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Abstract. Measuring rain rates over complex terrain is af- 1 Introduction

flicted with large uncertainties, because rain gauges are influ-

enced by orography and weather radars are mostly not able to

look into mountain valleys. We apply a new method to esti- For the improved understanding of all aspects of the regional
mate near surface rain rates exploiting attenuation data fron¥/ater cycle, knowledge of the spatio-temporal distribution of
commercial microwave links in the alpine region of South- precipitation is of crucial importance. Improved and scientifi-
ern Germany. Received signal level (RSL) data are recorde@ally sound water availability information, however, still suf-
minutely with small data loggers at the towers and then senfers from limited quality of available spatial rainfall products.

to a database server via GSM (Global System for Mobile This is particularly true in regions with complex orography
Communications). Due to the large RSL fluctuations in Ioe_and complex precipitation variability where the established
riods without rain, the determination of attenuation causedPrecipitation measurement methods (rain gauges and radar)
by precipitation is not straightforward. To be able to continu- @€ prone to errors. The wind- and exposure-induced errors
ously process the RSL data from July 2010 to October 2010that rain gauges are affected ByeSpor and Sevruk1999

we introduce a new method to detect wet and dry periods>@Vruk and Zahlavoyd 994 increase especially in complex
using spectral time series analysis. Its performance and limterrain like the Alps. Weather radar measurements are in gen-
itations are presented, showing that the mean detection errdiral subject to great uncertainties because of the error-prone
rates of wet and dry periods can be reduced to 10 % for alrelation between measured reflectivity and rain raiich

five links. After, the wet/dry classification rain rates are de-and Lee 1999 and the effect of the vertical profile of re-
rived from the RSL and compared to rain gauge and weathefi€ctivity (Joss and Pittinil991 Hazenberg et 812011). In
radar measurements. The resulting correlations differ for dif-mountainous regions, beam blockage and enhanced bright
ferent links and reach values 8f = 0.81 for the link-gauge band interception introduce further errosn@rieu et al,

comparison an&? = 0.85 for the link-radar comparison. ~ 1997. o . - _
A new possibility to gain additional information on pre-

cipitation is to use attenuation data from microwave links.
This method makes use of the fact that rain drops consid-
erably absorb and scatter electromagnetic radiation in the
microwave region (wavelengths between 30 cm a3,
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2648 C. Chwala et al.: Precipitation observation using microwave links in the Alps

corresponding to frequencies between 1 GHz and 100 GHz)2 Physics of microwave attenuation by precipitation
The first theoretical description of this effect was given by
Stratton(1930 and later proven by experiments iueller Attenuation of the transmitted power of an electromagnetic
(19486. Both were focusing on the prediction of unwanted in- wave occurs when energy is scattered or absorbed by dif-
terference along a microwave communication link and thusfusers in the path of propagation. In the case of microwave
treated precipitation as a source of disturbance. In the 1960¢adiation and liquid precipitation, those processes have to be
weather radar researchers were the first who used the eflescribed using the Mie solution to Maxwell's equations, be-
fect the other way around. They measured line integratecause the diameter of the diffusers (i.e. the raindrop diameter
precipitation by using corner reflectors as fixed radar tar-D < 5mm) and the wavelength used in microwave link sys-
gets @tlas, 1964. Among them wereAtlas and Ulbrich ~ tems ¢ < 3cm) are roughly in the same order of magnitude.
(1977 who introduced the idea to use microwave point to Following the Mie solutionOlsen et al(1978 showed that
point links instead of expensive radars. Since then, severdhe relation between rain rafe in mmh~* and attenuation
experiments with purpose-built microwave links, mostly us- A in dBkm~* can be approximated by the power law
ing two frequencies, were conducted to measure line inte- b
grated precipitationHolt et al, 2003 Rahimi et al, 2004 A =aR". (1)
Minda and Nakamura2005 Upton et al, 2005 Leijnse .
et al, 20073 and its drop size distribution (DSDR{ncon The constant_a andb primarily depend on the frequency of.
and Lang 2002, the propagatlng wave, but also on the shape of the qup size
Messer et al(200§ showed that it is possible to use atten- distribution (DSD) and the temperature. Ffrpblemaﬂc is the
uation data from existing commercial microwave link net- dépendence on the DSD shape, because it is not only chang-
works operated by mobile phone providers. Those networks"9 from rain event to rain e_ver_wt but even within the same
exist wherever a mobile phone network exists. Thus, this@n shower on short scales in time and space. To determine
technique can in general be employed even in areas witfils accuracy by remote sensing techniques is still an unsolved

coarse gauge densities like mountainous regions or develroblem

oping countries. The density of links of course varies, with For different rainfall climatologie_:s and DSDs, th(_are are
more links in urban regions and a coarser network in rural ar_several sets of the valuesandb available, both empirically
eas. As a rough figure, a density of at lea8t nks per kn? and theoretically derived ones. They all have in common that

can be assumed for European countries. Reported approxf: S €l0Se or equal to one in the frequency range from 25 GHz
mate numbers are Germany 100000 links per 350 0G0 km to 40 GHz. Hence, the power law in Eq) (s almost linear.

and Netherlands 12 000 links per 35 000%¢heijnse et al, This is an important fact, since any non-linearity leads to er-
2007. ’ rors of the line integrated precipitation because of the inho-

The potential of exploiting attenuation data from com- mogeneous distribution of rain fall along the microwave link

mercial microwave links networks has been studied both inPath Leiinse et al. 200§. _
theory and praxis to derive line integrated rain ratesi- We use the a- and b-values from the recommendation of

inse et al, 2007h Schleiss and Bern@01Q Townsend and thelTU (2003. For the values in between the listed ones, we
Watson 2011 Overeem et al.2011), spatial rainfall fields p_erform a shape-preserving spline interpolation as shown in

(Zinevich et al, 2008 and humidity measurementBdvid Fig. 1.

et al, 2009. Leijnse et al(2008 andZinevich et al.(2010

also studied the impact of different error sources, like wet

antenna attenuation and the variability of the drop size distri-3  Study region
bution.

