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ABSTRACT

The atmospheric greenhouse effect and the hydrological cycle of Earth are key components enabling the planet to support life. Water vapor is a central element in
both of these, accounting for approximately half of the present day greenhouse effect, and comprising the most important gaseous source of atmospheric infrared
opacity. Specifically, it functions as the fuel for the development of convective storm clouds. This parameter, however, is considered one of the least studied due to
the limitations of conventional monitoring instruments. The current predominate monitoring tools are humidity gauges and satellites which suffer from a lack of
spatial representativeness and difficulties in measuring at ground level altitudes, respectively. This study demonstrates the potential to reconstruct the 2-Dimensional
humidity field using commercial microwave links which form the infrastructure for data transmission in cellular networks. Water vapor attenuates the waves
transmitted by the system and thus these microwave links can potentially form as a virtual network for monitoring the humidity field. The results show a correlation
of between 0.79 and 0.93 with root mean square differences ranging from 1.78 to 2.92 g/m> between conventional humidity gauges and the humidity estimates
calculated for the same points in space by the proposed technology. The results obtained are the first to point out the improved performance of humidity mea-
surements when using data from multiple microwave links. These outcomes indicate the tremendous potential of this novel approach for improving the initialization

of meteorological forecasting models thus potentially improving the ability to cope with the dangers associated with extreme weather.

1. Introduction

Atmospheric humidity is one of the dominant greenhouse gases and
constitutes the most important gaseous source of atmospheric infrared
opacity (AGU, 1995; Held and Soden, 2000; Schimdt et al., 2010,
Miiller et al., 2015). Water vapor is advected in the atmosphere, re-
distributing energy through evaporation and recondensation. As such, it
plays a fundamental role in the atmospheric vertical stability and,
particularly, in the evolution of convective storm systems (Trenberth,
1999, Fabry, 2006; Weckwerth et al., 2008) along with their associated
increased runoff and risk of flooding (Morin et al., 2009; David et al.,
2013a).

However, current instruments for moisture monitoring, including
predominantly in situ sensors and remote sensing onboard satellites or
ground based, suffer from several limitations - such as poor spatial re-
presentativeness and resolution (WMO, 2008; Fabry, 2006), or limita-
tions for measuring surface level values (Sherwood et al., 2010) -
leading to poor characterization of the Atmospheric Boundary Layer
(ABL) moisture field. Consequently, cardinal questions such as the

magnitude of small scale fluctuation in humidity in the ABL, and its
impact on convective initiation are still left unanswered (Weckwerth,
2000; Sherwood et al., 2010). Numerical weather forecasts provide key
information to decision support systems that depend on atmospheric
conditions. The accuracy of these forecasts depends, among other fac-
tors, on the precision of the initial conditions that are generated by
assimilation of observations into the model. Specifically, atmospheric
moisture plays a central role in the initialization of these models
(Ducrocq et al., 2002).

Thus, developing techniques for measuring ABL moisture at a high
tempo-spatial resolution, may open a window to understanding these
issues, and provide decisive improvements in the ability to forecast
convective storms, and provide early warning of the expected danger
associated with it.

Commercial Microwave Links (MWLs) are affected by a range of
atmospheric hydrometeors, primarily rainfall, and specifically by the
water vapor density. These networks of links comprise the infra-
structure for data transmission between cellular base stations. Since
commercial MWLs are widely deployed by communication suppliers at

* Corresponding author at: The School of Civil and Environmental Engineering, Cornell University, Ithaca, NY 14853, United States.

E-mail address: hg55@cornell.edu (H.O. Gao).

https://doi.org/10.1016/j.atmosres.2018.12.025

Received 1 June 2018; Received in revised form 25 December 2018; Accepted 26 December 2018

Available online 04 January 2019
0169-8095/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/01698095
https://www.elsevier.com/locate/atmosres
https://doi.org/10.1016/j.atmosres.2018.12.025
https://doi.org/10.1016/j.atmosres.2018.12.025
mailto:hg55@cornell.edu
https://doi.org/10.1016/j.atmosres.2018.12.025
http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosres.2018.12.025&domain=pdf

N. David et al.

Fig. 1. A microwave communication mast.

ground level altitudes, they have the potential to provide extensive
spatial observations of the moisture field through the measurement of
multiple link systems.

