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Microwave backhaul links from cellular communication networks provide a valuable
“opportunistic” source of high-resolution space–time rainfall information, complementing traditional in situ measurement devices (rain gauges, disdrometers) and
remote sensors (weather radars, satellites). Over the past decade, a growing community of researchers has, in close collaboration with cellular communication companies, developed retrieval algorithms to convert the raw microwave link signals, stored
operationally by their network management systems, to hydrometeorologically useful
rainfall estimates. Operational meteorological and hydrological services as well as
private consulting firms are showing an increased interest in using this complementary source of rainfall information to improve the products and services they provide
to end users from different sectors, from water management and weather prediction
to agriculture and traffic control. The greatest potential of these opportunistic environmental sensors lies in those geographical areas over the land surface of the Earth
where the densities of traditional rainfall measurement devices are low: mountainous
and urban areas and the developing world. This article provides a nonexpert summary of the history, theory, challenges, and opportunities toward continental-scale
rainfall monitoring using microwave links from cellular communication networks.
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Science of Water > Methods
Science of Water > Hydrological Processes
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1 | INTRODUCTION
In a world where people and devices are increasingly globally connected, cellular communication networks are indispensable
and ubiquitous. The number of mobile phones and other cellular devices used worldwide currently exceeds the global population (Ericsson, 2017b). Wireless communication between our cell phones is possible via microwave antennas installed on roofs
of buildings or on dedicated communication towers (see Figure 1, left-hand side, for an example). Electromagnetic signals
exchanged between such antennas, that is, among telephone towers, are attenuated by rainfall along their propagation paths. As
rainfall patterns change in time and space, so do the strengths of these attenuations. The temporal dynamics of these signal
losses can be monitored relatively easily and converted into path-average rain rates (Leijnse, Uijlenhoet, & Stricker, 2007c;
Messer, Zinevich, & Alpert, 2006). As such, any so-called microwave backhaul link can potentially be used as a path-average
rain gauge. Needless to say that accurate and robust measurement of the large-scale space–time variation of rainfall is highly
relevant for sectors such as water management, weather prediction, agriculture, and traffic control. The rapid growth of the
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Left: Example of a cellular communication tower.
Electromagnetic signals transmitted from the round (directional) antenna
on one tower to another are attenuated by rainfall. The time-dependent
magnitude of this attenuation can be estimated and converted into pathaverage rain rates. Right: Map of the Netherlands with locations of
approximately 3,100 link paths from the cellular communication
(backhaul) network of one of the three providers. The colors denote the
availability of link data used to estimate rainfall, that is, the fraction of
the time received signal level data from a given microwave link are
stored by the network management system (Overeem, Leijnse, &
Uijlenhoet, 2016b)

FIGURE 1

number of microwave links used globally for cellular communication (currently estimated at 4 million [Ericsson, 2017a];
Figure 2) therefore provides an enormous potential for improved continental-scale precipitation monitoring and prediction.
2 | CE L L U L A R C O M M UN I CA T I O N N E T W OR K S , M IC R OW A V E L I N KS , A ND R AI N
A communication connection between two people carrying cellular devices a few kilometers or more apart (the typical situation when we are texting or calling each other on our cell phones) typically consists of three segments:
1. the communication established between the first person's cellular device and an antenna on a nearby communication
tower;
2. the communication between the tower in the vicinity of the first person and another tower in the vicinity of the second
person;
3. the communication between the latter tower and the cellular device of the second person.

World map with 2013 cellular telephone coverage from the GSM association (GSMA) (Reprinted with permission from GSMA and Collins
Bartholomew [Overeem et al., 2016b]. Copyright 2016 Wiley)