In this study, we show results from data acquired at fiveOur study region is the area between the cities Weilheim
links in the pre-alpine and alpine region around Garmisch-and Garmisch-Partenkirchen located in the southern part of
Partenkirchen in Southern Germany for the period July 2010Germany 40 to 90 km south of Munich. An overview of
to October 2010. We use small data loggers mounted directlyhe region with the locations of all used microwave links,
at the towers to record the received signal level (RSL) everyrain gauges and the weather radar is given in Riglt
minute with a power resolutioa 0.05 dB. To be able to con-  stretches from the upper Bavarian lowlands in the north at
tinuously process the data, a new wet/dry classification al-about 600 ma.s.l. to the high alpine area in the south with
gorithm that uses spectral time series analysis is introducedsummits up to 3000ma.s.l. (Zugspitze 2962 m). Accord-
Both its potential and limitations are shown. The rain ratesingly, the southern part of the study region is characterized
produced by the algorithm are then compared with gaugeby steep topography. Hence, strong gradients in tempera-
and radar-derived quantities. ture and mean rain rate exist on very short horizontal scales.

In contrast to the lower parts of our study region with an
annual precipitation of 1100 mm and a mean temperature
of 8°C, the weather station on Zugspitze yields 2000 mm
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Fig. 1. Values ofa andb for horizontal and vertical polarization

used for the power law relation in EQL)( Dots are the values listed MW link

in the ITU recommendation. Lines are shape-preserving spline in-
terpolations of the ITU data. { in preparation

Gauge

and —4.7°C. Furthermore, climatic conditions in the study
region are characterized by strong seasonal and diurnal vari
ations. The typical wind direction is southwest to northwest. |

C-Band radar

4 Instrumentation
4.1 Microwave links

We use data from five links from Ericsson GmbH, which are
part of a German mobile phone network. In contrast to other
studies with commercial microwave linkZifievich et al,
2008 Schleiss and Bern201Q Overeem et aj2011), we do : o5 ’
not receive any processed data from the network providers, [ egEze—= ‘5‘/"
but rather record the RSL directly at the towers from a mon- Q5 < rmischisiigighen
itoring output of the link systems. We use a data logger, de-
scribed in more detail in Sech, which sends the data to

a database server via GSM. This restricts data acquisition tc |
a smaller number of links, but gives the advantage of a high [}
resolution of the RSL< 0.05dB) and a selectable sampling ||
rate.

Of the equipped links, two are located in the pre-alpine |f -
area around Mount Hoher PeiRenberg where the Germar|
Meteorological Service (DWD) operates a meteorological |
observatory with the C-Band weather radar described in
Sect.4.3 The other three links are located in the valley |k
around Garmisch-Partenkirchen. All links have a constant
transmission power (in contrast to links that automatically Fig. 2. Overview of the study region in Southern Germany showing
change their transmission power to compensate for addithe location of the DWD C-band radar, all microwave links and all
tional path attenuation). However, since they were not builtrain gauges used in this study.
as measurement devices, small changes (up to some tenths
of dB) due to temperature-dependent drifts of the electron-
ics may be possible. Compared to the expected attenuation
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along the link path, these changes are fairly small though. Irpolar coordinates to a 100100 km Cartesian grid with a
this study, we thus assume a constant transmission power. grid size of 1x 1 km.
Details of link length, location, frequency, polarization and

altitude difference are summarized in Tafle .
5 Data acquisition and data management

4.2 Rain gauges 5.1 Datalogger

For comparison with the link-derived rainfall rate, we use T0 acquire RSL data from the microwave links, data loggers
data from six rain gauges in the test area. Three gauges a@€ connected to the RSL monitoring voltage output at the
operated by the DWD which provide hour|y rain rate data"nks. We use a Cinterion TC65i which combines a GSM
with 0.1 mm resolution. module, two ADC (analog-to-digital converter) channels and
In addition to these, we operate three rain gauges af Java virtual machine to run our custom logging program.
the slope beneath the steepest link connecting the centekhe module’s ADC input is connected to the RSL monitor-
of Garmisch-Partenkirchen (700 ma.s.l.) and the summit ofing voltage output of the link. If a second link is available
Mount Wank (1780 ma.s.l.) to better capture the inhomo-at the same location, its RSL output can be connected to the
geneity of precipitation caused by the orography. The gauge§econd ADC, which will help save costs when installing log-
are tipping buckets with.2 mm resolution and are placed at gers at nodes where usually several links are located.
930 m, 1340 m and 1750 m a.s.l. Because all locations are on The RSL monitoring voltage is sampled every three sec-
the steep forest-covered windward side of the mountain, thé@nds and stored as a minute average. Via the GSM mod-
accuracy of the absolute values of rainfall amount is affectectle, the recorded data are then transferred to the FTP port
by large uncertainties. Qualitative information on the occur-of the project server. Since the minimal java virtual ma-
rence of rain events in general can nonetheless be deduceghine installed ex factory does not implement FTP, the free

A summary of all gauges can be found in TaBle FTP library Ftp2Me [Laszb, 201]) is used. With a conver-
sion factor distinct for each link system, the recorded voltage

can then be converted to RSL in the next processing step.
The conversion factors are provided by Ericsson GmbH. To

_ assure good data consistency, the logger requests the cur-
Radar data are obtained by the DWD C-band weather radgfgpyt {ime via time protocol from thehysikalisch-Technische

at Mount Hoher Pei3enberg. It is not part of the Operat'onalBundesanstal@PTB) in Germany to update its systems time
radar network, which comprises 16 radar systems covering,caq to timestamp the data. Each logger also has a ultique
the whole area of Germany, but rather serves as a resear‘i@rnational Mobile Station Equipment IdentEI) num-
testbed for innovations that could be introduced to the nex, o, \which is used to organize the raw data storage at the
generation of the operational network. Because of this, dat@oper so that distinguishing data from different loggers is

are not always continuously available as soft- and hardwargaigntforward. The cryptic IME! is then resolved to the real
are being upgraded from time to time. Nevertheless, it is our..-rowave link name in the database.

