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Abstract. The Micro Rain Radar 2 (MRR) is a compact Fre- absorption is negligible in ice, thus, the use of attenuation-
quency Modulated Continuous Wave (FMCW) system thatbased technique is not feasible. Despite recent advancements
operates at 24 GHz. The MRR is a low-cost, portable radain sensor technology, in situ measurements of snow parti-
system that requires minimum supervision in the field. Ascles from aircraft Baumgardner et gl2012 and ground-
such, the MRR is a frequently used radar system for conbased imagersBattaglia et al. 2010 contain large uncer-
ducting precipitation research. Current MRR drawbacks areainties. The uncertainty also extends to snowfall rate mea-
the lack of a sophisticated post-processing algorithm to im-surements using traditional gauges due to biases introduced
prove its sensitivity (currently a3 dBz), spurious artefacts by wind undercatch and blowing snowang et al, 20095.
concerning radar receiver noise and the lack of high qualityWhile the aforementioned challenges are active research top-
Doppler radar moments. Here we propose an improved proics, a larger gap exists in our ability to have basic information
cessing method which is especially suited for snow obserabout snowfall occurrence and intensity over large areas in
vations and provides reliable values of effective reflectivity, the high latitudes. This gap needs to be imperatively closed in
Doppler velocity and spectral width. The proposed methodorder to evaluate the representation of snow processes in nu-
is freely available on the web and features a noise removainerical models. Better observations at high latitudes would
based on recognition of the most significant peak. A dynamicalso help to investigate and monitor the water cycle, which is
dealiasing routine allows observations even if the Nyquist ve-especially complex in polar regions. Due to the high impact
locity range is exceeded. Collocated observations over 11%f snow coverage on the radiation budget, better monitoring
days of a MRR and a pulsed 35.2 GHz MIRAS35 cloud radaris also crucial for climate studies. A network of small, profil-
show a very high agreement for the proposed method foiing radars can be part of the answer to address this fundamen-
snow, if reflectivities are larger than5 dBz. The overall sen-  tal gap by providing information on snow event occurrence,
sitivity is increased te-14 and—8 dBz, depending on range. morphology and intensity.

The proposed method exploits the full potential of MRR’s  The Micro Rain Radar 2 (MRR) is a profiling Doppler
hardware and substantially enhances the use of Micro Raimadar Klugmann et al. 1996 originally developed to mea-
Radar for studies of solid precipitation. sure precipitation at buoys in the North Sea without being
affected by sea spray. It is easy to operate due to its compact,
light design and plug-and-play installation and is increas-
ingly used for monitoring purposes and for studying liquid
precipitation Peters et al2002 2005 Yuter et al, 2008. In

The study of snow fall using radars and in situ techniques isaddmon to that, MRRs were used to study the bright band

challenging (einonen et a.2012 Rasmussen et aR017. (Cha et al. 2009 and supported the passive microwave ra-

The particle backscattering cross section depends on itglometer ADMIRARI in partitioning cloud and rain liquid

shape and mass while their terminal velocity requires infor-Water Saavedra et 312012.
mation on their projected area. For observations at K-band,

1 Introduction

Published by Copernicus Publications on behalf of the European Geosciences Union.



2662 M. Maahn and P. Kollias: MRR snow measurements using Doppler spectra post-processing

Its potential for snow fall studies was recently investigated
by Kneifel et al.(2011h KN in the following). They found
sufficient agreement between a MRR and a pulsed MIRA3€
35.5GHz cloud radar, if reflectivities exceed 3 dBz. How-
ever,Kulie and Bennart£2009 showed that approximately
half of the global snow events occur at reflectivities below
3dBz, thus MRRs are only of limited use for snow climatolo-
gies. KN attributed the poor performance of the MRR below
3dBz to the real time signal processing algorithm. However,
the lack of available raw measurements (radar Doppler spec
tra) prohibited KN from validating this assumption. In addi-
tion, MRR can be affected by Doppler aliasing effects due to
turbulence as shown for rain Ayidon et al.(2011).

This study proposes a new data processing method fo
MRR. The method is based on non noise-corrected raw MRF
Doppler spectra and features an improved noise removal al
gorithm and a dynamic method to dealiase the Doppler spec-

trum. The new proposed method provides effective reflectiv-rig. 1. Micro Rain Radar 2 (MRR) (left) and MIRA35 cloud radar

ity (Ze), Doppler velocity ) and spectral widtha) besides  (right) at the UFS Schneeferenerhaus.

other moments. The proposed method is evaluated by a com-

parison with a MIRA35 cloud radar using observations of

solid precipitation. The dataset was recorded during a four The standard produd®rocessed Datgprovides, amongst

month period at the Umweltforschungsstation Schneefernerothers, rain rate K), radar reflectivity £) and Doppler

haus (UFS) close to the Zugspitze in the German Alps at arspectra densityr{) with a temporal resolution of 10s (see

altitude of 2650 m above sea level. Sect.3.1). Averaged Datais identical toProcessed Data

but averaged over a user-selectable time interval@s).

Doppler spectra densities without noise and height correc-

tions are available in 10s resolution in the prod&Raw

21 MRR Spectra On average, 10s data consist of 58 independently
recorded spectra. In this studyyeraged Datas used with a

The MRR, manufactured by Meteorologische Messtechniktemporal resolution of 60s.

GmbH (Metek), is a vertically pointing Frequency Modu-

lated Continuous Wave (FMCW) radar (Fily.left) operat- 2.2 MIRA35

ing at a frequency of 24 GHa.(= 1.24 cm). It uses a 60cm _ _

offset antenna and a low power (50 mW) solid state transMetek’s MIRA3S is a pulsed radar with a frequency of

mitter. This leads to a very compact design and a low power35-2 GHz ¢ = 8.5mm) and a dual-polarized receiver (Fig.

consumption of approximately 25W. To avoid snow accu- nght')l.. Due to its Doppl.er capabilities it can detect particles

mulation on the dish, a 200 W dish heating system has beeMithin its Nyquist velocity of+10.5ms™*. The system has

installed. a vertical range resolution of 30 m, covering a range between
The MRR records spectra at 32 range gates. The first oné00 M and 15km above ground. Due to a very high sensitiv-

(range gate no. 0) is rejected from processing, because it coft-y of —44 dBz at _5 km heightitis ev?n possible to detect thin

responds to 0 m height. The following two range gates (no. 1/C€ clouds Melchionna et a].2008 Lohnert et al.2011). To

2) are affected by near-field effects and are usually omittecenSure optimal performance and thermal stability, the radar
from analysis. The last range gate (no. 31) is usually ex-transmitter and receiver were installed in an air-conditioned

cluded from analysis as well, since it is too noisy. Hence,"00M. To avoid snow accumulation on the dish, a dish heat-

28 exploitable range gates remain, which leads to an obsen/Nd System was installed. o

able height range between 300 and 3000 m when a resolution 1he Doppler moments used in this studi, W, o, are

of 100m is used. The peak repetition frequency of 2 kHz re-taken from the standard MIRA3S product. For better com-
sults in a Nyquist velocity of-6 ms™L. From this, the un-  Parison with MRR, the MIRA35 data was averaged over
ambiguous Doppler velocity range between 0 and 12fns 60s as well and rescal_ed to the MRR height resolution of
is derived, because Metek assumes only falling particles (seé00 M- Due to the near field of MIRAS35, all data below 400 m
Sect3.1). This velocity range cannot be changed by the user\vas discarded. As for the MRRZe was not corrected for

however, Metek offers MRR also with a customised velocity
range. 1specification sheet available ttp://metekgmbh.dyndns.org/

mira36x.html

2 Instrumentation and data
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attenuation, because attenuation effects can be neglected f
snow observations at K-baniflatrosoy 2007).