Fig. 1 shows a communication mast, the microwave antennas ap-
pear as white circles.

During the past decade it has been shown that these systems are
particularly suitable for rainfall monitoring (Messer et al., 2006; Leijnse
et al.,, 2007; Chwala et al., 2012; Rayitsfeld et al., 2012; Uijlenhoet
et al., 2018) and mapping (e.g. Zinevich et al., 2009; Overeem et al.,
2013). The potential for monitoring phenomena other than rain,
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including fog (David et al., 2013b, 2015; David and Gao, 2018), dew
(Harel et al., 2015) and air pollution (David and Gao, 2016) has also
been presented. Other works, point to possible applications as using
commercial microwave links in urban drainage modeling (Fencl et al.,
2013) and for early warning against flash flooding in Africa (Hoedjes
et al., 2014). Specifically, feasibility studies conducted recently de-
monstrated the ability of commercial microwave links to acquire hu-
midity observations (David et al., 2009, 2011; Alpert and Rubin, 2018).
In this study we show the potential of this opportunistic sensor
network to provide extensive observations of the moisture field. The
first part of the paper demonstrates a 2D theoretical simulation reveling
the current and future potential of a given microwave link system in
inferring the minimal detectable water vapor density at any given
geographic location over a country-wide scale. The second part de-
monstrates the ability of retrieving improved humidity estimates in the
ABL utilizing numerous MWLs deployed in different locations.

2. Theory
2.1. Water vapor induced attenuation

MWLs operate at frequencies of tens of GHz, and as such, are in-
fluenced by atmospheric water vapor and dry air which cause signal
attenuation. The relation between specific gaseous attenuation - y (dB/

km), and water vapor density — p (gr/m?) is described by the following
equation (Rec. ITU-R P.676-11, 2016; David et al., 2009):

y = Ay + Ag = 0.1820fN"" (f, P, T, p) (dB/km)

Where:

A,, - Water vapor attenuation (dB/km)

A, - Dry air attenuation (dB/km)

f- Link frequency (GHz)

N’ - Imaginary part of the refractivity (N-units)
P- Dry air pressure (hPa)

T- Temperature (k)

p- Water vapor density (gr/m>)
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Fig. 2. Transmission loss due to atmospheric gases. The calculation was made for links of 1 km length (a) and 4 km length (b). The different continuous curves
represent attenuation due to typical humidity at densities of 5g/m? (blue), 10 g/m? (red), 15 g/m? (black), 20 g/m> (green) and 25 g/m> (brown). The dashed pink
curve indicates attenuation induced by dry air. The horizontal line represents the magnitude resolution of the microwave system used in this work during the
theoretical sensitivity test (0.1 dB). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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A full description of the functions comprising the expression (Eq.
(1)) can be found in the literature (Rec. ITU-R P.676-11, 2016, where
the algorithm that was developed under the scope of this paper is based
on version Rec. ITU-R P.676-6, 2005). The rigorous development of the
physical relation between the signal attenuation and water vapor den-
sity is given in (David et al., 2011).

Fig. 2, generated based on Eq. (1), presents the gaseous induced
attenuation for typical links of 1km length (Fig. 2(a)), and 4 kms
(Fig. 2(b)) as a function of system operating frequency. The dashed
horizontal line represents a typical magnitude resolution of commercial
microwave systems (0.1 dB) and specifically, that of the system used in
the theoretical section of this work. The most common frequency band
in operation today is between 6 and 40 GHz, and is indicated by the
yellow bar. Due to the need for transferring data at higher rates, there is
a trend of moving to and combining links operating in the so called E-
band that provides a possible cost effective solution to these increased
technical demands (e.g. Csurgai-Horvath and Bit6, 2010; David et al.,
2015). This band lies between 60 and 90 GHz, and is indicated by a grey
bar.

The water vapor absorption peak at 22.235 GHz (Van Vleck, 1947a,
Chwala et al., 2014) is noticeable (the continuous curves). We also note
that at the higher end of the E-band, humidity induced attenuation is
greater than the induced attenuation around this absorption line, and
hence the future potential of using this frequency range for humidity
measurements. The magnitude resolution is constant per link, thus the
effective sensitivity per distance unit is higher for longer links as can be
seen from the distance of the attenuation curves from the dashed hor-
izontal line (representing magnitude resolution) in Figs. 2(a) and 2(b),
respectively.

