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1 Introduction

The melting layer (ML) is a significant phenomenon weather radar observations. It consists of afliti frozen
hydrometeors falling into air below thé@ isotherm (freezing level) where they start meltiThe radar echoes from
melting hydrometeors differ from those from raimplets as well as from frozen hydrometeors, andiglbbserved as the
radar bright band. The ML is a complex atmosphprimcess and rich with features, while the operafiomeather radar
often observes ML in the coarse view. The presesicéright band needs to be accounted for in thentjadive
interpretations of weather radar observations.perational uses, the height of ML (MLHGT) is a paim parameter of the
ML feature. The apparent thickness of the brightdbis typically a convolution of the actual ML degnd the radar beam.
MLHGT can be defined as the altitude of ML top wigispect to the mean sea level.

MLHGT is a parameter in many radar data algorithmgh as the estimates of surface rainfall intgrasitd as the
distinctions of convective and stratiform precipga types. In general, MLHGT can be inferred oed& to be known,
when the precipitation is modeled in terms of \eattiprofiles in the atmosphere (Koistinen and Plehja014). MLHGT
indicates the domains of attenuation induced bjouartypes of precipitation. MLHGT is a key consitan identification
of hydrometeors by dual-polarization which is antliigs between light rain and snow crystals. In s@ésiptonstructions,
these methods insist on a unique value of MLHGT are unambiguous ML is assumed to exist. T*@ i@otherm can be
used as a proxy of MLHGT.

In reality, ML is characterized by large temporatiesspatial variability (Fabry and Zawadzki, 1998)smooth ML is a
feature of stratiform precipitation, while complied structures of ML develop in convection of vasoscales and daily
observations indicate they are possible in frosyatems, too. ML may be absent in cool seasongitation and in specific
types of warm rain. The°G isotherm varies in the large spatial and tempscale, in particular in the climates of mid-
latitudes characterized by fast changing synoptather as well as by distinct seasons. Ti@ iGotherm is seasonally
nearly a constant in parts of tropics. Given thedavariability of MLHGT in the temporal and spétscales typical in
weather radar observations, the regional climatofdgmean values of the®© isotherm are coarse approximations of
MLHGT. External synoptic observations or prediciaterived from numerical models provide more peeai$ormation,
albeit often with latency or with uncertainty.

In the view point of typical operational uses, vavé implemented a method for estimating varialdkl§ of MLHGT to
be utilized in the radar signal and data processihg mapping method is primarily based on the kmoapability of dual-
polarization weather radar to recognize meltingwsn@/e consider observations available in the mofisimultaneous
transmission and reception (STAR). A Bayesian aagiiacombines the locations of recognized meltirmasand of other
type of precipitation in operational volume scaRse radar observations sample the melting layartagh resolution close
to the radar while the resolution degrades in olzgiEms at distances beyond 100 km which are @#ful in favorable
conditions. The method is designed to considethallsweep data including the lowest elevation RRBhs. RHI scans are
combined, when available in the radar data. Infeionecumulates from consecutive volumes scannettiéyadar. They are
consistently integrated with the external inforroatof the climatological or synopti€® isotherms when radar observations
are lacking. This approach guarantees that the MLId&imates are available at all times and atealar distances in the
single data source formatted as the MLHGT map ptsdiAt the same time, the MLHGT maps allow repaytihe spatial
and temporal variability of ML at the finest residun of the weather radar when observations ofipition are available.
We choose not to extrapolate the detailed featoleserved close to the radar to estimate MLHGT atdiatances.
Consistent models of uncertainty and of radar damafidence are essential MLHGT product elementscwienable
automated interpretation of the information in ripkt applications and use cases.

We first brief out generally known features of rivetlayer in the view point of weather radar andheomethods of
melting layer recognition. We describe the mainlding blocks of the proposed MLHGT method and iitate its key
capabilities, with examples of data acquired by Wasala WRM200 and WRK200 C-band weather radarghviare
operated concurrently in the Helsinki area in FidlaWe have carried out initial validation of theLlNIGT estimates in
warm and in cool seasons, through a comparison ®@hisotherms retrieved from the upper air soundlagached within
the radar range.
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2 Melting layer

A comprehensive description of the radar obseraataf ML involves with coupled models of atmospbetynamics and
of microphysics (Szyrmer, Zawadzki, 1999), with gen electromagnetic properties of melting hydraoes (Fabry,
Szyrmer, 1999), and with refined details in theinér structure (Zawadzki et al, 2005). A bulk paggerization has been
derived of the reflectivity profiles with bright be, applicable to midlatitudes stratiform precipda (Heyrath et al, 2008).
Heyrath et al. (2008) conclude the reflectivityghti band is primarily the effect higher di-electdonstant of water
compared to that of ice, which implies increasedkkscatter cross-section of melting hydrometeotse Tiydrometeor
shapes and their density play a non-negligible. role

