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ABSTRACT

Commercial cellular telecommunication networks can be used for rainfall estimation by measur-
ing the attenuation of electromagnetic signals transmitted between antennas from microwave
links. However, as the received link signal may also decrease during dry periods, a method to
separate wet and dry periods is required. Methods utilizing ground-based radar rainfall intensities
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or nearby link data cannot always be used. Geostationary satellites can provide a good alter-

native. A combination of two Meteosat Second Generation satellite precipitation products,
Precipitating Clouds and Cloud Physical Properties, is employed to decide whether a 15-min
time interval for a given link is rainy or not. A 12-d dataset of link-based rainfall maps for the
Netherlands is validated against gauge-adjusted radar rainfall maps. Results clearly improve upon
the case when no wet-dry classification is applied and thus the method shows potential for
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application to large areas of the world where the other methods cannot be applied.

1 Introduction

Accurate rainfall measurements are very important for,
e.g., numerical weather prediction model input, agricul-
ture, water resource management, hydrology and clima-
tology. Rainfall at regional scales is primarily measured
using ground-based weather radars, satellites (such as
the Global Precipitation Measurement mission or
Meteosat Second Generation) and raingauges.
Unfortunately, weather radar measurements are prone
to errors, such as those caused by attenuation of the
radar beam due to heavy rainfall, non-optimal conver-
sion of radar reflectivity factors to rainfall intensities due
to the variability of the drop size distribution, a non-
uniform vertical profile of reflectivity, and overshooting
of precipitation. For more details on these and other
errors, see, for example, Joss and Waldvogel (1990),
Doviak and Zrnié¢ (1993), Michelson et al. (2005) or
Fabry (2015). Hence, a common approach to measure
precipitation is to adjust radar rainfall depths using
raingauge rainfall depths. Raingauges can, if well main-
tained, provide accurate point measurements. However,
the spatial resolution of a raingauge product is often low.
In addition, the world coverage of radar and raingauges
is limited mostly to Europe, North America and parts of
South America, Asia and Australia. Particularly the

extent of the African observation network is very limited
(Trans-African  Hydro-Meteorological ~Observatory
(TAHMO), 2017). Hence, other measurement techni-
ques are needed to improve the spatial resolution of
surface rainfall observations.

One promising technique is to employ microwave
links from cellular telecommunication networks for
rainfall estimation. Messer et al. (2006; for Israel) and
Leijnse et al. (2007; for the Netherlands) were the first
to show that these links can be used to measure rainfall.
A microwave link consists of an antenna that transmits
a microwave signal and a second antenna that receives
the transmitted signal. The principal idea is that the
signal transmitted from one antenna to the other is
attenuated by rainfall. For the dataset from the
Netherlands used here, the minimum and maximum
received power of each 15-min period is stored by the
cellular telecommunication company for monitoring
the network stability. From the decrease in power
compared to the dry weather signal level, the attenua-
tion can be calculated, which in turn can be translated
into a path-averaged rainfall depth (Atlas and Ulbrich
1977). Overeem et al. (2011) and Overeem et al. (2013)
applied this method of measuring rainfall to, respec-
tively, an urban area and the entire land surface of the

CONTACT T. I. van het Schip @ t.vanhetschip@meteogroup.com
*Present address: MeteoGroup, Wageningen, The Netherlands.
© 2017 IAHS


http://orcid.org/0000-0001-5550-8141
http://orcid.org/0000-0001-7418-4445
http://www.tandfonline.com
http://crossmark.crossref.org/dialog/?doi=10.1080/02626667.2017.1329588&domain=pdf

2 (& T.1 VAN HET SCHIP ET AL.

Netherlands, with promising results. Overeem et al.
(2013) compared 12 daily link rainfall maps, based on
~2400 links, against a gauge-adjusted radar dataset, and
found a squared correlation coefficient of 0.73, a coef-
ficient of variation of 0.53 and a bias of almost zero.
The potential of this new measurement technique has
also been confirmed by, for instance, Chwala et al.
(2012) for a mountainous region in Germany, by
Doumounia et al. (2014) for Burkina Faso, Africa, by
Hoedjes et al. (2014) for Kenya, Africa, and, again for
the Netherlands, by Overeem et al. (2016b) employing
a 2.5-year dataset of ~2000 link paths. Other studies are
from the Czech Republic (Fencl et al. 2015), France
(Schleiss et al. 2013) and Switzerland (e.g. Bianchi et al.
2013). Overeem et al. (2016b) evaluated the quality of
link-based and gauge-based rainfall maps, and showed
that the links perform equally well as raingauges for
daily rainfall in summer, and even outperform rain-
gauges for hourly rainfall in summer.