preferred source of radar data because of its vicinity to the |t rs| data are not directly available from the backhaul

microwave links and to the Alps in general. network providers or if higher resolution data are required
The radar covers a circular area with a radius of 256 kMo research, the developed data logger can offer a simple and

and generates a precipitation scan every five minutes. We Usg,eap alternative. Given that permission from the provider

the reflectivity data of those five minute precipitation scans;g obtained, installation is possible wherever the used mi-

(the so-called DX product) with an angular resolution 6f 1 ¢,qave link hardware provides an analog RSL voltage mon-
and a range resolution of 1km. The DX product is alreadyitoring output.

clutter-corrected by means of a statistical and a Doppler clut-

ter filter. However, for the two links in the vicinity of the 52 Database and data access

radar, ground clutter is already reduced by the elevated radar

location on Mount Hoher Peil3enberg approximately 300 mTo ease analysis, processing and storage organization of the

above the surrounding area. The radar beam elevation angldaily increasing amount of RSL records, a database system

is 0.5°. Hence, the area around Garmisch-Partenkirchen iss used. The framework consists of a MySQL backbone, con-

blocked by the mountains in between, making radar data untaining the tables for all data, and python scripts for pars-

available for the three links in the southern part of our testing and exporting data to and from the database. Besides

region. RSL data, it also contains all important information on the
To derive rain rates from the radar reflectivity, we use thespecific microwave links (locations, frequency, polarization,

multi part Z-R-relation developed by the DWD within the etc.), rain gauge data and additional meteorological data from

RADOLAN project Bartels et al.2004). Details are given our institute’s met station on the summit of Mount Wank. Itis

in Table 3. The resulting rain rates are then projected from easily expandable for new data sources. Export for automatic

4.3 \Weather radar
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Table 1. Table of all links used in this study.

Altitude s
Name From To Length difference Frequency Polarization
hop2-murnl  Mount Hoher PeiRenberg  Murnau Ak 300m 150 GHz vertical

hop2-wh0 Mount Hoher PeiRenberg  Weilheim .2km 420m 187 GHz vertical
gap0-gap4 Garmisch-Partenkirchen ~ Mount Wank .0 kfn 1050 m 187 GHz horizontal
gap3-oau4d Mount Kreuzeck Oberau ARm 950 m 150 GHz vertical
gap0O-oagaul Garmisch-Partenkirchen = Mount Laber .4 ki 940 m 2D GHz vertical

Table 2. Table of rain gauges used in this study. Table 3. Table containing the values afandb used for the conver-

sion of radar reflectivityZ to rain rateR with R = aZ? according

Name Location Altitude  Accuracy to fin.di_ng.s of the RADOLAN prqject. Overe_stimation Qf _cor_wective
precipitation and underestimation of stratiform precipitation shall

gap Garmisch-Partenkirchen ~ 720m .1emht be avoided by distinguishing precipitation types from the reflectiv-

oagau Oberammergau 840m .1enmht ity values (in dBZ) and a shower index for each pixel. The later

hop Hoher Peil3enberg 960m .10nmh?1 is the mean value of the absolute differences in reflectivity of the

wank900 Mount Wank 930m .Pmmh? neighbouring pixelsRBartels et al.2004).

wank1300  Mount Wank 1340m .®Pmmh1

wank1750  Mount Wank 1750m .®mmht dBZ <365

. 36.5-44 > 44
showerindex _35 3575 >75

. d h K be d . da 125 200 320 200 77
processing and research work can be done via a command , 1.4 1.6 1.4 16 1.9

line tool to CSV (comma-separated values) files or binary
matlab structures. Raw data are not yet freely available, but
a web interface for visualization is already onlir@nfeiner
201D). feasible. In order to still derive meaningful rain rates from
microwave link data, two directions can be taken.
First, the differential polarization signal from a dual

6 Data preprocessing: wet/dry classification polarization-link cancels out the unwanted fluctuatidraf(
et al, 1996. This is because the differential signal is only
6.1 Background affected by the unequal raindrop diameters in the horizontal

and vertical direction depending on the drop sizes, which in
As shown in Sect2, the attenuation of microwave radia- turn depends on the rain rate.
tion strongly depends on the amount of precipitation along The second way is to determine in which periods rain
its path of propagation. Hydrometeors are however not theevents occurred (wet period) and which were dry (dry pe-
only source of disturbance. All other atmospheric parametersiods). The attenuation during a rain event could then be cal-
like gas concentrations, pressure, humidity, temperature andulated from a baseline, which is derived from the dry period
even aerosold {ebe, 1989 or dust particlesHo et al, 2004 before it, assuming that the baseline does not significantly
can cause signal impairment. Small changes of the transmiszhange during the rain event. This was first showRbjpimi
sion power due to drifts of the link electronics may also alter et al.(2003 who analysed the correlation between RSL time
the RSL. However, compared with the impact of precipita- series for different frequencies recorded with purpose built
tion, these effects are minor. But even during clear sky condi-dual-frequency links. Wet events could be distinguished from
tions, the RSL level is always fluctuating, because the atmodry ones by significantly higher correlation values. The same
spheric conditions are constantly changing. For special layapproach was taken l§yoldshtein et al(2009 using the cor-
ering of the atmosphere, so-called ducting, where gradientselation between bidirectional signals of commercial links.
of the refractive index cause the direction of wave propaga-An extension to this method was presented Rgyitsfeld
tion to bend, losses of several dB are possiMait( et al, et al. (2012 using a hidden Markov modeDvereem et al.
2011). Thus, to derive meaningful precipitation information (2011 also analysed correlation between different links to
from microwave link data, the fluctuations of the RSL have detect wet periods. They compared RSL levels of several
to be distinguished from those caused by precipitation andinks (not farther than 10 km from each other) from a dense
those caused by other effects. As there is usually no reliabl@etwork of microwave links in an urban area.
information on the atmospheric conditions along the links In commercial microwave link networks, usually only one
available, discounting their impairment on the signal is notpolarization and one frequency are available along a certain
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link path. Density of the network also varies considerably  1¢° . .
between rural and urban areas. Hence, the above-mentione || gz average
methods are not always applicable. Nevertheless, a determi dry fluctuation
nation of wet and dry periods is possible using time series wet
analysis toolsSchleiss and Bern@010 showed that a win-

dowed standard deviation sliding along a RSL record from
commercial links accomplished this task quite robustly. Ap-
plying this method to our specific data (i.e. specific data reso-
lution, link topography and alpine/pre-alpine terrain), we en-
countered some limitations though. Distinguishing between
light rain events and dry fluctuations was not always success-
ful. Thus, we developed a new analysis tool, using short-time
Fourier transform (STFT), which is a sliding windowed fast
Fourier transform (FFT). 107