FIGURE 2
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The first and the last leg of the connection between the two devices is secured by antennas such as the rectangular ones
on the tower in Figure 1 (left-hand side), whereas the middle leg is secured by antennas such as the round ones (parabolic
would be a better term). The vertically oriented rectangular antennas have horizontal fan-shaped beams that are essentially
omnidirectional, that is, they are able to transmit microwave signals to and receive microwave signals from cellular devices
present in a relatively large sector in their vicinity, largely independent of the exact locations of these devices. The round
antennas on the other hand are directional, that is, they have much more focussed beams than the rectangular antennas. This
allows transmission of microwaves to and reception of microwaves from similar antennas on other towers within each other's
line of sight. The communication connection between two such directional antennas is called a microwave backhaul link, or
simply microwave link. Since typical lengths of such microwave links are of the order of a few hundred meters to tens of
kilometers, many links are generally needed to secure the second segment of the connection between the two cellular devices
described above.
Typical frequencies used for establishing communication between cellular devices and nearby antennas are 1 to 2 GHz.
This radio frequency band is called L-band. Recall that a frequency of 1 GHz corresponds to a wavelength of about 30 cm if
the medium in which the signal is propagating is air. Microwaves with such frequencies easily penetrate through walls of
buildings and also through the atmosphere; they are largely unaffected by changing atmospheric conditions (including rain).
Typical frequencies used for microwave links, on the other hand, are a few tens of GHz, that is, their wavelengths are of the
order of 1 cm. This radio frequency band is called K-band. Such signals are affected by atmospheric conditions, in particular
by rainfall. Absorption and scattering of microwaves by raindrops (which have sizes of a few millimeters, that is, only
slightly smaller than the wavelengths employed by microwave links) cause attenuation of the signals, that is, they loose their
strength as they propagate from a directional antenna on one tower to a directional antenna on another tower within each
other's line of sight. This attenuation along microwave links, although a nuisance from the perspective of cellular communication engineers, is of special interest to us, environmental engineers, and scientists. Other forms of precipitation, such as hail
or snow, affect microwave signal propagation much less than rain, unless hail stones or snow flakes are melting (Paulson &
Al-Mreri, 2011). However, the quantitative interpretation of microwave attenuation caused by melting hydrometeors is an
outstanding challenge and beyond the scope of this paper (see Overeem et al., 2016b; Van Leth, Overeem, Uijlenhoet, &
Leijnse, 2017, for a discussion of the effects of snow and hail on microwave links).
One can imagine that the harder it rains, the more raindrops will be present on the path between transmitter and receiver
and the larger the drops will be on average. As a consequence, the higher the rain rate, the more the microwave signal will
be attenuated. Of course, telecommunication companies would like to stay in business, that is, maintain an operational and
fully functional telecommunication network, even when it is raining heavily. This is referred to as Quality of Service in the
telecommunication business. In other words, they want to avoid rain showers attenuating the signals on microwave links to
such an extent that their signal-to-noise ratios become too low, as that would “break” the link between transmitter and
receiver and, as a consequence, destroy the telecommunication connection. That is why designers of cellular communication
networks take into account how strongly rain of a given intensity attenuates signals of a given frequency. In their terminology, the dynamic range of microwave links should be large enough to be able to cope with the highest rain rates that can
occur in the area where the network is to be deployed. Even without being an expert on electromagnetic scattering and
absorption one can imagine that the higher the microwave frequency, that is, the smaller the wavelength of the employed
microwave signal (the closer to the typical size of raindrops), the more difficult it will be for the signal to propagate through
rain and, as a consequence, the stronger the signal will be attenuated. Hence, summarizing for the attenuation per unit path
length (the so-called specific attenuation):
1. the harder it rains, the stronger the specific attenuation at a given frequency;
2. the higher the frequency, the stronger the specific attenuation at a given rain rate.
This explains why higher frequency microwave links are typically shorter, while lower frequency links can be longer
before they suffer the same amount of signal loss. Limiting the effect of signal attenuation is not the only consideration in
designing cellular communication networks, though. Higher frequencies are also associated with increased bandwidths.
Higher frequency signals can therefore carry more information, an asset in times of ever increasing demands regarding cellular communication capacity.
It is clear that the relationship between attenuation and rain rate for different microwave frequencies is an important
design consideration when planning cellular communication networks. Although it is true that the global density of such networks has exploded over the past decade (and will undoubtedly continue to grow rapidly in the near future), radiowave communication, both between ground-based stations and between ground-based and space-borne stations (communication
satellites) has been in operational use since the 1960s. As a consequence, telecommunication engineers have studied the
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attenuating power of rainfall on radiowave propagation through the atmosphere since at least half a century (Hogg, 1968).
They have tackled this issue on the one hand theoretically, by combining descriptions of the statistical distribution of raindrop sizes in a storm of a given intensity with the absorption and scattering properties of raindrops as derived from Maxwell's electromagnetic theory. On the other hand, they have approached the problem experimentally, by simultaneously
measuring and comparing (1) the attenuations of microwave link signals with different frequencies propagating over paths of
different lengths and (2) the corresponding rain rates along the paths between transmitter and receiver from line configurations of rain gauges. This has lead to a plethora of attenuation–rain rate relationships available in the scientific literature to
date (e.g., Olsen, Rogers, & Hodge, 1978). Such relations form the basis of any method designed to estimate rainfall from
the attenuation of microwave signals in cellular communication networks.
3 | F R O M E L E C T R O M A G N E T I C NO I SE T O RA IN FA LL S IGN AL
The fundamental quantity in studies of rain-induced attenuation of microwave signals is the so-called specific attenuation,
that is, the relative loss of power per unit path length, often denoted as k and typically expressed in (logarithmic) units of
decibels per kilometer (dB km−1). It turns out that, for any microwave frequency, the relationship between k and rain rate,
mostly written as R and expressed in millimeters per hour (mm hr−1), is very nearly a power law (Atlas & Ulbrich, 1977;
ITU-R, 2005; Olsen et al., 1978):
k = cR d ,

ð1Þ

with coefficients c and d that are frequency-dependent and, to a lesser extent, dependent on the local rainfall climatology
(Jameson, 1991). Of course, rain rate and hence specific attenuation will vary in space (x) and time (t). However, for brevity
in notation, we have omitted the explicit dependence of R and k on x and t in Equation (1). The same holds for the dependence of k, c, and d on frequency (f, expressed in GHz). Note that, for typical microwave link lengths of a few kilometers, it
is reasonable to assume that c and d are independent of x and t.
The total attenuation A (dB) a microwave link of length L (km) would suffer due to rainfall along the path between transmitter and receiver is simply the integral of k over x, from zero (the location of the transmitter) to L (the location of the
receiver):
ðL
ð2Þ
A = kðxÞdx,
0

which can (after substituting Equation (1)) also be written as:
ðL
A = c RðxÞd dx:

ð3Þ

0

In this equation the dependence on time (t) and frequency (f ) has again been omitted for brevity in notation.
If the transmit power is constant, the total attenuation A due to rainfall a microwave link of length L would experience at
a given moment is related to the received power during the rainfall event P (expressed in watts, W) and the received power
in the absence of rain (i.e., during dry conditions preceding the event) P0 (W):
 
P0
= 10logðP0 Þ −10 logðPÞ,
A = 10log
ð4Þ
P
neglecting other potential sources of attenuation for the time being. Here “log” indicates the decimal logarithm. This equation
explains why A is a relative measure of signal attenuation, expressed in dB. P0 is also called the “baseline,” because it is the
reference level from which received signal levels are subtracted (in logarithmic space). Equation (4) can also be written using
the natural logarithm, as follows:
 
10
P0
:
ð5Þ
ln
A=
P
lnð10Þ

Taking exponentials on both sides and rearranging leads to:


P
lnð10Þ
A :
= exp −
P0
10

ð6Þ
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Finally, substituting Equation (2) yields:


ð
P
lnð10Þ L
= exp −
k ðxÞdx ,
P0
10 0

ð7Þ

which is a form of Lambert–Beer's law of exponential extinction, a classical equation from elementary physics. Of course,
Equation (7) is time-dependent and also depends on the employed frequency. Written in this manner, it expresses the general
notion that electromagnetic signals (of any wavelength, from optical to microwaves) experience attenuation as they propagate
through rain.
The basic question is now, how do we invert the problem, that is, how can we employ measurements of the total raininduced attenuation A, which can be calculated using Equation (4) from the received power during the rainfall event and that
just before the onset of rain, to estimates of the path-average rain rate? Once we know A we could try to invert Equation (3),
although this may not be easy to achieve, because of the presence of the exponent d.
An important step was the nearly simultaneous finding by several research groups about a decade ago that, for typical
frequencies employed by microwave links in cellular communication networks, the exponent d of the power-law relation
between specific attenuation k and rain rate R is very close to one (Leijnse et al., 2007c; Upton, Holt, Cummings, Rahimi, &
Goddard, 2005). In that case Equation (3) can be approximated as:
ð L
d
RðxÞdx :
A≈c

ð8Þ

0

Dividing both sides by L leads to:
d

k ≈cR ,

ð9Þ

where
k=

A
L

ð10Þ

RðxÞdx

ð11Þ

is the path-average specific attenuation, and
R=

1
L

ðL
0

is the path-average rain rate. Inverting Equation (9) finally yields the desired rain rate estimator:
b

R≈ak ,

ð12Þ

where a = (1/c)1/d and b = 1/d. This equation forms the basic ingredient of any rainfall retrieval algorithm for microwave
links. Equation (12) is exact if d is unity, which is the case for frequencies around 30 GHz (i.e., wavelengths of about 1 cm),
very common in cellular communication networks (see Figure 3; right-hand side). In that case, the value of a is around 3, if
R is expressed in mm hr−1 and k in dB km−1 (Figure 3; left-hand side).
This near-linearity was nothing new for telecommunication engineers, who had been working on k–R relations for
decades. As a matter of fact, the meteorological community already realized decades ago that rainfall could potentially be
estimated from microwave attenuation along dedicated propagation paths (Atlas & Ulbrich, 1977; Giuli, Toccafondi, Biffi
Gentili, & Freni, 1991). The major breakthrough a decade ago, however, was the discovery that, via Equation (12), each
of the estimated 4 million commercial microwave links in the world (Ericsson, 2017a) could potentially be used as a pathaverage rain gauge (Leijnse et al., 2007c; Messer et al., 2006). Note that the total number of dedicated rain gauges worldwide, excluding personal weather stations, is estimated to be about a quarter million (Kidd et al., 2017). In the mid-1970s,
when microwave attenuation was proposed as a way to infer rain rate for the first time, and even in the late 1990s, when a
few research groups realized the potential of microwave links for rainfall monitoring and started to build their own dedicated microwave links for that purpose (e.g., Leijnse, Uijlenhoet, & Stricker, 2007b; Upton et al., 2005), the large-scale
application of this technique still seemed far away. However, we are currently witnessing that this is happening, although
there are still many challenges to overcome. In summary, one could say that, by inverting the attenuation problem, what is
“noise” (formally distortion) for the telecommunication engineer has been turned into “signal” for the hydro(meteoro)
logist.

UIJLENHOET ET AL.