Additionally, an oxygen resonance absorption band can be seen
around 60 GHz (the dashed curve, Van Vleck, 1947b). Of particular
note is the fact that the attenuation induced by water vapor in the
frequency ranges we address in this work — 22 and 86 GHz — is one or
several orders of magnitude greater than the attenuation induced by
dry air.

2.2. Theoretical sensitivity test

The goal of this section is to theoretically investigate the sensitivity
of a given system of links for providing spatial humidity measurements,
on a national scale. This, while using a common frequency range in use
today (around 22 GHz), and a higher frequency range (E band) which is
currently being transitioned to in some cases due to technical con-
siderations.

For a given link frequency and magnitude resolution, the effective
sensitivity of the link per unit of distance is greater the longer the link is
(Fig. 2). The simulation tool developed in this part of the research is
based on this principle. Using Eq. (1) the minimal density of water
vapor that can be detected by a link network deployed over a given area
is calculated. The algorithm receives the real locations of a set of MWLs,
as they are spread over an area in the field. Then, the simulation covers
the entirety of the tested area with ellipses simulating patches of water
vapor. If a certain vapor patch simultaneously covers several links, the
algorithm selects the link that has the greatest intersection with the
patch. In the next stage, based on the maximal length chosen (indicated
by the letter - L), the algorithm calculates the minimal water vapor
density that can be sensed at that certain location. The algorithm di-
vides the measurement resolution — AQ (dB), by that maximal inter-
section length found (L). The resulting value of this division points to
the minimal water vapor density that can be detected by the system in
that particular area. If only one link is under the patch - the calculation
is carried out using the length of that link. If no links are present in a
given area, it is left noted as an area where no water vapor can be
detected.

The tool can carry out the calculation for different link locations and
densities, varying frequencies, different magnitude resolutions, and
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various ellipse eccentricities and sizes, according to the user's defini-
tions.

3. Materials and methods: using commercial MWLs as a multi-
sensor array

3.1. Link calibration

In order to estimate the humidity induced attenuation from each
link, a reference RSL (Received Signal Level) must be set. The as-
sumption is that when the RSL value is lower than the reference value —
the additional attenuation is caused by atmospheric humidity. The ty-
pical water vapor density in the observed area of this research is be-
tween ~3 and ~25 g/rn3 (Source: Israeli Meteorological Service data
base) and induces attenuation of between ~0.1 and ~0.6 dB, respec-
tively, across a propagation path of 1km at a frequency of 22 GHz.
Thus, attenuation values that lie outside of this range are typically not
caused only by this phenomenon. In such possible cases, additional
meteorological data can be used to ascertain the cause of the inter-
ference (e.g. rainfall). The calibration was carried out based on a time
period of two weeks prior to the period where actual measurements
were going to be taken. For the calibration period, the humidity in the
observed area can be estimated by using the estimates of conventional
monitoring tools such as humidity gauges (as done in this study) or
model predictions. Given a set of N humidity estimates: py, pa, ..., p.
We define pyeq to be the median of the set of measurements:

Pyea = Median [p;, py,...ov] (/) )

Let ymea (T,P, f, pmea) calculated according to Eq. (1), be the at-
tenuation induced by the typical dry air and the humidity ppfeq.

Given a set of M commercial microwave links deployed in the ob-
served area with lengths: L, Lo, ...,Ly. For the ith link taking k mea-
surements, the reference RSL is defined as:

RSLi_ref = Median [RSLjj, RSLi,..., RSLix] + ¥yeq (dBm) 3

3.2. Estimating humidity induced attenuation for a single link

Using Eq. (1) and with calibration of the link, water vapor density
can be derived numerically given f, P, T and the humidity induced at-
tenuation (David et al., 2009):

~

7 = 01820/N" (f,P,T,p) (dB/km) 4)

where 7is calculated by subtracting RSL; ,r from the RSL mea-
surements of the ith link and, in return, g is the estimated water vapor
density.