While the MRR is the same instrument as used in KN, the
originally used MIRA36 radar was replaced by a — now per- ‘ ! ‘ fand AN 1
manently installed — MIRA35 instrument with a slightly dif- TR RN NY . U e
ferent operation frequency of 35.2 GHz instead of 35.5 GHz. 50 ‘ L 4 ap
For a tabular comparison of MIRA35 and MRR, see Tdble 2000} % |

! u‘/ i Ll
\
|
was 98 % and 91 %, respectively. 15 % of the MIRA35 data
were rejected from the analysis, because the antenna heatir _ . ‘ !
of MIRAS35 turned out to be working insufficiently as can 60 16:30 17:00 17:30
be seen from Fig2. The first panel showg&e measured by time [UTC)
MRR (using the new method proposed in S8cB), whereas  Fig. 2. Time-height effective reflectivity plot of MRRZe (top),
the second panel presenfs measured by MIRA35. The MIRA35 Z. (centre) and their dual wavelength differenaeZe
third panel features the dual wavelength differeﬁé’éQR — (bottom). The presented data is already corrected for constant cali-
ZMIRASS — A Zo. By comparison with the dish heating oper- bration offsets. The operation time of MIRA35's heating is marked

ation time (grey, at bottom of third panel), it is apparent thatin grey in the bottom panel.
the lamellar pattern oA Z. is related to the operation time

of the heating. The maximum & Z, occurs always shortly ] ) )
after the heating was turned on. This is probably caused byt Varying heights greater than 1600 m. These interferences
would bias comparisons of MRR and MIRA35, especially

snow which accumulates on the dish while the heating is' , :
turned off. Since snow attenuates the radar signal at K-band & cloud is observed by MIRA3S, which cannot be de-
much stronger if the snow is wet, this is only visible shortly tected by MRR due to its lower sensitivity, but interference

after the heating is turned on and the snow on the dish start$ Present at the same range gate. To exclude these cases,
to melt. Little shifts in the pattern of Ze can be explained by all observations at heights exceeding 1600 m featuring a dif-

the fact that the heating status information is recorded onlyf€€nce in observed Doppler velocity greater than 1 s
every 3—4 min. All data showing this lamellar patterndfe are excluded from the analysis. This removes about 85 % of
was removed from the dataset by hand. Mainly observationdhe interferences because of their random Doppler velocity.

featuring reflectivities larger than 5 dBz were affected by this HOWever, this filtering was done after the general agreement
and consequently only few observations with larggrre- of observed Doppler velocities of MRR and MIRA35 had

main. However, the suitability of MRR for observation of P&en found to be very good (compare with Sect. 4.2) and it
snow at higher reflectivities was already shown by KN. The Vas made sure that only falsely detected interference shows

MIRA36 used in their study had a different dish heating sys-igher deviations of Doppler velocity.
tem and was less affected by dish heating problems. We found a calibration offset between MRR and MIRA35

Furthermore, the MRR dish heating probably has prob-Of 8.5dBz. KN measured for the same MRR instrument a cal-
lems in melting snow sufficiently fast, as can be seen inEig. ibration offset of—5 dBz, thus we corrected our MRR dataset

around 16:15 UTC. However, this happens less often than foRCcordingly. The remaining difference of 3.5dBz was at-

MIRA35. Nevertheless, 4% of MRR data had to be removediributed to MIRA35; its dataset was corrected accordingly.

from the dataset by manual quality checks due to dish heating

problems. In the future, the installation of monitoring cam- 5 Methodology

eras is planned to supervise the antennas of both instruments.

For the comparison presented in this study, about 1338h 08.1  Standard analysing method by Metek

coincident observations by both instruments with precipita-

tion remain after quality control. To derive the moments available in Metek’s standard product
In addition, the observations of this particular MRR are Averaged Datgamongst other things reflectivity, Doppler

disturbed by interference artefacts of unknown origin, whichvelocity W and precipitation rat&), the observed Doppler

are much more clearly visible if the new noise processingspectra are noise corrected: first, the noise level is deter-

method is used instead of Metek’s method. The interfer-mined. For this, the most recent version of Metek’s real-

ences occurred approximately 50 % of the time, featufg a time processing tool (Version 6.0.0.2) uses the method by

of approximately—5dBz and contaminate 1-2 range bins Hildebrand and Sekha{1974), HS in the following. The HS

UFS Schneefernerhaus 2012/01/05

2000F T

MRR Z, [dBz]

1500

height [m]

2.3 Data availability and quality control o0

MIRA35 Z, [dBz]

In this study, coincident measurements of MRR and MIRA35  *"
are analysed for a four-month period (January—April 2012). 2000
For this period, the data availability from MRR and MIRA35 54

1000

MRR-MIRA35 Z, [dB]

18:00 18:30
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Table 1. Comparison of MIRA35 and MRR.

MRR MIRA35
Frequency (GHz) 24 35.2
Radar type FMCW Pulsed
Transmit power (W) 0.05 30000 (peak power)
Receiver Single polarisation  Dual polarisation
Radar Power consumption (W) 25 1000
System power consumption (incl. antenna heating) (W) 225 2000
No. of range gates 31 500
Range resolution (m) 10-200 15-60
Range resolution used in this study (m) 100 30
Resulting measuring range (km) 3 15
Antenna diameter (m) 0.6 1.0
Beam width (2-way, 6 dB) 15 0.6°
Nyquist velocity range (mist) +6.0 (0to+11.9) 4105
No. of spectral bins 64 256
Spectral resolution (nTg) 0.19 0.08
Averaged Spectra (Hz) 5.8 5000
algorithm sorts a single Doppler spectrum by amplitude and UFS Schneefernerhaus, 2012-01-20 1:5400
removes the largest bin until the following condition is ful- ~ Mctek Frocessed Data Rew Routine | New Routine - dealiased
filled: 3000 P— ————> 43000
EZ/V >n (]_) zam):\_r—-_::__z - 2500
with E the average of the spectruri, the variance ana w0 — - ;—‘fj; N f 2000
is the number of temporal averaged spectra. For MRR, = § — §:._: 7 £
usually 58 for 10 Raw SpectraThe bin, at which the loop ~ Z =~ = - AR~ A 1500 %
stops, is identified as the noise limit, which is subtracted from ~ — A § Al
the observed Doppler spectral densties ) :—J\ - JJA\ : 1000
After noise removal, the spectrum should fluctuate arounc  {= 7 - ZAl
zero, if no peak (i.e. backscatter by hydrometeors) is preser s ;;ﬁ — ﬁ AN 500
and if noise removal is done correctly. We cannot verify, T T
however, whether the noise fluctuates around zero in reality  of—————-t———————————0
as well, because the spectraAmeraged Dataare saved in Doppler velocity [m/|

logarithmic scale. Therefore, only positive values are avail-gig 3 \aterfall diagram of the recorded spectral reflectivities of
able to the user even though negative values are used intefhe poppler spectrum at 20 January 2012 11:54:00 UTC from 300
nally to derive the Doppler moments. Nevertheless, exem+o 3000 m. Metek'sAveraged Datas presented left, the state of the
plary spectra ofAveraged Data(Fig. 3, left panel) reveal spectra after noise removal by the proposed method is shown in the
that parts with negative (i.e. line not present) and positivemiddle; the state after dealiasing is shown as well and can be seen
(line present) noise values are not equally distributed. Thisat the right. TheAveraged Datgprovides only spectral reflectivity
indicates a malfunction of the noise removal method and aglensities ex_ceeding zero (see text); the new algorithm distinguishes
a consequence Metek’s algorithm will lead to Doppler mo- Petween noise (dotted) and peak (solid).

ments from hydrometeor-free range gates.