10° K

2/Hz

normalized spectrum amplitude

power spectral density in dBm'
3

6.2 AIgorithm frequency in Hz

The problem to distinguish wet and dry periods in the RSL Fig. 3. Typical spectra for 256 min snippet (with a Hamming win-

data records can be viewed as a problem of pattern recogniow) from a RSL time series for different atmospheric conditions.

tion in time series. A human observer, who has experience imhe inset shows the spectra normalised with the average dry spec-

comparing RSL data with rain gauge records, can very ofterfrum by division. Deviation from the mean dry spectrum is largest

easily detect even weak rain events by looking at the courséor the low frequency part of theetspectrum. Note that for thdry

of the RSL time series. For larger data sets, this is of coursdluctuationspectrum the observable deviation is highest in the high

not feasible and scientifically not satisfying. Thus, the main Téauency part.

task is to find features defining “the look” of a rain event

that are easily extractable from the time series by means of The raw spectra all exhibit a similay 1-like shape with

a computer algorithm. _ _ increasing amplitudes towards low frequencies. To ease the
We approach this task by analysing spectra of short snipapalysis of the amplitude deviations during rainy periods

pets of the RSL time serie®; with i € {1,..., N}, N being  compared to dry periods, a normalisation of the spectra has

the length of the time series. For each time stewe take g pe applied. Using a general spectrum (e gflwith o €

short section of the RSL data: [0.5, 1]) for the normalisation of all links did not yield sat-

isfying results. This is due to the fact that the link spectra

Rt)={Rlkelr=L....t1+ L} @ dg/ia?e from Yf in the low frequency regime. The dgvia-

with length 2 (a length of 256 points was found to perform tions also differ for each link.

best and is used throughout this paper), windowed by a Ham- Thus, for each pointin timg, the normalised spectrum

ming windoww, from which we calculate the Fourier trans- P(f.1)

form: Prom(f,1) = ————— )
Prean dr>(f)

F(f.t) =FFT(wR(1)) () is calculated by division through a mean dry spectrum

Pmean dry In this study, the dry period used to determine
Pmean dryWas chosen by visual inspection of the RSL time
series. The duration of the averaging period was approxi-

via FFT. As we are only interested in the spectrum of the
amplitudes, we use the power spectral density

2|1F (£, mately 48 h for each link. However, since this step has to be
P(f.1)= Fs YL 2 (4) performed only once for each link, the dry period could be
0

chosen by selecting a time of stable dry weather from reanal-
for further analysis. The normalisation factors used are theysis or gauge data. Using this approach, a determination of
sampling rateFs and the sum over all Hamming window Pmean drywould also be feasible for a larger number of links.
weights. The received spectrum is just a different represen- The inset in Fig3 shows the three spectra for the three dif-
tation of the short time series section arounanly in the  ferent atmospheric conditions in normalised form. Besides
frequency domain. Effects that occur at a certain frequencythe obvious strong deviation at low frequencies for the wet
or in a certain frequency range are thus more easily observperiod, the dry period with strong fluctuations also shows
able. Figure3 shows example spectra for three points in time considerable differences from the dry mean. Contrary to the
of a RSL record with different atmospheric conditions: a rain wet period, its deviation spreads over the whole frequency
event, a dry period and a dry period that causes strong signahnge with the highest amplitudes towards high frequencies.
fluctuations. That is, not only can the wet periods be identified by the
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strong deviation at low frequencies, but they can also be dis- month/day
tinguished from dry periods by the uneven distribution of the =~ -s0 %20 0623 0626 0629 0702 0705
deviations. Hence, we look at the difference a
c _40W
Psum diff(t) = Psum low(?) — Psum higH?) (6) 2 50
@
of the sums of the normalised low and high frequency ampli- * -eo|
tudes
TS
Prorm(f> 1) o e p———" IJ —
Psum lowd?) = Z " Now 7) b SR R B 4000
[ = fdivide ow &6l . : normaltzed spectrum amplltude ] i !
Prom(f.) : CARE S d B | 4
Pam gty = 3 TromD) ® i -
J> fdiide high 9%2‘ oD 2 K S8 g ' '_
with fgvide defining the frequency at which the spectrum NS g8 3 : .'. ‘. i
is divided andNjow, Nnigh being the number of frequencies
used in each sum. 10° I

If the differencePsym giff €xceeds a certain threshaldwe
mark the period as wet. Hence, for each point in timeve

e I 0 A

dry if Psum gifi(t) < o.
T wet period
d

threshold

sumdiff
-
o

During wet periods, the baselinRyase Of the RSL is kept _3s}
constant at the level of the last valygsqry of the last dry
period. For the dry period, the baseline always follows the
RSL level. That is

baseline in dBm
A
o

_ | R(tiastary) if wet e
RbaSét) — { R(t) |f dry. (10) i 1 1 I L L 1 L L L L L L L I L L L
The attenuation is then ¢
o
A(t) = Rpasd?) — R(1) (11)

Rain rate in mm/h

which is always zero for the dry periods. If the attenuation
(and thus the rain rate) becomes negative, the rain rate is set
to zero. This sometimes happens at the end of a rain event