For given temperature and pressure values, there is a maximum
physical quantity of water vapor that air can carry. In cases where the
humidity calculated based on the microwave link measurements was
found to be higher than the maximum expected physical value (as a
result of different error factors in the link attenuation measurements,
such as, dew causing wetness on the antennas, etc., as discussed in the
Summary section), the algorithm places the maximum physical value
for humidity in its place. Eq. (5) shows the manner in which the ab-
solute humidity was calculated given the temperature and Relative
Humidity (RH) measurements from the different stations. The absolute
maximum humidity was calculated by substituting 100% for the value
of the relative humidity, and taking the maximum temperature mea-
sured in the observed area during that time period (David et al., 2009):

RH exp( 17.67T )
T+ 243.5
= 1324.45 X /m?
P 100% = T + 273.15 /) 5)

For additional reading regarding uncertainty in humidity measure-
ments using commercial microwave links and specialized humidity,
pressure and temperature sensors, the reader is referred to the literature
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(David et al., 2009, 2011).

3.3. Estimating humidity in two dimensional space using multiple links

In order to calculate the estimated humidity at a certain point in
space based on the contribution of the entire link system, we used
Shepard inverse distance weighted interpolation (Shepard, 1968;
Goldshtein et al., 2009). We converted each link path to three points
located at the two ends of the propagation path and at its center. The
humidity estimate at a certain point in space was then derived based on
the contributions of all of the points (links) weighted by the weighting
factor W; for any given point in space (x, y) as follows:

(1—dj/R)?
(dj/ R)?

=&

<1
W) =

0 >1

| &

(6)

Where:

dj — The distance between the grid point (x, y) and the j-th ob-
servation (km).

R — The radius of influence (km) defined to be the distance at which
W; reduces to zero.

W; is effectively an inverse square distance weighting function.
Thus, the closer a microwave measurement based observation is to the
required spatial point, the larger its weight.

Finally, the humidity estimate, g, at the selected point in space (x,
¥) as calculated using all 3M p; observations is:

3M A
LFI bl (g/m?)

Py = 5
ijle

)

4. Results and discussion

We present the research results of the theoretical sensitivity simu-
lation and the real data measurements using multiple links as an al-
ready existing sensor array for estimating the humidity field in space.

4.1. Theoretical 2D simulation

In this part of the research we examined the system's potential for 2
dimensional mapping of atmospheric humidity on a country wide scale.

The minimal density of water vapor that could be sensed by the
system at a given geographical location across Israel, which was used as
the test area, was calculated using the 2D simulation tool described in
Section 2.2. Simulated circles with a radius of ~5km representing
patches of water vapor were introduced into the area, until they cov-
ered the entire observed region.

The simulation was run for operating frequencies of 22 and 86 GHz
which represent, respectively, a typical operating frequency in current
microwave networks, and an operating frequency which is growing
more common these days (Ericsson, 2015). Since the current systems of
the cellular operators in the region do not operate at the E-band yet, the
calculations were based on the locations and configuration of real
MWLs operating in the range between 21 and 23 GHz (i.e. near the
absorption frequency of water vapor at 22.2 GHz).

Fig. 3a shows the deployment of the links and Fig. 3b presents the
simulation run at 22 GHz based on that deployment map. The system
comprises ~1500 links, with lengths between 60 m and 10 km. Fig. 3b
shows the minimal density of water vapor that can be sensed by the
system, where the dynamic sensitivity range is given by the scale to the
right of the map.

In the next stage we compared the theoretical capability at 22 GHz
with the expected one at 86 GHz. We note that typically, at higher
operating frequencies, link lengths are shorter (Ericsson, 2015). Thus,
MWLs that operate in the E-band are not expected to be longer than a
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few single kilometers, and therefore, the simulation in this case was
based on the same link deployment map as before, but with links longer
than 4km removed. In order to create a balanced comparison, this
limitation was applied to the simulation run for the 22 GHz frequency
as well. Fig. 4a presents the deployment of the links used while running
this simulation, Fig. 4b shows the sensitivity map at 22 GHz. Use of
higher frequencies may potentially allow for monitoring with higher
sensitivity, as shown in Fig. 4c.