Velocity folding (aliasing) occurs when the observed N 1o .
Doppler velocity exceeds the Nyquist velocity boundariesVelocities that exceed-6 ms™. This is an assumption that
(£6ms1) of the MRR (fixed). The recorded raw MRR will Wor_k re_asonably in liquid precipitation. !n the exampl_e
Doppler spectra have a velocity range from 02 ms. shown in Fig.3, we have asnow eygnt. Typical snow parti-
Thus, by default, the MRR real-time processing software as<!€S do not exceed terminal velocitles of ZTﬂSThF’S' the
sumes the absence of updrafts (negative velocity) and tha2PServed velocities around10ms™ can't be explained by
all negative velocities are from hydrometeors with terminal Particle fall velocities and imply the presence of a weak up-

draft that lifts the hydrometeors (negative velocities) and that
2For a detailed description, see: METEK GmbH, MRR Physical the real-time software converts to very high positive veloci-
Basics, Version of 13 March 2012, Elmshorn, 20 pp., 2012. ties. This can be seen from Fig,. which shows the spectra
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It is important to note that the radar reflectivig; avail-
10 able inAveraged Datais not derived directly by integration
of the Doppler spectrum as it is done by MIRA35 for ef-
fective reflectivityZe. Instead, the observed Doppler spectral
430 densities are converted from dependence on Doppler veloc-
ity n(v) to dependence on hydrometeor diamet@p) using

an idealised size-fall velocity relation for rain Bylas et al.
(1973. Then, the particle-size distributia¥ (D) is derived
from (D) using Mie theory Peters et al 2002 to calculate
the backscattering cross section for rain particles even-
tually gained by integratingy (D) as it is actually customary
for disdrometers (e.gloss and Waldvogel967):

locity [m

Z=/N(D)D6dD. 2)

Instead of deriving the precipitation rafe by applying an
empirical Z—R relation, R is derived fromN (D) as well:

,_.
D
o
o
Doppler Ve

R= %/N(D)D%(D)dD. 3)

This concept works — in the absence of turbulence — suffi-
ciently well for rain and gives a much more accur&t¢han

a weather radar, because it bypasses the uncertainty of the
Z-R relation introduced by the unknown (D). For snow,
however, the resulting and R are highly biased for several
reasons (see also KN): first, the size-fall velocity relationship
450 for snow is different and has a much higher uncertainty de-
pending on particle type. Second, the fall velocity of snow
is much more sensitive to turbulence. Third, the backscatter
cross section of frozen particles is different from liquid drops
Fig. 4. Doppler spectra of several heights connected to each other aand depends heavily on particle type and shape Kagifel

they are seen by a FMCW radar. The left scale shows the height levet al, 20114. Thus,Z andR are suitable only for liquid pre-

els (black) if an Nyquist Doppler velocity range of 0 to 12ntss  cipitation and must not be used for snow observations.
chosen (grey scale). If, instead, the unambiguous Doppler velocity

range is set to the Nyquist velocitys ms™1 (right, grey scale), the 3.2 Method by Kneifel et al. (2011b
height of the peaks changes (right, black scale). The dashed lines

indicate interpolations because of disturbances around@ms Instead of derivingZ and R via N (D), KN (Kneifel et al,
2011 calculated the effective reflectivityZg) and other

i moments by directly integrating the Doppler spectrum:
of five range gates connected to each other as they are seen

by a FMCW radar. The peaks appear at Doppler velocities A4

around 11 ms! (left scale), even though a Doppler velocity 2¢ = 108 ;”{'2/ n(v)dv Q)

of —1 ms™! would be much more realistic for snow. In addi- | _ _ _

tion, the figure makes clear that the particles also appear ifVith  the wavelength in m,K |2 the dielectric factory the
another range gate for FEMCW radai&4sier et al.2002. poppler velocity in mst andy is the spectral reflectivity
l.e. upwards (strongly downwards) moving particles appear” sm2. In the case of MRR, the integrals are reduced to
in the next lower (higher) range gate for MRR. If the Nyquist & SUummation over all frequency plns of the |dent|f|eq peak.
velocity range of—6.06 to 5.97 ms! were to be assumed 1hen, the snow ratesj can be derived fronZe by applying
instead (right scale), the peaks would be detected at the cofRN€ Of the numeroug.—S relations (e.gMatrosoy 2007).

rect height for updrafts. In addition, the wrong height cor-  Then used in Eq. 4) is available in Metek'sAveraged
rection is applied to aliased peaks, thus dealiasing is mandd?ata In this product,; is already noise corrected by the

tory for snow observations by MRR, even if only reflectivi- Method presented in Se@.1 Thus, the incomplete noise
ties are discussed. removal also disturbs this approach. The dataset available to

KN contained, however, nBaw Spectra
To overcome the limitations of the unambiguous Doppler
velocity range of 0 to 11.93n1$, they assumed that dry

Height [m] with unambiguous velocity range of 0 to 12 m/s
Doppler Velocity [m
Height [m] with unambiguous velocity range of —6 to 6 m/s

1400 1

spectral reflectivity
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snow does not exceed a velocity of 5.97nd the cor- Noise Removal Dealiasing
responding spectrum is transferred to the negative part of th
spectrum—6.06 to—0.19ms?! (i.e. they used the Nyquist MRR raw data

velocity range o6 ms1 as indicated by the right scale of — m
Fig. 4) and corrected the height of the dealiased peaks ac [ Variance Threshold exceeded? ]
cordingly. no___ i Vves ]

[ Calculate Moments (Z,, W, o) ]

4

¥ ¥
H [ Calculate and remove noise ]

Discard other peaks at
trusted height

L)
Find trusted height with trusted

syead |e jo

3.3 Proposed new method ¥

Peak exceeds minimum width?

peak with Doppler velocity
L closest to estimated fall velocity

)
Estimate fall velocity for each
peak (Atlas et al., 1973)
&

In contrast to Metek’s standard method, the new proposec;
MRR processing method determines timost significant
peakincluding its borders and identifies the rest of the spec-
trum as noise. After that, the dealiasing routines corrects
for aliased data. An overview of the method is presented in
Fig. 5. ;

The proposed method is based on the spectra available i !
MRR Raw Spectrawhich is the product with the lowestlevel
available to the user. To save processing time, only spectr:
which pass a certain variance threshold are further examinec
all other are identified to be noise. The threshold is definec [Aé’i’if;’ri‘e’i;ﬁf !LS;"S;‘:&ES"J [fo?‘;ﬁ"ﬁﬁg’ﬁéas?r“nﬂ{&enifu"sly] AP ety smutanoasely
as:

ino *yes

[ 5x5 neighbor test passed?