J\

i A ) — §F 7 1 Gauge gap — & T

when the baseline was set too low at the beginning. 100t f Gauge oagau 1

g 8ol Link gap0-oagaut /FI
6.3 Example £ 6o}

2 4o}
For the following exemplary application of the algorithm pre- & |
sented in the last section, the threshelg: 2.5 and the spec- .
trum division frequencyfgivide = 4.3 x 103 Hz have been 0620 06223 0626 0629 0702 07/05
chosen by hand. Sectidh4 will deal with the optimization monifiday
of these two parameters to get optimal wet and dry detectiortig 4 application of the proposed wet/dry classification algorithm
performance. to a 18-day RSL time series in summer 2010 from the tjakO-

The example of the application of the wet/dry classifica- pagaul The plots from top to bottom sho) the RSL time series,
tion algorithm is shown in Fig4. It is applied to a 18-day (b) its spectrogram(c) the difference of the spectrum amplitude
time series of RSL data recorded in summer 2010 at the linksums Psymdiff (see text for explanationfd) the derived baseline
gap0-oagaulrom Garmisch-Partenkirchen to Mount Laber for the RSL time series an@) the calculated rain rates pl{ the
near the C|ty of Oberammergau_ The topmost p|0t (H@ accumulated sum, both Compared to two nearby rain gauges.
shows the minute resolution RSL time series recorded by our
data logger. Within the 18 days, several rain showers passed
the link. The slight attenuation events around the 19 and
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20 June indicate a long lasting stratiform rain event. On thefor very low values ob, most of the periods are classified as
22 and 30, three weak and short events occurred. The lastet, sincePsymgits easily exceeds. For this reason, the num-
days of the time series around the 4 and 5 July are dominateler of hours classified as wet here does not steadily decrease
by sharp attenuation events, which can be assumed to stemith increasingr, although the number of minutes classified
from more convective showers. as wet by the wet/dry classification algorithm does.

In Fig. 4b, a spectrogram of this time series is shown that Using the numbers of hoursNjnkggauge-wet and
comprises the normalised speciam(?) for each minute,  Ninksgauge=dry, Where both link and gauge are classi-
with the frequency along the y-axis and the amplitude colourfied as wet or dry respectively and the number of hours
coded. A window length of 256 points was used. The unevenNgauge-wet and Ngauge-dry; Where the gauge indicates a wet
distribution of the normalised amplitudes during rain eventsor dry period, respectively, we define the error rates as

(which was already shown in Fig) is also visible in this rep- Niinkagauge=wet

resentation of the time series. During the dry period from the€wet =1 N 12)

23 to the 29 June, a daily periodicity is revealed with stronger T gaugeswet

fluctuations (higher amplitudes) in the morning hours. Say=1— Niinkggauge=dry (13)
To visualize the decision of whether a period is wet or dry, Ngauge=dry

Psumditf and the threshole are plotted in Figdc. Following  which form the weighted mean error rate

the decision rule in Eq9], a shaded area is added to indicate

a wet period wherésymgitf > o = 2.5. The baseline, shown Euwmean= w Ewet+ (1 —w)&ry (14)

in the Fig.4d, is then set according to EqLQ). With the  with the weighting factow. We chosav = 0.6 to emphasise
magnified y-axis compared to the topmost plot, the fluctua-the error of wet detection. This is motivated by the fact that
tions during dry periods are now clearly visible. a misclassification of a dry period as wet is less severe, since,
With the baseline set, it is now straightforward to calculate if the gauge is regarded as truth, it is not raining in this period.
the rain rate with the power law from Edl)(and the a- and Hence, the attenuation (and thus the rain rate derived from
b-values taken from the interpolation of the ITU recommen-the link) is expected to be lovR@himi et al, 2003. The dry
dations. Figurde—f comprise the calculated hourly rain rates error of course still has to be taken into account due to the
and accumulated sum of rain, respectively. For comparisonpossibility of large fluctuations in absence of rain, which is
data from the two nearest DWD rain gauges are shown. Reaexactly the reason why a wet/dry classification is necessary.
sonable agreement can be observed between all three precip-Besideso and fgivige, the window length, which should
itation observations. Deviations are of course likely becausdéoe a power of 2 for fast computation of the Fourier trans-
the gauges are several kilometres away from the link and thugorm, is another crucial parameter for the algorithm’s perfor-
they do not necessarily collect the same amount of rain. mance. We found that 256 points (with our minute-averaged
data, i.e. 256 min) performed best. Shorter windows yielded
6.4 Adjustment and performance for different links more problems with detecting long lasting, almost constant
rain events, for the short window does not see the long-term
For the example shown in Fig, the threshold- and the fre-  fluctuation. Longer windows in contrast had drawbacks in
quency fyvide, at which the spectrum is divided, were cho- detecting small and short events because their contribution
sen by hand to best fit the event detection by the rain gaugeo the Fourier spectra is blurred out.
However, this is not feasible for a larger number of links The results of the performance analysis for a window
and a longer time series. To determine the best values folength of 256, with threshold values6 <o <6 and fre-
o and fgiide for each of the five links, we analysed our al- quency division values 0 HZ fgiige < 8.3 x 10~3 Hz, are
gorithm’s performance for a wide range of values over thegiven in Fig.5. All five links exhibit more or less the same
period July 2010 to October 2010. Measures of the perforbehaviour. Apart from the non-continuously rising or falling
mance are the error rates of wet and dry detection which areegion at lows values, a larges yields a lower dry detection
based on the number of wet and dry hours for link and gaugesrror rate (because more and more points are classified as dry
measurements. Important to note is that the hourly classifisince Psymgjft is smaller tharr more often) and a higher wet
cation of the link data is based on the mean hourly rain ratedetection error rate (because fewer and fewer points are clas-
Only if it is larger than zero, the hour is classified as wet. sified as wet). Above a certain threshold vadue O, the dry
Hence, it is possible that an hour containing minutes thatdetection error rate of all links rapidly decreases, converging
were classified as wet is not counted as wet in this analyto zero for increasing. The increase of the wet detection
sis, if it did only contain negative minutely rain rates which error rates also starts at~ 0. Except forhop2-murni(see
were set to zero during processing. Negative rain rates (oFig. 5-b5), this increase is small compared to the decrease of
negative attenuation) occur if the RSL baseline is set too lowthe dry detection rate. The cause for the peculiar behaviour
which may happen for values of far below the optimum.  of hop2-murnlis not yet clear.
In this case, the baseline will be set at an inappropriate mo- Figure5-b1 to5-b5 also reveal the influence of the value
ment. It may then remain unchanged for a long time, because&yf fgivige ON the error rate. With lowefgivige, the increase
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Fig. 5. Wet, dry and weighted mean detection error rates for the five links depending on the thresdmuddthe frequency of spectrum
division fgivide- A window length of 256 was used. The bottommost plots (d1 to d5) show the evolution of the error rates for diffarent
a certainfyivige indicated by the dashed lines in plots a,b and c. The chosen valug¢gfge are proportional to the reciprocal of the link
length (detail see text). The links are sorted from left to right with increasing length.