4.2. Feasibility test: reconstruction of the moisture field using real RSL
measurements

We concentrated on the environs of the Haifa bay in Northern Israel,
where several meteorological stations are deployed in an area which is
also widely covered by a network of MWLs. The microwave system used
for the measurements comprises of links which provide a single instant
RSL sample, once daily, at 00:00 UTC with a magnitude resolution of
0.3dB. The combined measurements from all of the links were com-
pared to the humidity measurement taken by each of the humidity
gauges at the same hour. Rainfall is a dominant factor that causes mi-
crowave attenuation. Therefore, in this part of the experiment, we used
the Israeli Meteorological Service's rain data from the test site to rule
out the occurrence of this phenomenon while taking moisture mea-
surements.

Fig. 5 presents the observed area where a microwave network of 42
links operating at frequencies between 21 and 23 GHz as well as 10
humidity gauges are deployed. Link calibration was done based on the
humidity measurements taken at the Ein Hashofet meteorological sta-
tion (indicated by orange dot). The link propagation paths are drawn as
lines.

Fig. 6 demonstrates the measurement conversion method for a
single microwave link (the link that appears horizontal in the map
(Fig. 5) and is nearest the Ein Hashofet station). For the purpose of
illustration, we deliberately chose a MWL that included outlier mea-
surements for demonstrating the algorithm's operation. Fig. 6a presents
the raw RSL measurements from that link during the month of October
2013, where the dashed horizontal line represents the reference value
calculated (using Eq. 3) such that the induced attenuation calculated, is
in fact the difference between the reference line (dashed) and the RSL
measurement for each day. Fig. 6b shows the humidity values as cal-
culated from the link measurement according to Eq. (4) (the continuous
red line). Humidity measurements from the Ein Hashofet station are
also shown (in black) for comparison, where the correlation between
the two graphs was found to be 0.83. The part of the red line shown
dashed, indicates estimates which deviated from physical values and
were taken as outliers. These estimates were replaced by the algorithm
with the maximum humidity values calculated for that time period.

Fig. 7 presents the absolute humidity measurements as taken based
on the MWLs (in black) compared with the humidity gauge measure-
ments from the different meteorological stations (in red). The graphs
represent an absolute humidity measurement taken once a day by each
of the techniques during a month period (October 2013). The reference
RSL was calculated based on 2 week measurements taken by each link
during the month of September 2013. The radius of influence was taken
to be R = 40 km, i.e. long enough to include all MWLs deployed across
the test site. The Root Mean Square Difference (RMSD, David et al.,
(2009)) and the Pearson correlation coefficient quantifying the fit be-
tween the different measurement techniques are located at the top of
each panel. The correlation and RMSD values between the measure-
ments of all of the links and the humidity gauge measurements in the
test area were found to be between 0.79 and 0.93, and between 1.78
and 2.92 g/m°>,

4.3. Analysis

We tested the moisture estimation ability at points where humidity
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Fig. 3. The minimal water vapor density that can be
sensed at a frequency of 22 GHz. Fig. 3a shows the
deployment of the MWLs, and Fig. 3b the theoretical
sensitivity map calculated based on 2D simulation
tool. The red colour found on the upper edge of the
scale bar indicates humidity values of 5g/m® and
above. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. The minimal density of water vapor that can be sensed at 22 and 86 GHz. Fig.3a shows the microwave link deployment, Fig.3b the sensitivity map calculated
for an operating frequency of 22 GHz, and Fig. 3c the sensitivity map at 86 GHz. The red colour found on the upper edge of the scale bar indicates humidity values of
5g/m® and above. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

gauges were located, using the method proposed here, which is based
on a large number of links (Eq. (7)) when compared to humidity esti-
mates at the same points using a single link each time.

The horizontal line in each of the Figs. 8 (a)-(i) shows the correla-
tion between humidity estimates derived from weighting all of the links
in the test area (Eq. (7)) with the specialized humidity gauge records at
the specific location listed in the panel title. Each circle in each of the
panels shows the correlation of the humidity measurements of one
single link from the link group at the test site, with the humidity gauge
in the specific location listed in the panel title.

Additionally, the horizontal axis presents the distance between the
center of the link and the point where the humidity gauge is located.

It can be seen that the correlations based on weighting all of the
links (the horizontal line) are significantly higher (excepting a small
number of cases) than the correlations between the measurements of

each single link (circles) and the station measurements.

