ps and a frequency excursion of 5Mhz which results in 512 range bins with a range resolution of 30 m, i.e.
15.36 km maximum range.

Fig. 2 shows plan position indicators of the IDRA measurement at 19:50UTC, specifically, Fig. 2(a) shows the measured
differential phase ‘[—"_’;‘“’ (deg) which is decomposed into Fig. 2(b) the specific differential phase K, (deg km™) and Fig. 2(c)

the differential backscatter phase d.,. Ky, is used with (10) to correct Fig. 2(d) the measured reflectivity Z,i (dBZ) for
attenuation resulting in Fig. 2(e) Z,, (dBZ). K, and Z,, are then used for the estimation of Fig. 2 (f) the instantaneous
rainfall rate (mm h™') as explained in previous section. Note that Fig. 2(a)-(e) show the data in the radar-centred polar
coordinate system (30 m range resolution) while for Fig. 2(f) the data is mapped to the RD New coordinates with a spatial
resolution of 100x100 m. Grey-shaded areas in Fig. 2(f) show regions where the radar data is flagged as unavailable due to
receiver saturation or total radar signal extinction. Fig. 2(b) shows that due to the strength of this precipitation event, K., is
almost everywhere available. Note also the high spatial resolution of K, compared to conventional estimators which is
achieved by reflectivity-weighting based on the self-consistency principle, Otto and Russchenberg (2011). The high spatial
resolution of K, translates directly into a high spatial resolution of the rainfall rate estimate.

Fig. 3 shows the rainfall rate estimates for this event in time steps of five minutes. However, note that not all data is
shown due to space constraints; IDRA is providing a higher temporal resolution of one minute. From Fig. 3 (20:00UTC) it is
evident that attenuation poses a major limitation in heavy precipitation for an effective rainfall rate estimation over larger
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Fig. 4: (a) Photo of the two TU Delfi radar (profiling S-band radar TARA, and scanning X-band radar IDRA on top of
the tower) at CESAR, (b) selection of a IxI km™ area 500 m south of IDRA divided into a grid of 30x30 m, and
(c) accumulated rain for the case study 201 1-09-10 measured by IDRA and the KNMI rain gauge.

areas at X-band. Therefore, instead of a stand-alone installation of an X-band weather radar for QPE, a network of X-band
radars should be favoured, or the X-band measurements need to be complemented in heavy precipitation with data from the
operational weather radar network.

To fully exploit the high-spatial resolution of IDRA. we mapped the rainfall rate within the 1x1km® area south of IDRA
shown in Fig. 4(b) onto a grid of 30x30 m resolution. For the selected case study, Fig. 4(c) shows the rain accumulation for:

the KNMI rain gauge which is placed close to IDRA (black curve),

the IDRA rainfall rate estimate averaged in space over the 1x1km” shown in Fig. 4(b) and in time to match the

temporal resolution (10 minutes) of the KNMI rain gauge (grey curve),

the IDRA rainfall rate for the blue 30x30 m grid point highlighted in Fig. 4(b) (blue curve),

- the IDRA rainfall rate for the red 30x30 m grid point highlighted in Fig. 4(b) (red curve).

From Fig. 4(c) it can be seen that the in space and time averaged IDRA rainfall rate estimate (grey curve) fits very well with
the KNMI rain gauge measurement (black curve) although the rain gauge is placed close to IDRA and not within the 1x1
km® area shown in Fig. 4(b). The difference of rain accumulation at 21:30UTC is only about 1.3 mm which provides
confidence in the rainfall rate estimation outlined in the previous section, this good match between IDRA and the rain gauge
was also confirmed for other rainfall events by Bruni et al. (2012).

The red and the blue curve in Fig. 4(c) show the rain accumulation from the 30x30 m grid points highlighted in Fig, 4(b).
Although the grid points are only about 700 m apart, the rain accumulation at 21:30UTC differs by 11.8 mm. One of the
reasons for this is certainly the high spatial and temporal variability of this event, Fig. 3. It therefore suggests the need for
high-resolution radar observations both in space and time especially for hydrological applications in urban water
management and flood prediction in cities at street scale. Also, due to the temporal variability, a strong precipitation core
might not be sampled at a specific location because of the low revisit time of IDRA of one minute. Thus, it might be
beneficial to link the rainfall rate estimation to a storm-tracking algorithm or to setup adaptive scanning strategies for such
dynamic precipitation events.

Conclusions

In this contribution, we presented a rainfall rate estimation algorithm for IDRA, the scanning, polarimetric X-band radar
at CESAR. The algorithm is based on a high spatial resolution estimate of the specific differential phase whenever it is
available to avoid issues such as radar calibration or attenuation. The algorithm is not final yet: it misses a hydrometeor
classification and a melting layer height detection. However, most of the time, IDRA is measuring in rain due to the low
elevation angle, the limited range of 15 km in the standard mode and the moderate temperatures in the Netherlands.

We applied the algorithm successfully to a heavy rain case study in September 2011. The accumulated rain over a period
of 2.5h averaged in space and time of IDRA matches well a co-located rain gauge measurement. However, further validation
is required. For this event, a high spatial and temporal variability was observed which confirms the demand for high-
resolution precipitation measurements, e.g. by X-band radars for dedicated purposes such as the rainfall rate estimation at
street scale in urban environments for flood prediction and as an input to urban drainage models. To further improve high-
resolution QPE, adaptive scanning strategies and rainfall rate estimation linked to storm-tracking algorithms should be
investigated.

Later this year we will start to process all IDRA data collected so far with this algorithm, and to make the estimated
rainfall rate freely available online at hup./’www.cesar-database.nl and http.://data. 3tu.nl/repository/collection:cabauw.
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