yes

1 1 1 H i ' i Vi : 2
Due to the FMCW prlnC|pIe, S|gnals with Independent i [ HildebgifﬂﬁéesliﬁﬁnL,ig%(HS) : [ Check for fall velocity jumps J
phase need to be filtered. These filters disturb observation ! —V ; (L andeonegidesiong
of MRR with a Doppler velocity of approximately 0 m%, ! (Determine ’"O:ts’g"’f’ca"'peak] i ‘
which can be seen from the gaps in the peaks in4ighus | [ oo oo ] | e )
the original bl_ns 1, 2 and 64 were filled by linear interpola- | o bes i Discard ofher peaks
tIOI’] (daShed I|ne). : [ Calculate Noise Level ] !
. . . | D ing A DA !
For this study their method was applied to our new dataset : s ;
In contrast to KN, an updated version of Metek’s standard ! [Derermine mosrsfgmﬁcanrpeak] | i3
method (Version 6.0.0.2) was used to gaweraged Data i — - il = :
; : . ) s i [ Resulting Peak smaller? ] 2 ! Find peak with Doppler
which, in our experience, enhanced MRR’s sensitivity by ap- ! ; T N velocity at h closest
. . . : no es 3 ! k
proximately 5dBz. We did not implementz; threshold to | ¥—— ) Uy o) Sl o fusted pea
exclude noisy observations. P > o | L

assuming up-, downdraft and

no turbulence

Signal
Spectrum with peak

Triplicate peaks at each height }

L

Interpolate Spectrum ]

at disturbed bins
|

Meaning of background color:

Fig. 5. Flow chart diagram of noise removal and dealiasing of the
Vr =0.6/V At (5)  proposed MRR processing method.

with Vr the normalized standard deviation of a single spec-

trum, andAt is the averaging time. The threshold is defined the method determines the most significant peak with its bor-
very conservatively, because false positives are rejected latejers. This peak is defined as the maximum of the spectrum
by post processing qualitative checks. plus all adjacent bins which exceed the identified noise level.
All other peaks in the spectrum are discarded. Hence, sec-
ondary order peaks are completely neglected, but a clearly

The objective determination of the noise level is the first step?vsgz:]a;ecghbm;gs;l iz?/zpr)le:afgigtrnli/lrgIglzi'nvggt:tgzlzﬁsli;vti)te-
for the derivation of unbiased radar Doppler moments. Since P y y

the noise level can vary with time, it has to be calculated'® too low to detect cloud particles.

dynamically. The dynamic detection of the noise floor at each In rare cases, the HS glgorlthm fails for MRR data an_d
. the noise level is determined as too low, which results in

range gate allows for the detection of weak echoes and the .
R L ... _a peak covering the whole spectrum. To make the HS algo-
elimination of artefacts caused by radar receiver instabilities.

Similar to Metek’s method, the determination of the noise rithm more robust, only bins exceeding 1.2 times the noise
level is based on HS (see ée&ﬂ) level identified by HS are initially added to the peak. One

The estimated noise level describes the spectral average ofore _b|n at each s!de of the pe_ak is added, if it is above the
. . X : : nweighted HS noise level. This prevents large parts of the
the noise, thus single bins of noise exceed the noise level!

If the noise level is simply subtracted from the spectrum spectrum from being falsely added to the peak, if the identi-

(as it is done by Metek's method), these bins would still be €9 HS noise level is only slightly too low.
present and contribute to the calculated moments. Instead,

3.3.1 Noise removal

Atmos. Meas. Tech., 5, 26612673 2012 www.atmos-meas-tech.net/5/2661/2012/
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If more than 90 % of the spectrum are marked as a peak,
the decreasing averagfA) method is applied additionally H oo
to HS to achieve the noise level: starting at the maximum r
of the spectrum, directly adjacent bins to the maximum are '
removed as long as the average of the rest of the spectrum is '
decreasing. As soon as it increases again, the borders of the I
peak are determined. [

The DA method, however, can be spoiled by bimodal dis- —t - - - - -
tributions and is less reliable than the HS method. It is only > t
applied to the spectrum if the resulting peak is Sma"er_thar_‘Fig. 6. Time-height plot of radar observations withott&nd with
the one of the HS method. For the dataset presented in thigapified peak 4). While the left peak, marked with a black,
study, DA was applied to less than 1% of all peaks. is removed because only 4 of 24 neighbours (dashed box) contain

After the peak and its borders are determined, the noise peak as well, the right black is confirmed as a peak, because 11
is calculated as the average of the remaining spectrum. Thisf 24 neighbours contain a peak as well.
is different to Metek’s approach, which gains the noise level
directly from HS. Figure8 (middle) presents the spectra af- ) )
ter subtraction of the noise. The proposed method detect&fter noise removal and peaks are, based on the found noise
the peaks correctly (solid) and separates them from the noisiVel. €xtended to the interpolated part of the spectrum. Even
(dotted). though F|g.4 shows tr_]at peaks look more reahstp due to in-

It is also visible that the algorithms, HS and DA, are able t€rpolation (dashed line), a closer look at the middle panel
to detect peaks around 0 m's which lie at both ends of the of Fig. 3 r_eveals that the interpolation of the disturbed bins
spectrum. Since aliasing moves the peak to another rangg@n also mtroduce small artefact_s. E.g. at 1600 m, the top of
gate, both “halves” of a peak actually originate from differ- € peak is cut. Thus, the resulting mome#ts W ando
ent heights, even though they are processed together. DUBIght by slightly biased and peaks stretching across the in-
to the low variability of the Doppler velocity between two t€rpolated area are registered in the quality array.
neighbouring range gates, this strategy fails only in very rare

cases. This approach has to be chosen, because (i)the noista?"2 Dealiasing of the spectrum

level is different at each range; and (ii) before the dealias—AS already discussed, peaks which exceed (fall below) the
ing routine can rearrange observations recorded at diﬁerenﬁnambiguous Doppler velocity range of 0 to 12Thappear

heights, no'is'e mgst be §ubtracted. Otherwise, art'ific'ial StePSt the next upper (lower) range gate at the other end of the ve-
would be visible in dealiased spectra. Thus, dealiasing Ca”rocity spectrum. The dealiasing method presented here aims

not take place before noise removal. to correct for this and is applied to every time step indepen-

To clean up the spectrum of falsely detected peaks, WQyenty |n contrast to the method used by KN, the spectra are
conditions are checked: first, peaks less than 3 bins wide (Corﬁot statically but dynamically dealiased to work for both, ex-

responding to a Doppler range of 0.75nipare removed. ceeding and falling below the unambiguous Doppler velocity
Second, it is checked whether the neighbours in time an ange.

height of the identified peaks contain a peak as well ()g. For this, every spectrum is triplicated, i.e. it's velocity
For this, a 5 by 5 box in the time-range domain is checkedrange is increased te12 to 24ms? by adding the spec-