Gosset et al. (2016), and even the cellular telecommu-
nication industry (Ericsson 2016, GSM Association
2016) have recognized the potential of this technique.
Cellular networks have the benefit of covering large
areas close to the ground and are of high density, espe-
cially in urban areas. Figure 1 shows the countries for
which, to the best of our knowledge, researchers have
managed to obtain commercial microwave link (CML)
data. This has resulted in scientific papers for some of
the countries shown, which are mentioned above.

The rainfall retrieval algorithm consists of the fol-
lowing steps (Overeem et al. 2013, 2016a, 2016b):

(1) pre-processing of link data;
(2) wet—dry classification using nearby links;
(3) reference signal level determination;

(4) removal of outliers;

(5) correction of received signal powers;

(6) computation of minimum and maximum rain-
fall intensities and conversion to mean path-
averaged rainfall intensities.

Here we follow this approach, except that (2) is
omitted, or performed employing radar or satellite
data, and (4) is omitted. Overeem et al. (2016b) also
developed and applied a filter to remove dew-induced
wet antenna attenuation.

Decreases in the received link signal level can also
occur during dry weather. This is associated with, e.g.,
absorption by atmospheric particles, dew on the anten-
nas, receiver temperature variations and reflections.
Such decreases should not be interpreted erroneously
as being due to rainfall on the path between the trans-
mitting and receiving antennas. Therefore, a method is
needed to separate the rainy from the non-rainy peri-
ods. Moreover, in order to calculate the attenuation
caused by rainfall, a reference level representing dry
weather conditions has to be defined, which becomes
more accurate if a wet-dry classification is performed.
One way to classify wet and dry periods is to use
weather radar (the “radar approach”, Overeem et al.
2011). According to this method, a 15-min period in
which the mean 15-min path-averaged radar rainfall
intensity exceeds 0.1 mmh™" is classified as wet. The
next 15-min time interval is also classified as wet,
because it takes time for precipitation measured aloft
by the radar to reach the Earth’s surface. A second
method (the “link approach”; Overeem et al. 2011,
2013) uses the received powers of links located near
the selected link. According to this method, a power
decrease detected simultaneously by multiple links in

Figure 1. World map showing the countries for which researchers have managed to obtain CML data (shaded areas).
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the vicinity of the selected link is interpreted as an
indication that the detected loss of power over the
selected link is due to rainfall. While the link and
radar approaches show promising results, these meth-
ods cannot always be applied due to the unavailability
of weather radar data and/or an insufficient number of
nearby links. Other methods can be applied to received
powers or signal attenuations when they are sampled at
very high temporal frequencies, e.g. every 6 or 30 s
(Schleiss and Berne 2010). For instance, Chwala et al.
(2012) presented a spectral time series analysis, and
Wang et al. (2012) Markov switching models.

Here, a novel method is presented to distinguish wet
and dry periods for microwave link rainfall estimation.
Geostationary satellites provide almost worldwide cov-
erage at an acceptable temporal resolution of 15 min
and could potentially be used to select wet and dry
periods between roughly 70°N and 70°S. The objective
of this paper is to develop a new wet-dry classification
scheme using such satellite data. To facilitate an objec-
tive comparison, this is done for the same region (the
Netherlands; ~50.5-53.5°N and ~3-7°W) and time per-
iod as was considered in Overeem et al. (2013). It is
investigated whether application of this classification
method would be useful, i.e. if it would provide better
results than applying no wet-dry classification, when
the existing link and radar approaches are not
applicable.

Section 2 describes the microwave link, radar and
satellite data; the methodology is explained in Section
3; the results are presented in Section 4; and, finally,
conclusions and discussions are provided in Section 5.