1.2
1.0
0.9

Exponent b (−)

20
10

0.7

5

0.8

50

1.1

100

Vertically polarized (Lenijnse, PhD thesis, p.65)
Vertically polarized (ITU−R P.838−3)
Horizontally polarized (ITU−R P.838−3)

Vertically polarized (Lenijnse, PhD thesis, p.65)
Vertically polarized (ITU−R P.838−3)
Horizontally polarized (ITU−R P.838−3)

0.6

2

Coefficient a (mm h−1 dB−b kmb)

200

6 of 15

10

20

30

f (GHz)

40

50

10

20

30

40

50

f (GHz)

Values of coefficients in the relationship to convert specific attenuation to rainfall intensity for frequencies ranging from 6 to 50 GHz. The
gray-shaded area denotes the 37.0–40.0 GHz range. Note the logarithmic vertical scale in the left figure. Here values have been computed from one data set
of measured drop size distributions (solid lines). The values recommended by the International Telecommunication Union (ITU-R, 2005), meant for
computing specific attenuations for given rain rates and for worldwide application, are also plotted (dashed and dotted lines) (Reprinted with permission
from Overeem, Leijnse, & Uijlenhoet, 2016a. Copyright 2016 Wiley)

FIGURE 3

4 | CHALLENGES IN RAINFALL MONITORING USING MICROWAVE LINKS
4.1 | Data access
In order to be able to use microwave links from cellular communication networks for rainfall monitoring, one needs to secure
access to the “raw” data in the first place. These data typically consist of transmitted and received signal levels (powers),
from which the attenuations and, subsequently, the rain rates can be derived. Telecommunication companies employ socalled network management systems to collect and store such data from all links in their cellular communication networks
for quality control purposes. Several research groups, national meteorological services, and recently, also the first private
firm have been able to negotiate access to the transmitted and received signal level data collected and stored by the network
management systems of individual telecommunication companies. Since offline access is good enough for most research
groups, signal level data are typically transferred once a day, for instance via ftp, from the network management system to a
dedicated server at their research institute. For research purposes this is mostly done free of charge. A typical file would contain identification, location (latitude, longitude), time stamp, microwave frequency, and the corresponding transmitted and
received signal levels for each microwave link in the network for an entire day. We are aware of two examples where a
national meteorological service and a private firm have been able to secure access to the signal level data in real time,
namely in Gothenburg, Sweden (Ericsson, 2016; SMHI, 2017), and Cambridge, MA, USA (Tollefson, 2017), respectively.
Clearly, for operational hydrometeorological purposes, the outstanding challenge is to secure 24/7 real-time and reliable data access. If realized, this would obviously require an effort from cellular communication companies and hence
have a price tag. This cost could in principle be leveraged by the profit made by providers of real-time high-resolution
rainfall products for end users in specific sectors, from water management and weather prediction to agriculture and traffic control. Cellular communication companies could perhaps also embark on this path themselves. On the other hand, it
is also imaginable that they could reap direct benefits from teaming up with national meteorological services and academia. For instance, a short-term (1 to 3 hr ahead) forecasting system of expected K-band attenuations based on radar nowcasting systems developed by the hydrometeorological research community could help cellular communication companies
optimize their network operation by circumventing link outages. In any case, what is needed before large-scale operational rainfall monitoring based on microwave links from cellular communication networks will become a reality is drafting a business model with all parties involved. In addition to the research groups currently doing most of the work on
this topic, cellular communication companies, the private consulting sector, and national meteorological services need to
be involved as well. It seems likely that international organizations such as the GSM Association (GSMA; [GSM Association, 2017, p.88]) and the International Telecommunication Union (ITU) will play a crucial role, by contributing to
drafting a business model (in case of GSMA), by improving data storage standards (in case of ITU), and by facilitating
data access as such (both).
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An ongoing development concerning the backhaul portion of telecommunication networks is the replacement of (aboveground) microwave links with (below-ground) fiber-optic communication lines, particularly in densely populated areas in
developed countries where local geographical conditions are such that they allow cost-effective burial of fiber-optic cables.
Obviously, in the areas concerned this goes at the expense of the density of the microwave link networks, with consequences
for the potential of rainfall monitoring using such networks. Nevertheless, even in such areas, for example, northwestern
Europe, cellular communication companies are expecting to maintain a backbone of microwave links with a density that
should be enough to allow space–time rainfall monitoring for a few decades to come (e.g., Ericsson, 2017a, pp. 4–5).
4.2 | Sampling frequency and precision
For each microwave link, received signal levels are recorded locally at the receiving antenna. A typical frequency at which
network management systems poll the microwave links in their cellular communication networks is once every 15 min,
although, depending on the manufacturer of the system, more frequent polling schemes do exist. In response, a link will send
a summary of the received signal levels in this 15-min period, typically the minimum and maximum received signal levels.
In principle, there is no real physical limit to the polling frequency, except for the storage capacity of the network management system and limitations imposed on data transfer rates for such data. For the purpose of monitoring the functioning of
the cellular communication network, however, 15 min is considered to be good enough by many telecommunication companies. Because this polling frequency also sets an upper limit to the frequency with which rainfall information can be retrieved
from the data, a higher frequency of say once per 5 min or even once per minute would be highly desirable. However, when
working with the data stored in the network management system, there is nothing we can do about that, except for trying to
convince the telecommunication companies and the manufacturers of the cellular communication networks to increase their
polling frequencies. So far, we are not aware of any research group that has been able to achieve that. What some groups
have been able to negotiate, though, is to be allowed to access the network management system itself. This basically means
that researchers have access to the Internet Protocol (IP) addresses of the individual microwave links and can do the polling
themselves, at any desired frequency (Chwala, Keis, & Kunstmann, 2016). Given the extreme variability of rainfall, sampling
frequencies of up to once per second (i.e., 1 Hz) would be ideal from a hydrometeorological perspective. For security reasons, however, most telecommunication companies do not grant external parties access to their network management systems. This means that, in practice, most research groups still have to work with data typically sampled every 15 min.
Network management systems typically store transmitted and received signal levels with a precision (or power resolution)
of 1 dB, or at best 0.1 dB. This is more than enough for their quality assurance purposes. Clearly, the higher the power resolution, the better the precision with which attenuations and, subsequently, rain rates can be estimated. Previous research has
shown that a precision of 1 dB may lead to errors in path-average rainfall retrievals for short link paths and low rain rates
(Leijnse, Uijlenhoet, & Stricker, 2008). From the perspective of rainfall retrieval, a precision of 0.1 dB has turned out to be
ideal for typical link lengths and frequencies employed in cellular communication networks. Obviously, groups that have
been granted access directly to the cellular communication company's network management system are able to retrieve signal
level data at even higher precisions.
4.3 | Rainfall retrieval
After data access has been secured, transmitted and received signal levels can in principle be employed to compute raininduced attenuations. These signal levels are typically expressed in dB, related to signal power as 10 log(P), where P is
expressed in watts (W). If the transmit power is constant, as is the case in many systems, then the rain-induced attenuation
can be calculated using Equation (4). In other systems automatic transmit power control (ATPC) is applied, which effectively
means that the transmit power is automatically adjusted to keep the received signal level within given bounds. In that case,
the total rain-induced attenuation A in Equation (10) can be computed from the difference between the transmitted and
received powers during rain, adjusted for the value of that difference in the absence of rain (i.e., during dry conditions preceding the event). If the transmitted and received powers are available each 15 min then Equation (12) can in principle be
employed to estimate path-average rain rates for a given microwave link each quarter of an hour. Many network management