(Clothiaux et al. 1999 if less than 11 of all 24 neighbour- 5 from the range gates above and below to the sides of the
ing spectra contain a peak as well, the peak is masked. Onl}ﬁriginal spectrum (Fig3, right panel). As a consequence,

if a peak was found at least in 11 of 24 neighbours, is theevery spectrum can contain up to three peaks with three dif-
peak confirmed. To make the test Bjothiaux et al(1999  tgrent Doppler velocities: one peak assuming dealiasing by
more robust, the method also checks the coherence of the Py, rafts, one assuming no dealiasing and finally one assum-
sition of the maxima of the spectrum. Only |f1th§ position of jn dealiasing by downdrafts. To find the correct peak of the
the neighbouring maxima are withihl.89 ms -+ distance of corresponding height, a preliminaf is determined (using

the maximum of the to-be-tested peak, are they included inye o gealiased spectrum) and converted to an expected fall
the test. If a very strict clutter removal is more important than velocity using the relations

an enhanced sensitivity, the minimum peak width can be set

to 4 instead of 3 bins, which reduces the sensitivity by aboutv = 0.817. z2063 (6)
4dBz.
Due to the FMCW principle, signals with independent for snow and

phase (e.g. due to non-moving targets) need to be filtered, _ 5 5. 0107 @)
These filters disturb the Doppler velocity bins 1, 2 and 64, €

which are excluded from the routine presented before. Infor rain (Atlas et al, 1973. Due to the high uncertainty of
stead, the bins 1, 2 and 64 are filled by linear interpolationthese relations and since the phase of precipitation is not
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always known, the average of both relations is used. The

peak with the smallest difference to the expected fall ve- )

locity is considered as the most likely one. This can, how- 2 _ [n@@—-W)*dv (10)

ever, be spoiled due to strong turbulence and therefore the [ n()dv ’

wrong peak might be chosen. Turbulence rarely occurs, how-

ever, in the complete vertical column simultaneously with theWith 4 the wavelength in miX |* the dielectric factory the

same extent. Thus, the peak of the column, which features thBoppler velocity in ms* and is the spectral reflectivity

smallest difference to the expected fall velocity, is chosen byin STT2. In the case of MRR, the integrals are reduced to

the algorithm. This peak is considered as titusted pealat a summation over all frequency bins of the identified peak.

the trusted height To make this approach more robust, the In addition to the parameters presented here, the routine also

smallest 10 % of all peaks at a time step are usually not concalculates the third moment (skewness), fourth moment (kur-

sidered for the choice of theusted peak tosis), and the left and right slope of the peak as proposed by
Based on thdrusted peakand its Doppler velocity, the Kollias et al.(2007). The peak mask, the borders of the peaks,

most likely peaks of the spectra at the neighbouring heightdhe signal-to-noise ratio and the quality array are recorded as

are determined by using the velocity of thested pealkas ~ Well.

the new reference. The algorithm iterates through all heights, The presented algorithm is written in Python and publicly

always using the most likely Doppler velocity of the previous available admproved MRR Processing ToMProToo) at

height as a reference to find the peak of the current heighthttp://gop.meteo.uni-koeln.de/softwarader the GPL open

All other peaks of the triplicated spectrum are masked. Thesource license. Besides the new algorithm, the package also

spectra, which are saved to file, keep, however, the trimecontains tools for reading Metek’s MRR data files and for

width. Placing more than one peak in one range gate is nogxporting the results to NetCDF files.

permitted and it is also ensured that every peak appears un-

masked exactly once after triplication and dealiasing. As

can be seen from the right panel of Fi. the proposed

method is able to determine the most likely height/DopplerTq 45sess the suitability of MRR for snow observations and
velocity comb_ination for each peak and masks the remaining, gemonstrate the improvements of the new method, obser-
peaks accordingly. _ vations of MRR and MIRA35 are compared. For MIRA35,
This routine works as long as the Doppler velocity of at \he standard product is used and for MRR, all three pre-
least one peak is less than 6mtifferent of its expected  sented variations of post-processing methodologies are ap-

fall vellocity. Folr strolnggr t}eruIence, thebalgorithm.fails. As plied: Metek'sAveraged Datathe method after KN and the
a result, Doppler velocity jumps appear between time stepsyonosed method presented above. All reflectivities are cor-

Thus, a quality check searches for strong jumps (more thapacted by the discussed calibration offsets.
8ms 1) of the Doppler velocity averaged over all heights. If

two jumps follow on each other shortly (i.e. within three time 4.1 Comparison of reflectivity

steps), the algorithm removes the jumps. Otherwise, the data

around the jumps#10 min) is marked in the quality array. The scatterplot oZ derived from Metek'sAveraged Data

For the dataset presented in this study, 2% of the data waand Z, from MIRA35 (Fig. 7, left) shows a general agree-

marked due to velocity jumps. ment between both data sets fdg exceeding 5dBz, but
Because range gate no. 2 (31) is not used for data process- very high spread which we attribute to the different

ing, dealiasing due to updrafts (downdrafts) is not applied tomethods to derive the reflectivity. Noise is not completely

range gate no. 3 (30). Peaks which stretch to the accordingemoved in the MRRAveraged Data thus the distribu-

borders are marked in the quality array, because they mightion departs from the 11 line for Ze < —5dBz. Below

be incomplete. This can be also seen form the lowest peak ir-10 dBz, the MRR observations are completely contami-

4 Results

Fig. 3 (right). nated by noise.
. Even though the spread of the distribution is much less,
3.4 Calculation of the moments if the algorithm developed by KN is applied (Fig. centre),

) ) the insufficient noise removal of Meteks'’s standard method
From the noise corrected and dealiased spectrum, the accordy \cas also here a rather constant noise levelsdBz. To

ing moments are calculated cope with this, KN derived an instrument-dependent noise

24 threshold from clear sky observations and discardedall
Ze=10'. —5|K|2/ n(v)dv (8)  below that noise threshold. Even though this was not imple-
& mented in this study, the figure indicates that this threshold

would be around-4 dBz for the dataset presented here. But

. fn(v)v dv 9 also for Z. larger than the noise level, the observations are

- W ©) biased and the core area of the distribution is slightly above
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Fig. 7. Scatterplot comparing effective reflectivitg4) of MIRA35 with D8-based radar reflectivityZ) derived by Metek’s standard MRR
product (left), with effective reflectivityZe) of MRR using the method by KN (centre) and wifla of MRR using the new proposed MRR
method (right). The black line denotes thellline.

the 1: 1 line. For highelZ, this difference is due to the fact For smallerZe values, however, MIRA35 detects more cases.

that in this study, the MRR'&¢ is not converted to a 35 GHz The percentage of snow observations which were not de-

equivalent effective reflectivity (as carried out by KN) by tected by MRR but by MIRA35 increases from 2% at 0 dBz

modelling idealised snow particles, because the differenceéo 8% at—5dBz and to 53 % at-10 dBz. A closer look at

for Ze < 5dBz is assumed to be less than 1dB. For lowersingle events reveals that mostly events with a very high spa-

Ze, however, the offset indicates that noise is not properlytial and/or temporal variability are observed with different

removed from the signal, even if the noise threshold is ex-Ze. A possible explanation for this might be that the “11 of

ceeded. 24 neighbour spectra check” (see S8c3.1), which removes
The new proposed method (Fig. right) shows a much clutter from observations, is too rigid and removes some-

better agreement with the MIRA35 observations both for lowtimes true observations. For even smal&y (<—5dBz),

and highZe. In contrast to the methods presented above,the majority of the missing observations is likely caused by

noise is also properly removed from clear sky observationsMRR’s weaker sensitivity.