2 Data

The 12-d calibration dataset and the 12-d validation
dataset are identical to those used by Overeem et al.
(2013). The calibration dataset consists of 12 days from
June and July 2011. The validation dataset consists of
12 days from June, August and September 2011. The
calibration and validation datasets are independent.
The datasets contain both wet and dry periods. The
link, radar and gauge-adjusted radar data used here are
the same as described in Overeem et al. (2013).

2.1 Microwave link data

The minimum and maximum received signal level data
were obtained from a CML network covering the
Netherlands (having a surface area of about
3.5 x 10* km?). The, on average, 2400 links from the
validation dataset are located typically at some tens of
metres above the ground, have frequencies between 13

and 40 GHz and an average path length of 3.1 km.
Minimum and maximum received powers are available
over 15-min intervals and are reported in integer dB
values, based on 10 Hz sampling. The links have a
single frequency and the majority transmit vertically
polarized signals. The locations of the links are shown
in Figure 2.

2.2 Radar data

The employed radar dataset was obtained from two
C-band Doppler weather radars in the Netherlands,
operated by the Royal Netherlands Meteorological
Institute (KNMI). One is located in De Bilt, the other
in Den Helder (shown in Fig. 2 by white circles). The
data have a 5-min temporal and 0.9-km? spatial resolu-
tion. A detailed description of the radar data can be
found in Overeem et al. (2009a, 2009b, 2011, 2013).
The raingauge data used for the adjustment of the
radar data were obtained from 325 daily manual and
32 hourly automatic raingauges. The data from the
manual raingauges were collected daily at 0800 UTC.
The gauge-adjusted radar dataset is freely available at
the Climate4Impact website (http://climatedimpact.eu;
“Radar precipitation climatology”).

Figure 2. Map of the Netherlands with the locations of the CML
paths for the validation used in this paper. The white circles
show the locations of the radars.
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2.3 Satellite data

The land surface area of the Netherlands is covered by the
Meteosat Second Generation (MSG) satellite, carrying the
Spinning Enhanced Visible and InfraRed Imager
(SEVIRI) instrument, which takes images of the Earth
every 15 min. Its spatial resolution is approximately
4 x 7 km® for the Netherlands. Various precipitation
products exist that are based on SEVIRI measurements.
The EUMETSAT Nowcasting and Very Short Range
Forecasting Satellite Application Facility (NWC SAF)
provides, for instance, the Precipitating Clouds (PC) pro-
duct (corrected for parallax). PC gives a precipitation
likelihood for intensities larger than 0.1 mm h™'. The
likelihood ranges from 0 to 100% with intervals of 10%.
In addition, the Cloud Physical Properties (CPP) product
is employed (Roebeling and Holleman 2009; freely avail-
able at https://data.knmi.nl/). It gives a precipitation rate
in mmh™". CPP relies on the retrieval of cloud optical
and microphysical properties, which requires visible/
near-infrared reflectance as input. Therefore, CPP is
only available during the daytime. Note that a parallax
correction has been applied here. More information on
both products can be found at http://www.nwcsaf.org/.

3 Methods
3.1 Rainfall retrieval from link data

When rain is present along the path between the
transmitter and receiver the signal is attenuated, as
raindrops scatter some of the energy out of the beam
and absorb another part of the signal, leaving less
energy to be received than in the absence of rainfall.
The attenuation becomes larger for increasing numbers
and sizes of raindrops. By measuring the received
power as a function of time, the attenuation due to
rainfall can be determined and the path-averaged rain-
fall over the link can be calculated from the decrease in
signal power (Overeem et al. 2011).

One source of error in the calculation of rainfall
intensities is the presence of decreased signal levels not
related to rainfall. It is crucial to have good information
about wet and dry periods, as signal attenuation during
dry weather can lead to non-zero microwave link rainfall
estimates. This also facilitates robust estimation of the
reference level of the received power signal, P,.r.