of Ewet towards higher threshold valuesis slowed down, Following the idea of a dependence fiivige 0N the link
resulting in a wider range of goatdvalues. There is alower length/, a suitable value forfgiige can be estimated. We
boundary for optimalfgiige Values though. Iffgivige is sSet  assume a maximum propagation speed of near surface rain
too low, the effect of rain events on the spectrum amplitudedfields of v = 10m s and a propagation along the link di-
(the increased amplitudes in the low frequency regime) is notection. The time needed for travelling along the link length
contained inPsymiowanymore. ThusPsymgitf Stays small and  is thent =[/v. This can be thought of as a convolution of
does not exceed. Hence, less or no periods are classified asthe rain field and a rectangular function (the line integral
wet. This lower boundary ofjgivige is dependent on the link along the link) of lengthr. The resulting spectrum is then
length (note that the links in Fighare sorted by link length, the spectrum of the rain field multiplied with a sinc function
increasing from left to right). The longer the link, the more (Fourier transform of a rectangular function), which has its
averaging occurs. Thus, the time scales on which changes ifirst zero atfy = 1/¢. That is, whatever the shape and hence
the RSL happen become longér(jnse et al.2008. That  the spectrum of the rain field is, most of the effect on the
is, the frequencies at which rain events impact the RSL timeRSL spectrum should be contained belgyw= 1/t = v/l =
series should decrease with increasing link length. 1/1 x 10~? Hz with / in kilometres. This of course will in re-

All the described effects on the dry and wet detection er-ality depend on the prevailing wind direction, which changes
ror rates determine the optimal valuesso&nd fgivige for the the effective length of the link seen by the passing rain field.
mean error rate§mneanSshown in Fig.5-c1 to ¢5. The mini-  Nevertheless, as can be observed in Bi¢the dashed lines
mum of Emeanlies wheregyry just declined andyet starts to  indicate fgivide = 1/1 x 102 Hz) and seen from the resulting
rise (0 ~ 1) with a bias towards lowgiide depending some-  error rates in Tabld, the performance with a constant= 1
how on the link length. The optimal values @fand fgivide (indicated by the dotted lines in Fi§) is very close to the
for minimal Emeanare listed in Tabld. absolute optimum.
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Table 4. Resulting mean error raémeanof the wet dry classification algorithm with the corresponding optimum values (also depicted in
Fig.5) of o and fgjvige- Also listed are the near optimum values for whigyige follows the reciprocal of the link length (see text for details)
ando = 1. For comparison with the link length, the reciprocalfgfige is given. The correlation coefficienf? stem from the comparison

of the link-derived rain rates with rain gauge data in secfiarsing the near optimum values. A window length of 256 min was used in the
underlying analysis.

. Length Optimum Near optimum
Link name i
in km fdivideinHz o &wmean Sdivide in Hz fd_ivlide inseconds o  &wmean R?

gap0-gap4 40 BOx103 1.1 0.110 20x 1073 0.42x 103 1.0 0119 0.61
hop2-wh0 102 ®5x103 1.0 0.102 2x 103 1.09x 103 1.0 0110 081
gap0-oagaul 104 .2x10°3 3.9 0.090 2x 103 1.09x 103 1.0 0117 0.75
gap3-oaud 171  .@9x103 19 0.088 B9 x 1073 1.67 x 103 1.0 0.106 0.74
hop2-murnl 174 @9x10°3 1.0 0.111 B9 x 103 1.67x 103 1.0 0114 0.61

To strengthen these findings, further research will beimprovement from€mnean= 0.102 t0 Emean= 0.098. For the
needed in particular with a larger number of links at anlink hop2-murnl however, performance decreased slightly
ideally wide range of lengths also taking into consider- from Emean= 0.111 t0Emean= 0.120. Most likely the men-
ation link orientation and wind directions, which can be tioned artefacts and the errors introduced by neglecting small
highly variable in our alpine region. Nevertheless, the resultsrain rates lead to this result.
shown here give a strong indication that this method could
be applied without calibration, setting=1 and fgivide ~ 6.5 Limitations
1/1 x 1072 Hz. For the derivation of the rain rates from the

RSL in Sect7, these values will be used. As can be seen from the error rates in Eignd Tabled, there