Thus, the distribution does not continue horizontally for In comparison with the method of KN, the sensitivity of

small reflectivities. Only foiZe < —7dBz, MRR underesti- MRR was increased from 3 dBz te5 dBz. This corresponds

matesZe slightly, because these low reflectivities are alwaysto an increase of the minimal detectable snow rate by the

accompanied by very low SNRs. The small increasing offsetMRR from 0.06 to 0.01 mmh!, if the exemplaryZe—S rela-

towards higheiZ, is probably attributed to the different ob- tion from Matrosov(2007) (converted to 35 GHz by KN) is

servation frequencies of the radars as already discussed. Thesed:

remaining spread can most likely be explained by the differ-

ent beam geometries which result in different scattering voI-Ze —56. s12 (11)

umes and by the different spatial and/or temporal averaging

strategies (i.e. averaging before vs. after noise correction). i )

This explanation is supported by the fact that a closer exam—4'2 Comparison of Doppler velocity

ination of single events revealed that the spread is larger for . .
events with a high spatial and/or temporal variability. The in- 1 N€ Doppler velocity observed by MIRA35 (using the stan-

crease of the spread with decreasing reflectivity is most likelyd@rd product) is compared to the Doppler velocity mea-
related to the logarithmic scale of the reflectivity unit. The Suréd by MRR using the methodologies described previ-
outliers at the left side of the plot are related to the mentioned?US!y: Metek'sAveraged Datathe method of KN and the

interference artefacts, which is a feature of the MRR used inP"oPosed method.

this study and unfortunately cannot be removed in all cases. Metek's MRR_SOft_Wfﬂe assumes only falling parti_cles and
This interference can be also seen in Figleft and centre), thus no dealiasing is applied to the spectrum. This can be
above the noise level. clearly seen from the comparisons @f between Metek’s

Frequency by altitude diagrams (CFAD) of MIRA35 and Averaglzjed Dataand MIRA35 (Fig.9, left). Velocities below _
the new MRR method are presented in Figwhile MIRAs ~ 0MS ~ appear at the other end of the spectrum at very high
sensitivity limit is out of the range of the plot, MRRs sensitiv- POPPIer velocities. Due to the insufficient noise removal,

ity is between—14 and—8 dBz, depending on height. Both & cluster of randomly distributed Doppler velocities is visi-
instruments show almost ider,1tical patterns ftw> 0dBz. ble around 0 ms!. This cluster is attributed to cases, when

MIRAS5 detects a signal which is below MRR’s sensitivity

www.atmos-meas-tech.net/5/2661/2012/ Atmos. Meas. Tech., 5, 2&®&I~3 2012



2670 M. Maahn and P. Kollias: MRR snow measurements using Doppler spectra post-processing

UFS Schneefernerhaus Jan-Apr 2012 UFS Schneefernerhaus Jan-Apr 2012

360 3000

2500

2000

Height [m

1500

1000

Fig. 8. Frequency by altitude diagram (CFAD) fde of MIRA35 (left) and forZe of MRR using the new proposed method (right).

(e.g. clouds), but MRR detects only noise featuring a randonsampling volume, ane}t2 is the variance due to turbulence
velocity. (Kollias et al, 2007). Assuming that the difference between
This cluster can also be seen in Fgy(centre), in which  both radars of detection 0@2 due to wind shear is small, the
MIRA35 is compared to the method of KN. Their sim- dependence Orfrtz on the beam width geometry causes the
ple dealiasing algorithm dealiases the spectra successfullpffset between both instruments? can be expressed as
which results in the absence of artefacts. However, the spread
remains very high due to the insufficient noise removal.
For the new proposed method, the observed Doppler ves? = /a62/3k_5/3dk (13)
locities agree very well with MIRA35 (Fig9, right). Due k.
to the dynamic dealiasing method, MRR can also detect up-
wards moving particles reliably and is not limited to its un- (Kollias et al, 2001 with a a universal dimensionless con-
ambiguous Doppler velocity range of 0 to 12msThe  stant set to 1.6[Qjoviak and Zrni¢ 1993, k the wavenum-
small offset of the spread with MRR (MIRA) detecting ber ande is the dissipation rate= can have values between
slightly larger values for positive (negative) Doppler veloc- 0.01 and 800 cs~2 (Gultepe and Stayn995. The lower
ities is most likely related to the coarser spectral resolutionlimit of the wavenumberk,, is defined by wavelength of the

kz

of MRR. radar.k1, instead, is determined by the scattering volume di-
mension. The difference in? can be determined by inte-
4.3 Comparison of spectral width grating Eq. £3) from k)RR to kMIRASS hecause the wave-

length of both radars is of the same magnitudeof MRR

The Doppler spectrum width is not operationally provided 3,4 MIRA35 can be derived from the scattering volume
by Metek’s standard method or the procedure proposed byyiih

KN. Hence, only the new proposed method is compared with
MIRA35. Observations of both instruments are exemplifiedk; = 27/ Vs (14)
for an altitude of 1000 m in Figl0 (left) and show a high
agreement. The small offset from the 1 line can be ex- and
plained by two factors: first, the spectral resolution of MRR
is less than half of the spectral resolution of MIRA35 (0.19 Vs
vS. .0'08 ms?). Thus, all ;ieaks detected by MRR feature a with H the rangeA H the range resolution, ardis the 6 dB
minimum [o'] of 0.17ms -, even though theis might be ; .

. . . two-way beam widthl(hermitte 2002).
smaller accordlng to MIRA35. Second, the difference in the The expected offset of between MRR and MIRA35
antenna beam width (0:6or MIRA 35 vs. 1.5 for MRR) 5 a1 jated fore = 0.3 (solid), 3.0 (dashed), 10.0 (dash-

results in different tur_bulence broaden_ing contributions fromﬁdotted) and 30.0 cis-3 (dotted) and marked in Fig0 (left)

the same atmospheric volume, &gstlmate the expected o exemplary for a height of 1000 m. Apparently, the prevailing
set, itis assumed that the observeds given by dissipation rate was 3.0 &s 3 during the four-month obser-
0% =02 +02+0f, (12)  vation period. Thus, the combination of MIRA35 and MRR

can be used for observations of the dissipation rate.

Whel’(EUd2 is the variance of the Doppler velocity caused by  This is presented in Fid.0 (right) for an exemplary case.
the microphysicsz2 is the beam broadening term due to con- While ¢ is below 3 cnd s~ at heights of 800 m and more, val-
tribution of cross beam wind and wind shear within the radarues ofe can reach 100 cfs~2 and more closer to the ground

=7 H%(0.7532)°AH (15)
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Fig. 9. Scatterplot comparing Doppler velociti¥() of MIRA35 with W of Metek’s standard MRR product (left), with' of MRR using the
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Fig. 10.Left: scatterplot comparing spectral wid#)(of MRR and MIRA35. The lines indicate the expected offset due to the different beam
widths caused by a dissipation rateeof 0.3 (solid), 3.0 (dashed), 10.0 (dash-dotted) and 30D (dotted). Right: time-height plot
showingZe (top) andW (centre) measured by MRR using the proposed method. The bottom panel features the dissipatipdested

from comparison o& of MRR and MIRA35.

due to stronger friction. As expected, the temporal variabil- By comparison with a MIRA35 K-band cloud radar,
ity is rather high. Interestingly, if observations close to the the performance of the proposed method is evaluated. The
ground at 02:15 UTC are compared with 04:15 UTC, it is ap-dataset contains 116 days from 1 January to 24 April 2012
parent thatW of the latter is less even thougdfy is larger.  recorded at the UFS Schneefernerhaus in the German Alps.
This is most likely caused by a small updraft, which reducesDue to insufficiently working dish heatings, 15 % (4 %) of
the fall velocity. This is also confirmed by increasedlalues  MIRA35 (MRR) data had to be excluded. Thus, both instru-
at 04:15 UTC indicating stronger turbulence. ments need an improved dish heating for the future to ensure
continuous observations.