Two methods for wet—dry classification have already
been developed and are called the “link approach” and
the “radar approach” (Overeem ef al. 2011). When the
link approach is used, a 15-min interval is labelled wet
if the mutual decrease in minimum received powers

Poin of nearby links within a 15-km radius exceeds two
threshold values for that interval (Overeem et al. 2013,
2016a). These thresholds have been obtained from
Overeem et al. (2011), where they were optimized
using link data from another network and period.
This approach makes use of the fact that rain events
have a certain spatial correlation (Van de Beek et al.
2012). When rainfall occurs in a given 15-min interval,
multiple links in the vicinity are likely to be affected
rather than just one (assuming that the links are
located less than 15 km apart).

The radar approach uses unadjusted radar data from
the weather radars located in De Bilt and Den Helder
(see Fig. 2). If the radar measures a path-averaged
rainfall intensity larger than 0.l mmh™ (ie. 7dBZ)
for a 15-min interval, the current and next time inter-
val are assumed wet to account for a typical delay of
3-12 min between rain measured by radar generally at
1.5 km altitude for this product and that measured at
the Earth’s surface.

After classifying the wet and dry periods, the refer-
ence signal level P, is determined for each link and
each 15-min interval. For each 15-min interval the
minimum and maximum received powers P, and
Pax are stored by the network provider. The average
of these two numbers, P, is obtained for each link and
for each time interval. The reference level for a time
interval is found by taking the median of the P values
of those time intervals from the preceding 24 hours
which are classified as dry. The median is taken to
limit the influence of outliers. The reference level, and
therefore the rain intensity, is not calculated on the
rare occasions when fewer than 10 dry periods of
15 min (i.e. less than 2.5 h) are detected in the
previous 24 h.

The reference level is used to remove decreases in
signal power not related to rainfall and to calculate the
path-averaged rainfall intensity (R) from minimum and
maximum path-averaged specific attenuation, <kp;,>
and <kp.> (Overeem et al. 2011). Before calculating
the path-averaged rainfall intensity (R) from <k,;,> and
<kmax>, Overeem et al. (2013) applied a filter to remove
local outliers caused by malfunctioning links. This out-
lier filter depends on the link approach. The aim of this
paper is to study the performance of the wet—dry classi-
fication using satellite data compared to (1) applying no
wet-dry classification at all and (2) the wet-dry classifi-
cation using radar data (the reference). Hence, these
approaches should be independent from the link
approach, and therefore the outlier filter will not be
applied. Note that if no wet-dry classification has been
applied, the reference level is determined as the median
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of the P values over all time intervals in the pre-
vious 24 h.

Further details concerning the retrieval method can
be found in Overeem et al. (2016a). They give an
extensive description of the rainfall retrieval algorithm
and accompanying code, including no wet-dry classi-
fication. They also provide sensitivity analyses of para-
meters of the rainfall retrieval algorithm. In addition,
they supply a working example, including one day of
the validation dataset used here. The code and the
example dataset is freely available at GitHub (https://
github.com/overeem11/RAINLINK).

3.2 Satellite approach

3.2.1 Selection of satellite products

Since the CPP product is only available during day-
light, the PC and CPP products were combined with
the goal of wet-dry classification in link rainfall retrie-
vals, i.e. the “satellite approach”. Note that during the
night only the PC product is used. A pixel is considered
wet if one or both of the satellite products indicates
rain: the pixel should have a precipitation probability
of at least 20% according to the PC product or a rain-
fall intensity of at least 0.1 mm h™"' according to the
CPP product. The decision to classify a pixel as wet
when at least one of the satellite products detects rain,
rather than using the condition that both products
should detect rain, is made because for this application
it is important for the wet-dry classification not to miss
a wet area and therefore not to incorrectly classify a
pixel as dry (i.e. a false negative).

3.2.2 Wet-dry classification
The combined PC and CPP product is now employed
for wet-dry classification in the algorithm to estimate
rainfall using microwave links. Light precipitation at
the edge of a cloud is easily missed by satellites
(Amorati et al. 2000). The rainfall area detected by
the satellite is therefore systematically extended by
one satellite pixel in all directions for the PC and
CPP product when used in the wet-dry classification.
An interval is classified as dry if neither product
detects rain over the link path, otherwise it is classified
as wet. Time periods that are incorrectly classified as
wet will often still become dry (i.e. R = 0 mm h™') when
the PC and CPP products are used in the microwave
link rainfall estimation, because a microwave link will
mostly report no rain in the case of dry weather. A
time period incorrectly classified as dry will always
yield zero rainfall. Next, for each link the reference
level of received signal powers is calculated using all

15-min time intervals that are classified as dry accord-
ing to the PC and CPP products.