The same analysis as shown in Fig.was also con- still remains an amount of misclassifications of wet and dry
ducted with radar data as reference for the performance of thﬁeriods. Some are due to the inability of the algorithm itself,
Wet/dry classification algorithm. USing radar rainfall as cri- others to the more genera| prob|em of precipitation ground
teria for wet/dry classification is not straightforward though. truthing.
Radar rain rates are derived from radar reflectivity (as de- |n our case, the rain gauge locations and the farthest point
scribed in Sect4.3) which can result in very small rain rates of some links are separated by more than 10km and up
for the smallest reflectivity values just above the radar systg 1000 m of altitude difference. That is, the rain gauge
tem’s detection limit. These small rain rates do not necesqndicating a dry period does not necessarily mean that there
sarily correspond to real rainfall. Hence, usually a thresh-yas no rain along the link at all. As mentioned in Séct,
old of 0.LmmH! is introduced and lower rain rates are set the available radar data, which in principle could serve to
to zero. However, our radar data show artefacts (identifiechyercome this problem, contain small rain rate artefacts and
by careful analysis of the temporal evolution of the spatial are thus not usable for this task.
radar reflectivity) resulting in rain rates of up to 0.3 mrrth Figure6 gives an example of a situation like this where the
For the wet/dry classification performance analysis, we thugauge misses a rain event. The RSL data show three distinct
had to find a compromise between reducing the artefactgttenuation events: at 06:00, 11:30 and 13:00 UTC. Judging
(false wet periods) and accidentally neglecting small real rainpy the course of the RSL, all three stem from precipitation.
events. We used a threshold of 0.1 mTﬁ fior the 5 min radar The rain gauge, however, seems to miss the second event
data and classified an hour as wet if the hourly radar raingnd parts of the third one. Hence, a dry detection error is
rate averaged along the corresponding link was larger tharounted where the algorithm in fact was correct. Unfortu-
0.2mm . The optimal values fos and fvide Yielded by nately, a comparison with radar data, which would offer an
this analysis were close to the ones found using gauge datgmproved more localised event detection, is not possible for
resulting in minimum mean error rates&fean= 0.120 and  the three links around Garmisch-Partenkirchen because no
Emean= 0.098 for the linkshop2-murnlandhop2-whO As  radar data are available for the test period in summer 2010.

mentioned in Sec#.3, radar data were not available for the The cause for this was a new scan strategy that set the el-
three links around Garmisch-Partenkirchen because of bear@vation ang|e of the radar lower for the precipitation scan.

blockage due to the mountains. Hence, the beam is blocked by the mountain range north of
Because of the higher spatial representativeness of thesgrmisch-Partenkirchen.
radar compared to the rain gauge (explained in $e5t. we Besides the problem with the spatial representativeness of

expected a better performance using radar data. For the linkain gauges, Figé also shows a detection limitation of the
hop2-whQ this proved to be true, although with a marginal aigorithm itself. For both the events at 06:00 and 11:30 UTC,
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Fig. 6. Example of the limitations of the proposed wet/dry classification algorithm. Shown are time series of the minute resolution RSL
data from the linkgap0-gap4(bottom plot in red), the hourly link-derived rain rate (top plot in red) and the hourly rain rate from the gauge
Garmisch-Partenkirchen. Note: the hourly data are derived according to the DWD standard (e.g. 12:00 UTC mean value is averaged from
10:50 to 11:50 UTC) and the classification of a period as wet or dry applies for the whole hour before the value’s timestamp (e.g. from 11:00
to 12:00 UTC for the 12:00 UTC value). The colours indicating the errors correspond to the hourly data.

a wet period is detected already one hour before and aftefour frequencies (from.07x 10~3 Hz= 1/256 min to 260
the actual attenuation event. The cause for this broadening0—2Hz = 1/64 min) will be increased considerably by this
of the wet detection period is that the 256 min sliding win- very slow change of RSL. For the sum over all 64 low fre-
dow used for the spectra calculation sees large attenuatioquenciesPsymiows their contribution is not enough to fulfil the
peaks 128 points (i.e. 128 min) before and after the periodvet period conditionPsymiow— Psumdry> 0
it classifies. The effect is mitigated by the use of the Ham- Again, this is a problem of window length. A longer win-
ming window weakening the influence from the points at the dow would have captured the slowly changing RSL level bet-
window edges, but not enough. Remedy could be found byter, however, at the expense of detecting shorter events. Thus,
shortening the window length, but as discussed in Sedt. a further improvement of the algorithm may be achieved us-
this would implicate other drawbacks. Although the derived ing spectral analysis tools that are more suitable for revealing
rain rates for the wrongly classified period are negligible be-simultaneous changes on long and short time scales. Exam-
cause there is almost no attenuation, this still increases thples could be the discrete wavelet transform or the Hilbert-
error rate. The obvious solution, weighting the detection er-Huang transformHuang et al.1998.
rors with the derived rain rates to emphasise errors leading to Regarding RSL data sets recorded by the microwave back-
high rain rates, is problematic. It would emphasise those dryhaul link network providers themselves, spectral analysis
detection errors mentioned in the previous paragraph, whetools may not always be appropriate for a wet/dry classifi-
a rain gauge misses a rain event clearly observed by the linkcation. Data sets may have a lower temporal resolution, e.g.
The same limitation is visible in the example in Fig.  15min Overeem et a).2011), or stronger power quantiza-
The strong attenuation event at 14:00 to 15:00 UTC also idion, e.g. 1 dB Goldshtein et a).2009 Schleiss and Berne
preceded by more than one hour of wet detection without2010. In particular, a low temporal resolution would limit
attenuation. Again, the uncertainty of the gauge as the rainthe applicability of the method proposed here. A data set
event indicator for our purpose is present. Between 14:00 andampled each 15 min (i.e. &1 x 10~ Hz) will not contain
15:00 UTC, the link yields® 5mm L, whereas the gauge frequencies below 5 x 10~4Hz. Hence, the important fre-
did not record any precipitation. Only the following smaller quency range between10-3Hz and 5x 10~4Hz (i.e. the
(presumably more widespread) event is detected. range of optimal values fofgivige) cannot be resolved. How-
Another limitation revealed by this example is the cor- ever, with the growing popularity of commercial microwave
rect wet event detection for very light rain events. Start-links as remote sensing tool, the availability of high resolu-
ing from 01:00UTC on the 13 August, the rain gauge tion RSL data directly from the providers can be expected to
at Mount Hoher Peil3enberg measures five hours of veryncrease.
light precipitation (0.1-0.2mmH). Looking at the RSL
data of the link, a slight decrease: ( dB) is observable.
However, the decrease takes place very slowly (1dB.h
That is, in the spectrum only the amplitudes of the lowest
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Fig. 7. Same plots as in Fig but for the linkhop2-murnland gauge Hoher Peil3enberg.