) For Ze, the agreement between MIRA35 and the new pro-

5 Conclusions posed method for MRR is very satisfactory and MRR is able

. . to detect precipitation wittZe as low as—14 dBz. However,
In this study, a new method for processing MRR raw DOpIOIerdue to MRR'’s limited sensitivity, the number of observations

spectra is introduced, which is especially suited for snowis reduced forZe < —5 dBz. Depending on the useth—

ob;ervanons_. T_he method corrects.the obseryed spectrq f%r relation, this corresponds to a precipitation rate of 0.01
noise and aliasing effects and provides effective reflectlvnymmh_l This is a great enhancement in comparison to the re-
(Ze), Doppler velocity ) an_d spectral widthd). Further- sults fro-m KN Kneifel et al, 20110, who recommended us-
more, the new post-processing procedure for MRR _remove?ng MRR only for observations of snow fall exceeding 3 dBz.
signals fro_m hydromgt_eor_—free range gates gnd thus IMPTOVEEL o main reason is an enhanced noise removal which does
the detection of precipitation echoes, especially at low S|gnal—not create artificial clear sky echos, as they are present if
to-noise conditions. '

Metek’s standard method or the method by KN is used.

www.atmos-meas-tech.net/5/2661/2012/ Atmos. Meas. Tech., 5, 2&®&I~3 2012



2672 M. Maahn and P. Kollias: MRR snow measurements using Doppler spectra post-processing

Also for W, the agreement between MIRA35 and the new AcknowledgementsThe MIRA35 presented in this study is
proposed method for MRR is very satisfactory. The new property o_f the Umweltforschungsstation Schneefernerhaus (UF_S),
dealiasing routine corrects reliably for aliasing artefacts ashe MRR is property of the German Aerospace Center (DLR) in
they are present in Metek's standard method. As a conseQberpfaffenhofen. We thank Martin Hagen and Kersten Schmidt
guence, observations are also possible if the Nyquist velocgf DLR for operating the radars and providing data and pictures.
ity range is exceeded. The variance betw#énbservations We would also like to thank Ulrich @hnert, Stefan Kneifel, and

Clemens Simmer for their detailed comments and corrections. This

of MRR and MIRA35 is drastically decreased because of thestudy was carried out within the project ADMIRARI Il supported

improved noise correction, Wh'ch r?moves_dear sky eChoe%y the German Research Association (DFG) under research grant
completely. The developed dealiasing routine could be alsq, mber L0901/5-1.
used to correct aliasing effects during rain events as they
were observed byridon et al.(2011), because the routine Edited by: F. S. Marzano
is designed to work for both, up- and downdrafts.
The comparison o& reveals an offset of approximately
0.1ms. This offset is, however, unbiased, but related to References
the different beam widths of MRR and MIRA35. The larger _
beam width of the MRR results to higher spectral broaden- 2, D., Srivastava, R. C., and Selfhon_, R.S. Doppler radar char-
ing contribution. The difference in spectrum width measure- acteristics O.T precipitation at v ertical incidence, Rev. Geophys.,
11, 1-35,d0i:10.1029/RG011i001p000p1973.
ments between the MRR .and_ the MIRA35 can be used toBattaglia, A., Rustemeier, E., Tokay, A., Blahak, U., and
extract the turbulence dissipation rate. Simmer, C.: PARSIVEL snow observations: a criti-
The presented methodology extracts atmospheric returns ca| assessment, J. Atmos. Ocean. Tech., 27, 333-344,
at low signal-to-noise conditions. The MRR performance doi:10.1175/2009JTECHA1332.2010.
is close to optimum and further improvements will require Baumgardner, D., Avallone, L., Bansemer, A., Borrmann, S.,
hardware changes. The current MMR processor has a data Brown, P., Bundke, U., Chuang, P.Y., Cziczo, D., Field, P., Gal-
efficiency of 60 % (ratio of pulses digitized and used for mo-  lagher, M., Gayet, J., Heymsfield, A., Korolev, A.,aner, M.,
ment estimation to number of pulses transmitted) due to its McFarquhar, G., Mertes, S., dfiler, O, Lance, S., Lawson, P,
inability to receive and transfer data at the same time. Thus, Petters, M. D., Pratt, K., Roberts, G., Rogers, D., Stetzer, O.,
the data acquisition is intermitted. A better digital receiver S_t'th' J., Strapp, W.,_Twohy, C. _and Wend's.Ch’ M. In situ,
. . L - airborne instrumentation: addressing and solving measurement
with 100 % data efficiency will improve our ability to ex-

) ", i roblems in ice clouds, B. Am. Meteorol. Soc., 93, ES29-ES34,
tract weak SNR signals by 2—2.5 dBz. Additional sensitivity 3oi:10.1175/BAMS-D-11-00123 012,

can be acquired by further averaging (post-processing) of thesha 3. chang, K., Yum, S., and Choi, Y.: Comparison of the bright

recorded radar Doppler spectra. However, this should be sub- pand characteristics measured by Micro Rain Radar (MRR) at

ject to the scene variability. Finally, a higher number of FFT  a mountain and a coastal site in South Korea, Adv. Atmos. Sci.,

points (e.g. 256) will enable better discrimination of radar 26, 211-221d0i:10.1007/s00376-009-0211-2009.

Doppler spectra peaks and better higher moment estimatior;lothiaux, E. E., Miller, M. A., Albrecht, B. A., Ackerman, T. P.,

e.g. Doppler spectra skewnes®llias et al, 2011). Verlinde, J., Babb, D. M., Peters, R. M., and Syrett, W. J.: An
For monitoring precipitation over long time periods, high evgluation of a 94-GHz radar for remote sensing of cloud prop-

standards in radar calibration are a key requirement. This can €rti€s, J. Atmos. Ocean. Tech., 12, 201-288,10.1175/1520-

be accomplished with the use of an internal calibration IoopD 0426(1995)0120201:AEOAGR-2.0.CO;2 1995.

. . L . oviak, R. J. and Zrnic, D. S.: Doppler Radar & Weather Observa-
to calibrate the radar receiver, monitoring of the transmitted tions, 2nd Edn., Academic Press, 1993.

Power _Or the_use 9f "’?n independent measurement of pr?(?'qfrasier, S.J., Ince, T., and Lopez-Dekker, F.: Performance of S-band

itation intensity coincident to the MRR system (€.9. precipi- - Epmcw radar for boundary layer observation, in: Preprints, 15th

tation gauge). Furthermore, the dish heating of MRR (and of  conf. on Boundary Layer and Turbulence, Vol. 7, Wageningen,

MIRA35) needs enhancements to guarantee year-round ob- The Netherlands, 2002.

servations. In case of snow observations, it is desirable thaGultepe, |. and Starr, D. O.. Dynamical structure and tur-

a narrow Nyquist interval can be selected to increase the ve- bulence in cirrus clouds: aircraft observations during

|Ocity resolution of the Dopp|er spectra. FIRE, J. Atmos. Sci., 52, 4159-41820i:10.1175/1520-

The presented study suggests that proper post-processing 9469(1995)0524159:DSATIC-2.0.CO;21995.

of the MRR raw observables can lead to high quality radar |Ide_bra?d, T‘_Hba”d ISekhon, R. ?.:fbj;a?\;ve detzlernilgaggg Cgltge
: L e noise level in Doppler spectra, J. Appl. Meteorol., 13, —811,

measurements and detection of weak precipitation echoes. , &% 1 7¢/1550.0450(1974)028808:0DOTNLS 2.0.CO:2