Figure 3 illustrates the wet—dry classification with the
satellite approach for one day and one link. Minimum
received powers decline in case of rain, i.e. for non-zero
path-averaged radar rainfall intensities. Around 0400
UTC minimum received powers show a gradual decline.
The lower received powers last around 5 hours, whereas
no rain is observed along the link path by the merged
radar-gauge rainfall product. The satellite approach suc-
cessfully classifies this period as dry, resulting in non-
declining corrected received powers.

3.3 Calibration and validation methodology

To optimize two coefficients of the rainfall retrieval
algorithm, link data from the calibration dataset are
compared to gauge-adjusted radar data, assumed to be
the ground truth, i.e. the reference. The residual is the
difference between the link-based daily rainfall depth
and the gauge-adjusted radar daily rainfall depth over a
link path. Optimal values of A, (the attenuation due to
wet antennas in dB) and « (a coefficient determining
the contribution of the minimum and maximum to the
mean rainfall intensity during a 15-min time interval)
are obtained for the 12-d calibration dataset by mini-
mizing the residual standard deviation subject to the
condition that the absolute value of the mean bias in
daily accumulations is smaller than 0.02 mm. Using the
optimal values of A, and «, the mean 15-min rainfall

R4 P Link length=2.3km Q5
,é\ [ min Frequency = 39.3 GHz| "~ .o
m () - Pmin E
5 <|r -| — radars + gauges o &
bl Satellite approach W=
qé) o =
5" g
g, | - 2
o P R=
> =
3o = £
-7 ;
= 5
Eg] " E
£ =
2o g

g N

22:00 08:00

Time (UTC)

12:00

Figure 3. Minimum received power (Pnin; black), corrected
minimum received power (P blue), and mean gauge-
adjusted radar rainfall intensity (red) for one microwave link
for 15-min intervals from 10 June 2011, 08:00 UTC to 11 June
2011, 08:00 UTC.
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intensities are calculated for each time interval and for
each link of the validation link dataset.

The radar approach is expected to perform the best
wet-dry classification and is considered as the reference.
Hence, it is most suitable to obtain optimal values of A,
and « for the radar approach only. These values are also
used when no wet-dry classification is applied and for the
satellite approach. This ensures a fair comparison
amongst approaches, i.e. differences will not be caused
by different values of A, and a. Moreover, in this way
these values are not much influenced by erroneous wet-
dry classifications, since the radar approach is expected to
perform quite well. Note also that the same attenuation—
rain rate relationship parameters have been utilized for
each approach. All datasets start with the same set of
links, i.e. having the same microwave frequencies. The
parameter values mainly depend on link frequency
(Olsen et al. 1978; Overeem et al. 2016a, 2016b).

The optimized values, A, = 2.55dB and «a = 0.305,
are used to calculate rainfall intensities for the 12-d
validation dataset. After the rainfall intensities have
been calculated for the different links, the data are
interpolated using ordinary kriging in order to create
15-min rainfall maps for the total land surface area of
the Netherlands (Overeem et al. 2013, 2016a).

Daily rainfall maps are obtained for each day of the
validation dataset by accumulating all 15-min rainfall
maps. In order to quantify the performance of a given
approach, scatter density plots with respect to the
ground truth are constructed for the 15-min and
daily rainfall maps with spatial resolutions of 74 km”
and 0.9 km®, respectively. By using the mean rainfall
depth over an area of 74 km?, representativeness errors
between radar and link rainfall depths are partly com-
pensated. Furthermore, the mean radar and link rain-
fall depths, the coefficient of variation CV and the
coefficient of determination p* (the squared Pearson
correlation coefficient) are calculated. The CV is the

ratio of the standard deviation of the residuals and the
mean of the reference. Both the mean radar and link
rainfall depths are calculated. For the scatter density
plots, only those radar-link pairs are used where links,
or radars, or both have measured at least 0.1 mm.