In a similar fashion, Fig. 9 presents the RMSD between humidity
estimates derived from weighting all of the links at the points where
humidity gauges were located compared to the correlation of the hu-
midity measurements taken by each separate link from the link group,
and the humidity gauge.

It can be seen that the RMSDs based on weighting all of the links are
significantly lower (excepting a small number of cases) than the RMSDs
between the measurements of each single link and the station mea-
surements.

5. Summary and conclusions

Although the humidity field is a key atmospheric parameter, it is
one of the least well understood variables due to the difficulty in
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Fig. 5. The test area. The MWLs deployed in the area are at elevations of be-
tween 10 and 546 m ASL, and with lengths between 2.1 and 4.9 km. The hu-
midity gauges, depicted as dots, are located at elevations of between 5 and
390 m ASL.

measuring it using existing techniques. As a result, prediction of con-
vective precipitation, on the storm scale, is limited (National Research
Council, 1998; Fabry, 2006).

Two earlier works (David et al., 2009, 2011) have shown the fea-
sibility of estimating atmospheric humidity using a single commercial
microwave link. Alpert and Rubin (2018) pointed to the possibility of
mapping humidity in a given area of space using commercial MWLs,
and showed the method performed well compared to the ECMWF
model.

The current study extends that prior research in the level of analysis
of the capabilities of the method, and on the theoretical level, and
demonstrates the potential of estimating the whole humidity field in
space by combining measurements from a large number of different
sources (MWLs) as a network of multi sensors.

The results analysis (Fig. 8, Fig. 9) reveals that estimating the hu-
midity field using measurements from a large number of links sig-
nificantly improves performance when compared to estimation using a
single link. That being said, there are a small number of single links that
provided lower RMSD/higher correlation with the humidity gauges
even when compared to an estimate based on a large number of links.
Future research can focus on characterizing specific links which have a
higher humidity estimating potential when compared to the rest.

The theoretical simulation tool developed, indicates the system's
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potential to provide 2D humidity maps on a country wide scale.
Additionally, the simulation points to the future capability of E-band
microwave systems that are being deployed these days, to provide
higher resolution measurements when compared with links operating in
the 6-40 GHz range. Thus, a near ground sensor network deployed
widely around the world, may potentially allow, for the first time,
observation of the humidity field in high resolution, and studying of
this central atmospheric parameter in ways that were not previously
possible due to the limitations of conventional instruments.

We selected a microwave system with a magnitude resolution of
0.3 dB per link from the database available to us in the test area, at the
time the research was conducted (section 4.2). That is, a system sen-
sitive enough to detect the atmospheric humidity changes. However,
these systems only stored data at one day intervals, and accordingly, the
humidity measurements shown here are once daily. Collecting mea-
surements at a higher temporal resolution is technically feasible, and
interesting for operational needs, and is left for consideration in future
work.

Commercial microwave link humidity measurements can suffer
from environmental interference factors, such as — dew condensation on
the antennas (David et al., 2016), rain and fog, which induce additional
attenuation to the system (Rec. [TU-R P.838-3, 2005; Rec. ITU-R P.840-
4, 2009), changes in atmospheric refractivity index that may cause
bending of the microwave ray and variations in RSL as a result (Rec.
ITU-R P.453-10, 2012; David and Gao, 2018) and more (Zinevich et al.,
2010). Technical factors that affect measurement quality include the
given magnitude resolution of the system (In this case 0.1/0.3 dB per
link, however there are links with measurement errors of 1 dB for ex-
ample), white noise and more.