7 Intercomparison of link-, gauge- and radar-derived In general for all links, problems in the range of small
rain rates rain rates can be observed, especially along the axes. The
values directly on the axes (i.e. the rain gauge or the link
Section6 focused on the rain event detection, which is nec- Measures zero rainfall but the respective other measurement

essary to determine a RSL baseline. For the application 0y.ields arain ratg greatgr than zero) stem from the classifica-
microwave links as a precipitation remote sensing tool, thelloN errors mentioned in Sed.5. The dry detection errors
crucial parameter is the rain rate it delivers. We derived rain!€2d to values on the x-axis, wet detection errors to values on
rates by applying the algorithm introduced above with the the y-axis. o

values listed in Tabld and the power law relation in Eql) For all links, excepigap0-oagaulan overestimation of
Continuous minute resolution data of RSL records are used@n rates is observable, with the mean link rain rate being
throughout the period from July 2010 to October 2010 for UP t© twice the gauge rain rate. Besides the uncertainty of
all links except forgap0-gap4where two failures of the data  the 9auges, this can be due to the uncertainty of the a- and
acquisition system made several hours of data unusable. TH&Values from the power law in EqLXwhich are not specif-

rain rates are then averaged hourly to be comparable with thif2ly @dapted to the rainfall climatology (that is the prevail-
available rain gauge and radar measurements. ing DSD type). Furthermore, the non-linearity of the power
law leads to overestimation of rain rates because of the het-

erogeneity of rainfall along the links. This effect increases
7.1 Microwave link —rain gauge comparison with lower frequencies (belowr 30 GHz) and increasing
link length. The observed overestimation for the five links
Figure 8 gives an overview of the comparison between thecan however not be explained by these effects alone. It is
hourly rain rate from each of the five links and their closestnoted that the link with the highest frequenggp0-oagaul
rain gauge. The sixth plot on the lower right shows data from(f = 23 GHz), yields almost no overestimation though. A
the link gap0-gap4and the three gauges along the slope of further crucial effect leading to overestimation is the addi-
Mount Wank beneath the link. tional attenuation introduced by the water film present on the
Correlation between the links and the DWD gauges differsantenna during a rain event. We are aware of the fact that cor-
from link to link betweenR?2 = 0.61 andR? = 0.81. A com- rection methods for the wet antenna effect exighgradly
parison ofgap0-gap4with our own gauges directly beneath and Ross2001 Minda and Nakamure2005 Leijnse et al,
the link on the slope of Mount Wank instead of the DWD 2008 Overeem et al.2011), but all implicate further uncer-
gauge does not provide any further improvement. A look attainties. Hence, as long as no reliable ground truth for the
the time series (not shown here) revealed that some even@bsolute rain rates along the links and information on the an-
not recorded by the DWD gauge were detected by the gaugeienna radome type is available, we prefer not to apply a wet
at the higher elevations (which can be attributed to precipi-antenna correction.
tation generation due to orographic lifting), but the overall
correlation even declined. The advantage of the better spatiad.2 Microwave link — weather radar comparison
representativeness might have been outweighed by the errors
attributed to the steep orography and the forest cover at th&or the two links connecting Mount Hoher PeiRenberg with
gauge locations. the cities of Weilheim and Murnau, radar data are available
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Fig. 8. Scatter plots for continuous hourly microwave link rain rate observation and DWD rain gauge data for the period from July 2010 to

October 2010. The plot on the bottom right shows gauge data from the rain gauges at different altitudes on Mount Wank directly beneath the
link path.
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Fig. 9. Scatter plots for continuous hourly microwave link rain rate observation and DWD weather radar data along the links for the period
from July 2010 to October 2010. The plot on the right gives a comparison of data from the rain gauge at Mount Hoher PeiRenberg and the
radar along the linkiop2-wh0

throughout the test period. The radar data are processed abop2-murn] as R? increases from 0.61 to 0.81. There are
cording to the description in Seet.3 and setting rain rates still points along the y-axis indicating that the link may have
less than 0.1 mmtt to zero. The results are then averaged missed a precipitation event, resulting from the error rate for
along the corresponding link path. Each pixel is attributedwet detection. However, many of the dry and wet detection
a weight based on the fraction of link length passing througherrors from Fig.8 vanished. The low spatial representative-
it. Figure9 shows the resulting rain rates for link and radar asness of the gauge seemed to be a major cause for the poor per-
well as a comparison of the gauge at Mount Hoher PeiRenformance of the long linkop2-murn1(17.4 km). The prob-
berg with the radar path average data along the link toward¢em of the artefacts in the radar reflectivity field, which ham-
Weilheim. pered the wet/dry classification performance analysis with
In comparison with the gauge-link correlation from F8g.  the radar data, is not that severe here since the very small
a significant improvement can be observed for the linkrain rates caused by the artefacts only have a large impact
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in the classification of wet periods. Correlation for the link of links and taking into account link frequency, altitude and
hop2-whOalso increased, from an already higf = 0.81 in particular wind speed and direction could provide useful
to R? = 0.85. Just as for the linkop2-murnlthe main im-  additional information. With detailed knowledge of the rela-
provement can be observed when the gauge seemed to hatien of fgiige ando on the given link parameters, the need
underestimated or completely missed rain events. Overestifor error-prone ground truthing could be avoided. This is es-
mation of the links is also less severe here. pecially important for potential future applications, e.g. in
The comparison of the gauge rain rates against the averdeveloping countries where ground truth sources are scarce.
aged radar rain rates along the lihkp2-murni(shown on  Furthermore, the algorithm’s performance for longer time se-
the right in Fig.9) emphasises the problem of rain gauge ries spanning over all seasons should be investigated. For ex-
measurements. For low rain rates the error is small, but withample, winter conditions with sleet, snow and antenna icing
higher rain rates, which mostly occur on smaller horizontal will pose further challenges.
scales, the error increases. Radar rain rate availability is thus Where radar-, gauge- and link measurements are available,
desired for our whole test region. a merging of all three data sources may provide the opportu-
nity to obtain improved spatio temporal distributions of rain-
fall for all kinds of hydrological analyses.
8 Conclusions
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