4 Results

The rainfall retrieval algorithm is applied to the 12 days
of the validation dataset. The performance for three
approaches is presented in the order: no wet-dry clas-
sification, the satellite approach, and the radar
approach. In this manner it will be easy to see whether
the satellite approach improves upon applying no wet—
dry classification, and to what extent it meets the
performance of the radar approach, considered as the
best wet-dry classification method. Note that the tem-
poral and spatial resolutions of the verified rainfall
maps are rather high. Results will generally improve
when lower resolutions are investigated.

Figures 4 and 5 show scatter density plots for 15-
min rainfall maps with a resolution of 74 km? and daily
rainfall maps with a resolution of 0.9 km?. The values
of CV, p’ the average rainfall depth measured using
radars, indicated by Ri,g., and the average rainfall
depth measured using links, indicated by Ry, are
included in the plots. An overview of these metrics is
given in Tables 1 and 2.

Riadar and Ry are calculated from those rainfall
depths where links, or radars, or both have measured
more than 0.1 mm. This is also the cause of the differ-
ences in Rg, for the different approaches. All
approaches, except for no wet-dry classification, show
a slight underestimation of the mean 15-min and daily
rainfall depths. The difference in performance between
the various approaches can be seen best in CV and p’.

Considering the 15-min link rainfall maps, the satel-
lite approach gives a moderate improvement on the

(@) (b) (c)
= 159 Vatidation £ 159 " Vatidation = 159 " Vatidation [
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Figure 4. Validation of 15-min link rainfall maps against gauge-adjusted radar rainfall maps for an area A of 74 km R denotes the
average rainfall depth, CV is the coefficient of variation and p? is the coefficient of determination. Only those rainfall depths are
used where links, or radars, or both have measured more than 0.1 mm. Validation of link rainfall maps using (a) no wet-dry
classification, (b) the satellite approach, and (c) the radar approach.
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Figure 5. Validation of daily link rainfall maps against gauge-adjusted radar rainfall maps for an area A of 0.9 km?. Validation of link
rainfall maps using (a) no wet—dry classification, (b) the satellite approach, and (c) the radar approach. See Figure 4 caption for more

information.

Table 1. Statistics of the 15-min link rainfall map validation for an
area size of 74 km? (i.e. the values of the coefﬂcignt of variation CV,
the coefficient of determination p?, Rragar and Rink).

v pz Rradar Rlink
No wet-dry classification 1.39 0.37 0.42 0.43
Satellite approach 1.21 0.43 0.45 0.43
Radar approach 1.12 0.47 0.47 0.44

Table 2. Statistics of the daily link rainfall map validation for each
radar pixel of 0.9 km? (i.e. the values of the coefficient of variation
CV, the coefficient of determination pz, Rradar and Riink).

cv pz kradar Rlink
No wet-dry classification 117 0.32 8.62 9.12
Satellite approach 0.77 0.53 8.69 8.42
Radar approach 0.57 0.65 8.77 8.27

case where no wet-dry classification is applied, as
shown by the lower CV and slightly higher p*. Only
slightly better values are found for the radar approach,

a
(a) .
S — No wet—dry classification
e Satellite approach
(=]
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o
<
=)
Q
-
- N
=
=3
o
©8
=
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=
A =74 km?
_.
T T T T T 1
2 4 6 8 10 12

15—-min link rainfall depth (mm)

confirming the quality of the satellite approach.
Although Figure 4 demonstrates the ability of links to
detect rain, even for the radar approach CV and p’
remain fairly high and low, respectively. This is partly
related to representativeness errors in time and space
between link measurements near the Earth’s surface
and radar measurements aloft. Figure 6(a) shows a
histogram of link rainfall depths above 2 mm for
which the corresponding radar rainfall depth is below
0.5 mm. The satellite approach leads to a reasonable
reduction in the number of extreme rainfall overesti-
mations by links compared to applying no wet-dry
classification.