systems do not supply instantaneous signal levels at a fixed time step, but minimum and maximum signal levels during each
preceding time interval. In that case, it becomes difficult to estimate the rain-induced attenuation if ATPC is applied, because
data on transmitted and received powers are likely sampled at different times within the sampling period. However, if the
transmit power is constant, a weighted average of both extremes can be employed to provide an estimate of the time-average
rain rate during the sampling interval. The employed weights (say α and 1 − α for the maximum and minimum rain rate,
respectively) represent an extra parameter in the rainfall retrieval algorithm, in addition to the coefficients c and d of the
power-law attenuation-rain rate relation (Overeem et al., 2016b). For Dutch conditions, α turns out to be approximately one
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third. Another approach to estimating time-average rain rates from minimum and maximum signal levels (see Ostrometzky &
Messer, 2017, for an overview of estimation methods) is to combine the corresponding rain rates with an a priori (climatological) rain rate probability distribution (Messer et al., 2006). Receiving mean signal levels as opposed to minimum and
maximum levels would result in even more accurate rainfall retrievals (Leijnse et al., 2008).
4.4 | Other sources of signal attenuation
Until now, we have assumed that any attenuation the signal suffers on its path between transmitter and receiver is due to rain.
However, there are other phenomena that can cause signal attenuation, such as refraction and reflection of the beam (Upton
et al., 2005). How can we be sure that all detected attenuation is indeed the result of rainfall, rather than of other potential
sources of attenuation, or of signal fluctuations in general? Clearly, we have to be able to distinguish between rainy and nonrainy periods, that is, between wet and dry intervals. This is also important for a reliable reference-level determination, which
needs to be representative of dry weather. In rainfall retrieval from cellular communication networks the wet-dry classification can be done by comparing the detected attenuation of a given microwave link with that of other microwave links in its
vicinity (Overeem et al., 2016a). Because rainfall is spatially correlated, we expect nearby links to simultaneously suffer
from rain-induced attenuation whenever a rainfall system passes over the cellular communication network. Hence, if, in a
network of sufficient density, an individual link is found to suffer from an appreciable amount of attenuation, whereas its surrounding links only experience minor attenuation, then that attenuation is marked as “suspect” and not taken into account in
the rainfall retrieval algorithm (Overeem, Leijnse, & Uijlenhoet, 2011). The temporal structure of the signal at high sampling
frequencies can also be used to separate rainy from dry periods (e.g., Chwala et al., 2012; Rayitsfeld, Samuels, Zinevich,
Hadar, & Alpert, 2012; Schleiss & Berne, 2010; Wang, Schleiss, Jaffrain, Berne, & Rieckermann, 2012). An alternative
approach that was recently proposed is to use meteorological satellite information for the wet-dry classification (Van het
Schip et al., 2017).
In addition to rainfall there are also other sources of signal attenuation which, if not accounted for, may erroneously be
interpreted as being due to rainfall. First of all, there are atmospheric constituents, in particular water vapor and oxygen,
which have specific absorption bands in the microwave part of the electromagnetic spectrum relevant for cellular communication. For water vapor this band is centred around 22.2 GHz (1.35 cm) and for oxygen around 60 GHz (0.5 cm). Obviously,
the signal attenuation due to water vapor will depend on the (variable) humidity of the air between transmitter and receiver.
There are formulas available to calculate the microwave absorption by water vapor and oxygen, depending on frequency,
humidity, and temperature (e.g., Ulaby, Moore, & Fung, 1981, pp. 270–279). In general, the resulting attenuations for typical
microwave link lengths and frequencies are relatively minor as compared to the attenuation due to rainfall, so their effects
are often disregarded. However, as the concentrations of oxygen and (in particular) water vapor may differ between rainy
and nonrainy periods, these effects can play a role in determining a proper base level P0, and can hence influence the quality
of the resulting rainfall estimates.
Apart from atmospheric constituents there may also be dew, rain water or (melting) snow present on the antenna covers
before, during and after precipitation events, causing additional attenuation which may erroneously be interpreted as being
due to rainfall on the path between transmitter and receiver (Leijnse et al., 2007b). The way in which water adheres to
antenna covers depends on the hydrophobicity of the employed coating. It has been established experimentally that water on
hydrophobic covers tends to be concentrated into beads, which take a relatively long time to evaporate after it has stopped
raining. Hydrophylic antenna covers, on the other hand, produce thin water films that evaporate much more rapidly (Van
Leth et al., 2017). As a consequence, perhaps contra-intuitively, the latter are preferred to the former. Although relatively
sophisticated correction schemes for time-dependent wet antenna attenuation have been devised (e.g., Leijnse et al., 2008;
Minda & Nakamura, 2005; Schleiss, Rieckermann, & Berne, 2013), it turns out that subtracting a fixed amount
(in logarithmic terms) from the total attenuation often leads to satisfactory results for commercial microwave links. For Dutch
conditions (i.e., relatively short links so both antennas are likely to be wet; a dominant frequency band around 38 GHz; rainfall spatial structure as in Van de Beek, Leijnse, Torfs, & Uijlenhoet, 2012), a good estimate turns out to be about 2.3 dB, all
year long (Overeem et al., 2016b). This is just one example where the specific properties of microwave links may affect the
quality of the rainfall retrievals that can be obtained with them. As cellular communication companies simultaneously use
different brands of antennas in their operational networks, spatial variations in antenna characteristics are an additional source
of uncertainty in rainfall retrievals from microwave links.
4.5 | Rainfall mapping
This finally brings us to the issue of rainfall mapping using rainfall retrievals from entire networks of microwave links, the
ultimate aim of any party involved in this business. At first sight, this may seem a matter of straightforward spatial
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interpolation. However, compared to the rain gauge networks hydrometeorologists are used to working with, microwave link
networks have a few peculiarities:
• Firstly, as we have seen already, rainfall retrievals from microwave links represent path averages (over paths of variable
length) rather than point measurements.
• Secondly, their spatial densities are highly variable, with dense networks typically encountered in urban areas and more
sparse networks in rural areas.
• Finally, their spatial configurations are much less stable than those of dedicated rain gauge networks, with old microwave
links being replaced by new ones (not necessarily at the same locations) all the time.
In our own research, we have thus far taken a pragmatic approach to rainfall mapping using microwave links: we have
essentially assumed each path-average rainfall retrieval to be representative of the rain rate at the mid-point between transmitter and receiver (Overeem et al., 2016a). Subsequently, we have interpolated these “point” rainfall estimates using a traditional geostatistical interpolation technique called kriging. In principle, the fact that the support of a microwave link is a line
rather than a point can be accounted for in such interpolation schemes. We have considered this a second-order effect, however, as typical link lengths (a few kilometers) are smaller than the decorrelation distance of rain at the 15-min time scale
(the typical sampling interval involved in rainfall retrievals from microwave links) and much smaller than the regions for
which we typically create such rainfall maps. For high-resolution rainfall mapping in urban areas on the other hand, where
microwave link networks are much denser than those in rural areas and, as a consequence, propagation paths may cross each
other, the mapping problem is essentially a tomographic problem rather than an interpolation problem. Techniques to tackle
this challenging problem (i.e., rainfall mapping on a spatial grid that is finer than the average link length) have been proposed in the scientific literature, typically taking advantage of the sparsity of the rainfall phenomenon (Giuli et al., 1991;
Roy, Gishkori, & Leus, 2016). Since the appearance of microwave link networks changes over time, the quality of rainfall
maps, either based on (geostatistical) interpolation (Goldshtein, Messer, & Zinevich, 2009; Overeem et al., 2016a), on
tomography (Zinevich, Alpert, & Messer, 2008), or on a form of data assimilation (Bianchi, van Leeuwen, Hogan, & Berne,
2013; Zinevich, Messer, & Alpert, 2009) will also be time-dependent. Of course, when scaling up from national scales to
continental scales, issues of data harmonization will become even more challenging. That said, the (statistical) errors and
uncertainties associated with rainfall mapping have been found to be smaller than the (physical) ones associated with rainfall
retrievals from individual microwave links (Rios Gaona, Overeem, Leijnse, & Uijlenhoet, 2015).

