Opportunistic sensing in hydrology:
microwave links from cellular communication networks,

crowdsourced hobby meteorological stations, cell phones
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Rainfall measurements in The Netherlands
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Rapid growth cellular telecommunication

Number of Connections Number of Connections

Regional Breakdown
Oceania 0.5% Africa 12%
Europe 15.5%

Americas 16%

Asia 56%

Technology Breakdown
4G 1%

3G 22%

ollins Bartholomew
PIONEERS IN MAPMAKING SINCE 1819

B e e S e e e g @J % #W Royal Netherlands Meteorological Institute
WAGENINGEN = {‘_‘Eﬁ Ministry of Infrastructure and the Environment



J WEATHER
¥ UNDERGROUND

7%

e - Royal Netherlands Meteorological Institute
WAGENINGEN ‘ Ministry of Infrastructure and the Environment




(Victoria Roberts, 2000)

| Instit



Sensible heat flux causes fluctuations in
refractive index of air (scintillations)
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(Source: Wetenschap in Beeld)
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Scintillometer in Benin
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Optical extinction caused by rainfall

(Lake Geneva; Berne, 2009)
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From optical extinction to rain rate
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Proof of concept

(A) optical extinction (15-Jul-2006)
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“aha-moment”: measuring evaporation
and precipitation with one instrument
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Research link Wageningen, 1999

s o e
‘//, f“ Q &,
o IV€

>
7 L

o

>,

:

fRSes He
2% )
&‘\ﬁ\‘i_.\:.&%

— R, =097R -0
c link c,gauges
(r’=0093)

N
o

o
Rain rate (mm h-")

Y
o

— —1:1line
—— regression line
10 15

(mm)

c,gauges

I ;_ﬁﬁs Royal Netherlands Meteorological Institute
il Ministry of Infrastructure and the Environment

WAGENINGEN UNIVERSITY
WAGENINGENINCEEH




0

g N Y

by “
’/ - p e \“’Hﬁ\\.ﬂwvr‘/m,
‘wnﬁl‘ll..l‘\cﬂllu\} < 3 B ’ y
vm%_ﬁﬂ%ﬁ#%\%‘

N/ IRERNZIETE W i S 0

S L Vi
A

s
ARG

nd the Environment

DN -
AN K/

¥8 FRoyal Netherlands Meteorological Institute
Ministry of Infrastructure a

(identim / Shutterstock)
o7y BB



e

(Power-law R-k relations)
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1960s and 70s

" Rainfall attenuates radio wave communication signals
at millimeter wavelengths

(Hogg, 1968)
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Millimeter-Wave Communication

through the Atmosphere

The known and unknown features in propagation
of short radio waves are discussed.

In spite of the fact that we have had
coherent radio sources with significant
amounts of millimeter-wave power for
many years, these wavelengths have not

D. C. Hogg

components for utilization of the milli-
meter-wave band. Steadily, over the
past two decades, invention and im-
provement have given us equipment

atmosphere. My present intent, then, is
to reexamine the problems of transmis-
sion through the atmosphere. Much is
known, but we do not yet know, or do
not know surely, some g5 necessary
for the engineering design of reliable,
useful millimeter-wave systems,

Absorption by the Clear Atmosphere

Transmission of waves along the
earth’s surface through a clear atmo-
sphere is subject to attenuation due to
absorption by oxygen and water vapor.
This attenuation is ordinarily plotted in
decibels per kilometer, as shown in
Fig. 1. The theoretical curve (2) agrees
satisfactorily with the measured data
{3}, provided suitable values are taken
for the pressure broadening constants
—namely, the frequency widths—of
the oxygen and water-vapor lines (4).

The efficiency measurements [1, table I1] gave Hg =1.74 mm
for the total gravitational deformations. The total should not
be smaller than its astigmatic part; but both agree if we allow
a 15-percent errar for the efficiency value. The large value of
(16) means that the astigmatic deformation is hy far the
largest part of the total deformation, and that deformations of
higher order can bhe neglected in the design of a deformable
subreflector.
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The aR? Relation in the Calculation of Rain Attenuation

RODERIC L. OLSEN, MEMBER, IEEE, DAVID V. ROGERS, MEMBER, IEEE, AND
DANIEL B. HODGE, SENIOR MEMBER, IEEE

Absiract—Because of its simplicity, the empirical relation A = ¢Rb
between the specific attenuation 4 and the rainrate R is often used in .
the calculation of rain attenuation statistics. Values for the frequency-
dependent parameters a and b are available, however, for only a limited
number of frequencies. Some of these values, furthermore, were
abtained experimentally, and may contain errors due to limitations in
the experimental techniques employed. The aR® relation is shown 1o be

theoretical method employing auniformly random distribution
of raindrops modelled as water spheres or more complex
shapes, and 2) an empirical procedure based on the approxi-
mate relation between 4 and the rainrats R,

4 =aR®
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Holmdel, New Jersey, US (Bell Labs)
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Microwave links from cell. comm. networks

"8\7er poorly gauged regions / continents
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Rainfall retrieval in Rotterdam
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Many more microwave links than gauges

Room for
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Microwave links versus radar + gauges

1745-1800 UTC
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Microwave links versus radar + gauges
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‘aha-moment”: more personal weather
stations than official rain gauges

mean = 9.6 km
sd = 5.4 km

mean = 1.2 km
sd=1.4 km

mahn B
48 49 ~ 50
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Netatmo tipping bucket rain gauge
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Validation of Netatmo stations at Cabauw

+ Netatmo vs pit gauge
* Netatmo vs radar
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Analysis for Amsterdam city center
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Double mass plots (PWS versus radar)
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(De Vos et al., 2017)
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“aha-moment”: smartphones can be S
used as (urban) thermometers (®

Smartphone
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Daily mean urban air temperatures from
smartphone battery temperatures

Pp = Pe. + F;'b = k:e(_Tp - Te] + kb(Tp — Tb)
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Improved resolution for Sao Paulo
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