Considering the daily rainfall depths, the satellite
approach is clearly better than applying no wet-dry
classification, as seen from a much lower CV and a
much higher p* value. The average bias in the mean of
+6% for no wet-dry classification changes to —3% for
the satellite approach. A group of large overestimations
is removed (compare the upper-left corners of panels

—~
O
-~

M — No wet—dry classification
Satellite approach

150 200 250 300

Counts

100
L

T T T T T T T T T 1
15 45 75 105 135 165 195
Daily link rainfall depth (mm)

Figure 6. Counts of link rainfall depths for a range of rainfall classes for (a) 15-min and (b) daily rainfall maps from the 12-d
validation dataset. First, only those radar-link pairs are selected where links, or radars, or both have measured at least 0.1 mm (the
same selection as for Figs. 4 and 5). Next, only those link rainfall depths are counted for which the corresponding radar rainfall
depth is below the threshold value given in the figure title. In order to study severe overestimation by links with respect to radar,
counts are only presented for link rainfall depths much higher than the chosen threshold, i.e. those larger than or equal to (a) 2 mm

or (b) 15 mm.
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(a) and (b)). This is investigated in more detail in
Figure 6(b) for link rainfall depths above 15 mm for
which the corresponding radar rainfall depth is below
2 mm. The high daily link rainfall values may, for
instance, be caused by dew formation on antennas or
by malfunctioning links. The satellite approach leads to
a large reduction in the number of extreme rainfall
overestimations by links compared to applying no
wet-dry classification.

The radar approach performs even better than the
satellite approach, except for the bias in the mean,
which becomes 6%. Note that it uses unadjusted
radar data and therefore partly depends on the refer-
ence rainfall dataset of gauge-adjusted radar data.
The satellite approach is a useful method compared
to the case where no wet-dry classification is
applied. Hence, the geostationary satellite approach
could be an effective wet-dry classification method
for regions all around the world with an insufficient
number of links and/or no radar data.

20110809

To illustrate the ability of microwave links in cellular
telecommunication networks to detect rainfall patterns,
four out of twelve daily rainfall maps from the valida-
tion dataset are presented in Figure 7. The first column
shows the daily rainfall depth determined from cell
phone links without correcting for decreases in signal
level that are not related to rainfall. The second column
displays the results for the satellite approach. The third
column reveals the results for the radar approach. The
last column shows the gauge-adjusted radar rainfall
maps, which are considered to be the ground truth.

Figure 7 shows that the rainfall patterns detected by
the radars are to a large extent also detected by the
links for all approaches, with comparable rainfall
depths. The large outlier seen when no wet-dry classi-
fication is applied on 11 June 2011 (first row) is
strongly reduced when the satellite approach is used.
The outlier seen on 9 August 2011 (second row), is
completely removed when using the satellite approach.
Not all outliers are removed when the satellite

Links
Radar approach
G Sokm
1 s
7
.

Daily rainfall depth

Figure 7. Daily rainfall maps for four days (ending at 08:00 UTC) of the validation dataset of 12 days for, from left to right: links, no
wet—dry classification; links, wet-—dry classification with PC + CPP satellite products (satellite approach); links, wet—dry classification
using radar data (radar approach); and gauge-adjusted radar data (ground truth).
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approach is applied, not even when the radar approach
is employed (first, third and fourth rows). In general,
differences between approaches are small given the
rainfall classes used.

5 Conclusions and discussions

A new wet-dry classification method was developed for
rainfall monitoring employing commercial cellular tel-
ecommunication networks. A combination of two
geostationary  precipitation products from the
Meteosat Second Generation satellite, PC and CPP,
was selected to classify wet and dry periods in the
link rainfall retrieval algorithm. Although the satellite
approach gave a clear improvement compared to the
case with no wet-dry classification for 15-min rainfall
maps, the benefit of a wet-dry classification using the
satellite approach was found to be most pronounced
for daily rainfall.

This new wet-dry classification method could be a
valuable alternative for areas around the world where
no weather radars are available and the link network is
not dense enough to apply the link approach, e.g. large
parts of South America, Africa and Asia. Note that
geostationary satellites have a much larger areal cover-
age than radars and raingauges (Heistermann et al.
2013). A combined satellite-link rainfall product
holds promise for providing better rainfall estimates
compared to a satellite-only rainfall product. One of
the reasons is that microwave links, in contrast to
satellites, measure near the Earth’s surface.