5 | OP PORT UN IT IE S FOR RA INFA LL MONI T O R I N G U S I N G M I C R O W A V E L I N K S
Notwithstanding the challenges listed in the previous section, the use of microwave links from cellular communication networks for rainfall monitoring has become a reality. From humble beginnings in The Netherlands in 2003 and in Israel in
2005, there are currently countries on all continents where university research groups, national meteorological services or private consulting firms have been able to secure data from telecommunication companies for the purpose of rainfall monitoring
(see Figure 4).
After the first suggestion that commercial microwave links could potentially be used for rainfall retrieval (Upton et al.,
2005), the first publications which used actual commercial microwave link data from cellular communication networks to
obtain rainfall estimates, appeared around a decade ago. A proof of principle was given by employing a couple of links and
comparing their rainfall estimates with those from rain gauges and radars, both for Israel (Messer et al., 2006) and for the
Netherlands (Leijnse et al., 2007c). This marked the start of a new research field. Since then tens of publications using data
from commercial microwave links have appeared in the literature (e.g., Bianchi, Rieckermann, & Berne, 2013; Chwala et al.,
2012; Messer & Sendik, 2015; Overeem et al., 2011; Rayitsfeld et al., 2012; Schleiss & Berne, 2010; Trömel, Ziegert, Ryzhkov, Chwala, & Simmer, 2014; Zinevich et al., 2008). Furthermore, several simulation studies supporting this new technique
have been carried out to study the effect of various sources of error on rainfall retrieved from commercial microwave link
data (e.g., Berne & Uijlenhoet, 2007; Leijnse et al., 2008; Leijnse, Uijlenhoet, & Berne, 2010; Rios Gaona et al., 2015).
The space–time dynamics of rainfall for an entire country (The Netherlands, 35,500 km2) was retrieved for the first
time by Overeem, Leijnse, and Uijlenhoet (2013) based on an unprecedented number of links (2,400) from 12 rainy days
(see Figure 5 for a comparable result). A follow-up study for the Netherlands, having a temperate climate, confirmed the
potential for long-term large-scale operational rainfall monitoring (Overeem et al., 2016b). A continuous series of rainfall
maps from a large 2.5-year microwave link data set of, on average, 3,383 links (2,044 link paths) was evaluated against a
gauge-adjusted radar rainfall data set, yielding a relative underestimation of 6–9%. The technique was shown to work especially well for the summer months, even outperforming interpolation of hourly automatic rain gauge data (with a density of
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Countries for which commercial microwave link data has been retrieved