In comparison to a cloud radar (e.g. MIRA35), dimensions,

) . 1974.
weight, power consumption and costs for MRR are smaII,JOSS, J. and Waldvogel, A Ein Spektrograptr fNieder-

which makes MRR easier to deploy and operate especially in - schjagstropfen mit automatischer Auswertung, Pure Appl. Geo-
remote areas. phys., 68, 240—2460i:10.1007/BF00874898.967.
Klugmann, D., Heinsohn, K., and Kirtzel, H.: A low cost 24 GHz
FM-CW Doppler radar rain profiler, Contr. Atmos. Phys., 69,

Atmos. Meas. Tech., 5, 26612673 2012 www.atmos-meas-tech.net/5/2661/2012/


http://dx.doi.org/10.1029/RG011i001p00001
http://dx.doi.org/10.1175/2009JTECHA1332.1
http://dx.doi.org/10.1175/BAMS-D-11-00123.1
http://dx.doi.org/10.1007/s00376-009-0211-0
http://dx.doi.org/10.1175/1520-0426(1995)012<0201:AEOAGR>2.0.CO;2
http://dx.doi.org/10.1175/1520-0426(1995)012<0201:AEOAGR>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1995)052<4159:DSATIC>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1995)052<4159:DSATIC>2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1974)013<0808:ODOTNL>2.0.CO;2
http://dx.doi.org/10.1007/BF00874898

M. Maahn and P. Kollias: MRR snow measurements using Doppler spectra post-processing 2673

247-253, 1996. Melchionna, S., Bauer, M., and Peters, G.: A new algorithm for
Kneifel, S., Kulie, M. S., and Bennartz, R.: A triple-frequency ap-  the extraction of cloud parameters using multipeak analysis of
proach to retrieve microphysical snowfall parameters, J. Geo- cloud radar data — first application and preliminary results, Mete-
phys. Res., 116, D11208pi:10.1029/2010JD015432011a. orol. Z., 17, 613-62040i:10.1127/0941-2948/2008/0322008.
Kneifel, S., Maahn, M., Peters, G., and Simmer, C.. Obser-Peters, G., Fischer, B., and Andersson, T.: Rain observations with
vation of snowfall with a low-power FM-CW K-band radar a vertically looking Micro Rain Radar (MRR), Boreal Environ.
(Micro Rain Radar), Meteorol. Atmos. Phys., 113, 75-87, Res., 7, 353-362, 2002.
doi:10.1007/s00703-011-01422011b. Peters, G., Fischer, B., bhster, H., Clemens, M., and Wag-
Kollias, P., Albrecht, B. A., Lhermitte, R., and Savtchenko, A.: ner, A.: Profiles of raindrop size distributions as retrieved
Radar observations of updrafts, downdrafts, and turbulence by Microrain Radars, J. Appl. Meteorol., 44, 1930-1949,
in fair-weather cumuli, J. Atmos. Sci., 58, 1750-1766, do0i:10.1175/JAM2316.12005.
doi:10.1175/1520-0469(2001)058750:ROOUDA-2.0.CO;2 Rasmussen, R., Baker, B., Kochendorfer, J., Meyers, T., Landolt, S.,
2001. Fischer, A. P., Black, J., Theriault, J., Kucera, P., Gochis, D.,
Kollias, P., Clothiaux, E. E., Miller, M. A., Luke, E. P., John- Smith, C., Nitu, R., Hall, M., Cristanelli, S., and Gutmann, E.:
son, K. L., Moran, K. P., Widener, K. B., and Albrecht, B. A.: The NOAA/FAA/NCAR winter precipitation test bed: how well
The atmospheric radiation measurement program cloud profiling are we measuring snow?, B. Am. Meteorol. Soc., 93, 811-829,
radars: second-generation sampling strategies, processing, and doi:10.1175/BAMS-D-11-00052,2011.
cloud data products, J. Atmos. Ocean. Tech., 24, 1199-1214Saavedra, P., Battaglia, A., and Simmer, C.: Partitioning of cloud
doi:10.1175/JTECH2033,2007. water and rainwater content by ground-based observations with
Kollias, P., Remillard, J., Luke, E., and Szyrmer, W.: Cloud Radar the Advanced Microwave Radiometer for Rain Identification
Doppler Spectra in Drizzling Stratiform Clouds. Part I: Forward ~ (ADMIRARI) in synergy with a micro rain radar, J. Geophys.
Modeling and Remote Sensing Applications, J. Geophys. Res., Res., 117, D05203]0i:10.1029/2011JD016572012.
116, D13201d0i:10.1029/2010JD015232011. Tridon, F., Baelen, J. V., and Pointin, Y.: Aliasing in Micro Rain
Kulie, M. S. and Bennartz, R.: Utilizing spaceborne radars to re- Radar data due to strong vertical winds, Geophys. Res. Lett., 38,
trieve dry snowfall, J. Appl. Meteorol. Clim., 48, 2564-2580, L02804,d0i:201110.1029/2010GL0460,18011.
doi:10.1175/2009JAMC2193.20009. Yang, D., Kane, D., Zhang, Z., Legates, D., and Goodison, B.:
Leinonen, J., Kneifel, S., Moisseev, D., Tyynel, J., Tanelli, S., Bias corrections of long-term (1973-2004) daily precipitation
and Nousiainen, T.. Evidence of nonspheroidal behavior in data over the northern regions, Geophys. Res. Lett., 32, 19501,
millimeter-wavelength radar observations of snowfall, J. Geo- do0i:10.1029/2005GL024052005.

phys. Res., 117, D182080i:10.1029/2012JD017682012. Yuter, S. E., Stark, D. A., Bryant, M. T., Colle, B. A., Perry, L. B.,
Lhermitte, R.: Centimeter and Millimeter Wavelength Radars in  Blaes, J., Wolfe, J., and Peters, G.: Forecasting and characteriza-
Meteorology, Roger Lhermitte, Miami, FL, 2002. tion of mixed precipitation events using the MicroRainRadar, in:

Léhnert, U., Kneifel, S., Battaglia, A., Hagen, M., Hirsch, L., and  5th European Conference on Radar in Meteorology and Hydrol-
Crewell, S.: A multisensor approach toward a better understand- ogy, Helsinki, Finland, 2008.
ing of snowfall microphysics: the TOSCA project, B. Am. Mete-
orol. Soc., 92, 613-62810i:10.1175/2010BAMS2909, 2011.
Matrosov, S. Y.. Modeling backscatter properties of snowfall
at millimeter wavelengths, J. Atmos. Sci., 64, 1727-1736,
doi:10.1175/JAS3904,2007.

www.atmos-meas-tech.net/5/2661/2012/ Atmos. Meas. Tech., 5, 2&®&I~3 2012


http://dx.doi.org/10.1029/2010JD015430
http://dx.doi.org/10.1007/s00703-011-0142-z
http://dx.doi.org/10.1175/1520-0469(2001)058<1750:ROOUDA>2.0.CO;2
http://dx.doi.org/10.1175/JTECH2033.1
http://dx.doi.org/10.1029/2010JD015237
http://dx.doi.org/10.1175/2009JAMC2193.1
http://dx.doi.org/10.1029/2012JD017680
http://dx.doi.org/10.1175/2010BAMS2909.1
http://dx.doi.org/10.1175/JAS3904.1
http://dx.doi.org/10.1127/0941-2948/2008/0322
http://dx.doi.org/10.1175/JAM2316.1
http://dx.doi.org/10.1175/BAMS-D-11-00052.1
http://dx.doi.org/10.1029/2011JD016579
http://dx.doi.org/201110.1029/2010GL046018
http://dx.doi.org/10.1029/2005GL024057