The use of the satellite approach to classify wet and
dry periods gives clear improvements in the estimation
of rainfall employing a commercial cellular telecommu-
nication network over applying no wet-dry classifica-
tion at all. However, when available, the radar
approach is preferred, as its performance is better
than the satellite approach. Results for the link
approach (CV of 0.60, p* of 0.64, bias in the mean of
—-7%), not shown in this study, are almost identical to
those for the radar approach. Even better would be to
use the link approach with a filter to remove malfunc-
tioning links, as applied in Overeem et al. (2013),
which particularly improves daily rainfall estimates
(CV of 0.49, p* of 0.72), except for the bias in the
mean, which becomes —11%. The results for the link
approach discussed here have been obtained utilizing
the same values of A, (2.55 dB) and « (0.305) as for the
radar approach. Note that these values are quite close
to those obtained for the link approach with outlier
filter in Overeem et al. (2013): 2.30 dB for A, and 0.33
for a.

Since the parameter values in the rainfall retrieval
algorithm are calibrated to the Dutch climate, their
values could differ for other countries and networks.
This holds, for instance, for A, and «a. An extensive
discussion of the rainfall retrieval algorithm is given in
Overeem et al. (2016a), including prospects for use of
this algorithm in other climates and for other link
networks, e.g. in terms of sampling strategy.

The satellite approach has been tested for the Dutch
climate. The validation over 12 rainy days, containing a
large number of microwave links, shows that satellite
products can be valuable for wet-dry classification as
part of a link rainfall retrieval algorithm. It is recog-
nized that the satellite products employed here may
give different results for other climates. In the case of
worse results, the satellite approach presented here may
still be applied, however, by employing alternative
satellite products, which are more appropriate for
wet-dry classification in those climates. For instance,
the MSG Convective Rainfall Rate (CRR) product may
perform better for the African continent.

Rios Gaona et al. (2015) employed the same 12-d
dataset as used here to study uncertainties in rainfall
maps due to link rainfall retrieval errors and those
related to the interpolation methodology, including
spatial density of the network. The latter plays a
minor, but non-negligible role in explaining differences
between link and radar rainfall maps, particularly at
short time scales (Fig. 4). For instance, radar provides
full coverage over the Netherlands (around 38 000 pix-
els of 0.9 km?), whereas the number of links is approxi-
mately  2400. Moreover, other interpolation
methodologies may be more appropriate, for instance,
for climates with different spatial rainfall properties.

Although the radar approach is used as a reference,
it also suffers from its own representativeness errors.
As the radars measure precipitation aloft, instead of at
the ground, it is possible that a time interval is incor-
rectly defined as wet. If the link measures attenuation
during dry weather, this will lead to an overestimation
of rainfall in such a case. The same reasoning holds for
the satellite approach. Also note that the spatial resolu-
tion of the satellite products, ~4 x 7 km?, is relatively
coarse compared to the average link path length of
3.1 km.

Many satellite precipitation products are available
(see e.g. Kidd and Huffman 2011, Ashouri et al
2015), such as the IMERG product of the new Global
Precipitation Measurement mission (Hou et al. 2014,
Rios Gaona et al. 2016). Other satellite products may
produce a better wet-dry classification than the MSG
precipitation products. An advantage of the employed
geostationary products is that they provide real-time



10 e T. 1. VAN HET SCHIP ET AL.

15-min data over vast areas, including Africa and
Europe, which will generally not be achieved by pro-
ducts based on data from lower orbiting satellites (at
best 30 min after interpolation). Despite the MSG pre-
cipitation products perhaps being suboptimal, they
already provide a useful wet-dry classification for the
Netherlands. This is interesting for Africa, which con-
tains many (nearly) ungauged regions, which often
have a cellular telecommunication infrastructure.
Though it is generally not easy to gain access to micro-
wave link data, researchers have managed to obtain
data from, to the best of our knowledge, four African
countries. Up to now this has resulted in studies based
on data from Burkina Faso (Doumounia et al. 2014)
and Kenya (Hoedjes et al. 2014), which is encouraging.

To conclude, the geostationary satellite approach for
wet-dry classification in rainfall retrieval from cellular
telecommunication networks is potentially widely
applicable and promising.
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