World map showing the countries for which researchers managed to obtain CML data from telecommunication companies (gray-shaded areas)
(Reprinted with permission from Van het Schip et al., 2017. Copyright 2017 Taylor & Francis Online)

FIGURE 4
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FIGURE 5
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1 gauge per 1,000 km2). A fairly good resemblance was found for monthly rainfall maps solely based on microwave link
data compared to gauge-adjusted radar rainfall maps (Figure 6)1 .
Since this novel measurement technique would contribute most to those regions with virtually no surface rainfall observations and increased vulnerability to rainfall extremes, application in developing countries is most urgent (Box 1). The first
study for a developing country, Burkina Faso, revealed a good performance for a commercial microwave link (Doumounia,
Gosset, Cazenave, Kacou, & Zougmore, 2014), and hence underlined the global potential of this technique. The availability
of commercial microwave links over a large fraction of the Earth's land surface also implies that this technique has enormous
potential for ground validation of global satellite products, such as GPM (e.g., Hou et al., 2014). A first comparison between
a GPM-based precipitation product and microwave-link derived rainfall was presented by Rios Gaona, Overeem, Leijnse,
and Uijlenhoet (2017).
This technique is also of particular importance in mountainous areas, where accurate radar rainfall estimation is often
hampered by the complex terrain (e.g., Germann, Galli, Boscacci, & Bolliger, 2006), and where operating a rain gauge network is difficult because of the harsh conditions. Chwala et al. (2012) have shown that this technique can be used in
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FIGURE 6

BOX 1
RAIN CELL AFRICA

From March 30 to April 2, 2015 the first International Workshop on Rainfall Measurement based on Microwave Links
from Commercial Cellular Communication Networks in Africa (RAIN CELL AFRICA) took place in Ouagadougou,
Burkina Faso (Gosset et al., 2016). The main objective of the workshop was to create awareness and provide training
on a novel ground-based remote sensing method which can provide accurate rainfall maps in areas with poor rain
gauge and weather radar coverage, such as large parts of Africa, South America, and south-east Asia. A key advantage
of using cellular communication networks for weather observations is that the required infrastructure (i.e., the microwave link network) is already in place and is maintained by telecommunication companies, preventing the need for
costly investments in gauges and/or radars. After more than a decade of academic research on rainfall monitoring using
commercial microwave links, this was a great opportunity for transferring scientific results into operational practice.
Experts from France, Germany, the Netherlands, Switzerland, and Israel gathered in Ouagadougou to present the basic
principles of the rainfall retrieval method as well as its application for large-scale rainfall mapping, rainfall monitoring
in mountainous areas, and urban water management. The workshop brought together 87 participants from 18 countries
(12 African countries, 4 European countries, Israel, and the United States) and several intergovernmental organizations
(among others the United Nations Development Programme and UNESCO). A subgroup of 30 workshop participants
followed a 2-day technical training course. Participants represented universities, national meteorological services, and
the private sector.
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mountainous environments. Accurate precipitation data are particularly important in such areas because they are prone to
flash flooding (e.g., Delrieu et al., 2005).