Following the above discussion, one can note that the reason for
signal attenuation may stem from various sources (both environmental
and technical) which can often occur simultaneously such as dew and
fog or rain and humidity variations. Thus, an additional future chal-
lenge is to test the ability to detect and separate the different sources of
attenuation. Of course, one possibility is to perform this separation
using specialized meteorological instruments, if available. For example,
in this study we used rain gauge records to rule out the existence of
rainfall across the test site. However, there may be cases in which at-
tenuation source separation can be performed without the use of
dedicated instruments. For example, the ability to automatically detect
rain (Goldshtein et al., 2009; Chwala et al., 2012) or to separate rain
from sleet (Cherkassky et al., 2014) using pure RSL measurements has
been demonstrated. Another study indicated the potential to detect dew
(Harel et al., 2015). Commercial MWLs operate at different frequencies
and polarizations, spanning different lengths and deployed at various
heights. Furthermore, the manner in which the measurements are ac-
quired by the network is also varied. For example, some microwave
systems provide mean RSL measurements or Max/Min RSL measure-
ments per time interval. Other networks provide instant RSL records
etc. On the other hand, different weather conditions have a different
effect on the microwave channel. Thus, for example, rain causes a de-
crease in signal which is typically significantly higher than that induced
by humidity or fog. Dew causes wetting on the antennas themselves,
and therefore MWLs of different path lengths are similarly affected by
this phenomenon (in contrast to the case of rain, for instance, where the
intensity of attenuation depends on the length of the link), water vapor
causes higher attenuation around its absorption lines (David et al.,
2009), etc. Thus, the combination of the system's diversity and the
unique features of each weather phenomenon may allow, in some cases,
for classification without any assistance or with minimum assistance
from specialized equipment. Further investigation, which is left for
future research, is required on this topic.

Over all, the results reported in this study point to the strong po-
tential of the proposed technique to derive 2D humidity information.
Never the less, transforming this concept into practical application re-
quires additional examination and further research: during this study,
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Fig. 6. Measurements of a single microwave link.
Fig. 6a shows the raw RSL measurements from the
link, and Fig. 6b the humidity estimates calculated
from those values (continuous red line) compared
with the humidity measurements from the Ein Ha-
shofet station (in black). The dashed line indicates
moisture estimates which were taken as outliers. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

Zichron Yaakov: Corr: 0.84, RMSD: 2.57

- N
w O

/\/,
()

1 6 11 16 21 26 31
Ein Carmel: Corr: 0.88, RMSD: 1.99

Humidity (g/m*)
=

o wu

20
1S
S 15
210 O
o
5
E 51 (f)
I o
1 6 11 16 21 26 31

Cerem Maharal: Corr: 0.83, RMSD: 2.51
20

[
o wu

(i)

Humidity [g/m

o w

11 16 21 26 31

—
o
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links at that spatial point (in black). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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against the stations is marked by a circle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

link calibration was done using side information taken from humidity
gauges prior to the start of measurements. Future research could focus
on minimizing or obviating the dependence on additional information
besides the measurements received from the links themselves. An ex-
ample of such a possibility is the use of estimates of absolute humidity
derived from numerical forecasting models for the initial calibration.
Another possibility is to calculate the expected RSL theoretically
without including the contribution to the attenuation due to atmo-
spheric humidity and to examine the ability to receive moisture ob-
servations that are independent of any prior atmospheric information.
Furthermore, in order to better understand the limitations of the
technique and its performance, it should be observed in future research
campaigns over additional time periods, in different regions of the
world, and during different seasons.

Notably, these present and previous works (David et al., 2009,
2011; Alpert and Rubin, 2018) open the possibility of assimilation of
microwave links signal attenuation or their retrieved moisture (and/or
precipitation) into high-resolution meteorological forecasting models.
Several aspects that are crucial for successful assimilation will have to
be considered with careful scrutiny (see e.g. Kalnay, 2012). First, an
estimate of the associated observation and representativeness error. A
first step into this matter is shown in the present manuscript (e.g.
comparison to gauges, Figs. 8 and 9). Second, present forecasting
models are limited to ~ 1-2 km grid-size as finest horizontal resolution.
This implies that even though MWLs information may be available at
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finer horizontal resolution it will have to be compatible with model
resolution by creation of coarser “super-observations” and possibly in-
troduce the sub-grid inhomogeneity in a parameterized mode. Finally,
we note that all modern data assimilation techniques enable direct as-
similation of the attenuation information provided a suitable model
forward operator, thus, avoiding assumptions in the moisture retrieval
process. Such a model forward operator can be derived following Eq.
(1). If the attenuation is significantly nonlinear, the forward operator
may need to account for sub-grid variability in order to predict area/
time averages accurately.

Overall, the results obtained point to the potential for improving the
ability to cope with the dangers associated with extreme weather. Flash
floods, for example, are typically triggered as a result of intense rainfall.
The “fuel” for the formation of convective rain cells that lead to such
rainfall is water vapor. Earlier warning, and more precise prediction
means better ability to contend with dangers to humans and their en-
vironment.
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