6 | CON CLU SION S
Microwave links from cellular communication networks provide a valuable “opportunistic” source (Box 2) of high-resolution
space–time rainfall information, complementing traditional in situ measurement devices (rain gauges, disdrometers) and
remote sensors (weather radars, rainfall sensors on satellites). Over the past decade, a growing community of researchers has,
in close collaboration with cellular communication companies, developed retrieval algorithms to convert the raw microwave
link signals, stored operationally by their network management systems, to hydrometeorologically useful rainfall estimates.
Operational meteorological and hydrological services as well as private consulting firms are showing an increased interest in
using this complementary source of rainfall information to improve the products and services they provide to end users from
different sectors, from water management and weather prediction to agriculture and traffic control. The greatest potential of
these opportunistic environmental sensors lies in those geographical areas over the land surface of the Earth where the densities of traditional rainfall measurement devices are low: mountainous and urban areas and the developing world.
Current work on this topic follows three lines of research:
1. further refinement of rainfall retrieval and mapping algorithms;
2. further quantification of sources of error and uncertainties using dedicated experimental setups of multiple microwave
links and line configurations of disdrometers for ground validation;
3. merging microwave link data with other precipitation data sources to produce optimal rainfall estimates; and
4. promotion of the international replication of this method for rainfall monitoring through international collaboration.
BOX 2
OPPORTUNISTIC SENSING

Rainfall monitoring using microwave links from cellular communication networks is an example of a measurement
method where a device that was originally designed to be able to do one thing (cellular communication in this case) is
“opportunistically” being used for something else (in this case rainfall estimation). Other examples of such methods
are the use of microwave links for fog monitoring (David, Sendik, Messer, & Alpert, 2015), evaporation estimation
(Leijnse, Uijlenhoet, & Stricker, 2007a), or even detecting air pollution (David & Gao, 2016), the use of satellite links
(transmitting television signals) for rainfall estimation (Barthès & Mallet, 2013), the use of the speed of windshield
wipers on moving cars to infer rain rates (Rabiei, Haberlandt, Sester, & Fitzner, 2013), and the use of cellphones as
urban thermometers (Overeem et al., 2013). Collectively, these methods have become known under the heading of
opportunistic sensing techniques. Our world is nowadays full of sensors which, with some ingenuity and perseverance,
can sometimes be turned into environmental monitoring devices. As is the case for the cellular communication networks discussed in this paper, such opportunistic sensors should not be viewed as competitors for traditional, dedicated
measurement methods (such as rain gauges and weather radars in our case). Rather, they can provide complementary
information on important environmental variables in areas where the penetration and/or density of traditional monitoring networks is typically low, such as urban areas and the developing world. MOXXI, the working group on Measurements & Observations in the 21st Century of the International Association of Hydrological Sciences (IAHS), actively
promotes the use of opportunistic sensing methods in the water domain (Tauro et al., 2018). According to the IAHS
bureau, the MOXXI Working Group has the task to “promote the advancement of novel observational techniques that
leads to new sources of information to help better understand the hydrological cycle”. Opportunistic sensing should
not be confused with “crowdsourcing”, which involves the collection of contributions from (internet) users to obtain
needed services or ideas (e.g., Elmore et al., 2014). In other words, crowdsourcing involves the “crowd,” that is,
human beings, which is not necessarily the case for opportunistic sensing. One example where the two overlap is the
use of battery temperatures from smartphones carried around by people to estimate screen level temperatures in urban
areas (Droste et al., 2017). Although the quality of this so called opportunistic sensing information will generally be
lower compared to traditional dedicated observations, their much higher spatiotemporal resolution can compensate for
their lower accuracy per device, and hence result in better information (De Vos, Leijnse, Overeem, & Uijlenhoet,
2017; Muller et al., 2015; Yang & Ng, 2017).
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These lines of research contribute to the development of high-quality operational rainfall products based on commercial
microwave link data and to the upscaling of this technique from regional and national scales to the continental scale. This
requires robust and generally applicable algorithms. In order to test these algorithms, data sets from a range of different climates and networks should be analyzed. Optimized and modified algorithms can subsequently be applied to real-time microwave link data streams, which need to be arranged with telecommunication companies, probably through developing
business models. Merging with data from rain gauges, ground-based radars, and satellites is deemed necessary to obtain
continental-scale rainfall products of the highest quality (e.g., Bianchi et al., 2013; Haese et al., 2017). We hope that our
community will succeed to provide (real-time) rainfall maps from cellular telecommunication networks for many regions
around the world. This would be highly relevant for reduction of loss of life and property due to downpours and associated
flooding.
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NOTE
1

The software package RAINLINK, employed to generate the datasets used to create the maps of Figs. 5 and 6, as well as
two days of example microwave link data are freely available from https://github.com/overeem11/RAINLINK (see Overeem
et al., 2016a, for a detailed description of the RAINLINK package). The gauge-adjusted radar rainfall dataset, employed as
reference, is freely available as “Radar precipitation climatology” via http://climate4impact.eu.
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