Further features of ML are evident in the dual-paktion radar quantities. The typically utilizeigrsatures of the bright
band are: vertical gradients in reflectivig) @nd in differential reflectivity4y,), increased values &, from the expectation
from light rain, reduced values of the magnitudehef correlation coefficient between H and V chdmeéo (py,,) from the
expectations from rain and ice crystals. Figuiustrates an example of the dual-polarizatiomaigres of bright band in
observations of C-band dual-polarization Doppledara In an event of wide spread precipitation, brght band is
unambiguous in each field &f of pn,| and ofZy,.
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Figure 1 : Example of bright band signatures in & dual-polarization Doppler weather radar. Tofftleeflectivity,
top right: magnitude of the correlation coefficidrgtween H and V channel echo, bottom left: difféa¢reflectivity.
The data are acquired by the Kerava radar, desdtilmeSection 4.

2.1 Methods of melting layer detection and estimation

Radar based methods of ML detection and estimatienconceptually considerations of bright band algmnd their
interpretation in terms of modelled ML parametéfbe methodology is closely related with the broadearch on and
applications of vertical profiles of precipitatioe brief out just some analyses considering infrat® different types of
observations. The methods aim at a variety of mepsuch as direct hydrological interpretatiorheftiright band bottom,
evaluation of the generality and of the intrinsicaracy of radar based estimates, applicationgwifcal profile corrections,
estimation of the large scale freezing level ooggttion the bright band boundaries in specificaraslveep projections.

White et al. (2002) considered vertical profilesecho and of Doppler vertical velocities observea inetwork of wind
profilers in the PACJET campaign. They estimaterlyoaltitudes of the bright band bottom from thegagvely correlated
gradients in the range corrected signal-to-noitie end in the vertical Doppler velocity. The esites correlate well with
the melting levels obtained from co-located conentrrawinsonde profiles with an off-set of about026 which
characterizes the ML thickness in the synoptic @&t of the land-falling winter storms at the FiadVest Coast.
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Brandes and Ikeda (2004) considered the obsengafiom a S-band dual-polarization Doppler radaP (- operated in
the mode of alternated transmission in H and V nd#ion planes. Data were accumulated from seviegll programs
conducted in different climate regions and seasbasa allowed modelling independent profiles ofieetivity, of linear
depolarization ratio L(OR) and of the magnitude of cross-correlation coefficigvhich are deemed representative of
operational radar observations at ranges of leaa 60 km. The freezing level is a parameter of ghafile models.
Comparisons with air-borne in-situ measurementemiperature indicated that the freezing levelshmpstimated from the
consensus estimates of remote radar observatiahe apatial resolution of 5x5 Krand at accuracy of the order of 100 m,
at radar ranges less than 60 km.

Zafar and Chandrasekar (2005) analysed the data dréull year of operations of the TRMM space-boedar using a
self-organizing map. They conclude that the averagéles of reflectivity in stratiform precipitain are the same, globally.
Tabary et al (2006) utilized the information in the-polar correlation coefficient alone, for therpose of estimating
freezing levels taken constant within the radamgeafor operational uses. Matrosov et al. (2007gmeined the melting
layer boundaries and the freezing levels on a bleatneam basis by using, and pronounced brightness in reflectivity.

Giangrande et al. (2008) proposed an automatedngédtyer detection algorithm which estimates thye and bottom of
the melting layer considering, Z;, andpy, at elevation angles between 4 and 10 degreesdapécific operational use case
at NEXRAD. The method assumes horizontal homogergitML and it is limited to modest ranges due tdngent
selection of elevations. These limitations havenbesfined in subsequent developments by Krausd. 2@13) which
integrate radar observations with external infororabf wet bulb temperatures from rapidly updatesnerical models.
Recently, Frech et al. (2014) implemented an ojmerak fuzzy logic hydrometeor classification in whithe melting layer is
a class. The information is used to give a betteteustanding of the meteorological conditions angrbve the quantitative
precipitation estimation.

3  Bayesian inference of MLHGT from fuzzy classificatbns of melting snow

We can describe the MLHGT estimation method asspvese procedure. A general flow diagram of thecpdure is
displayed in Figure 2. The procedure is repeate@dch radar volume scan which can be either aatah of PPl or RHI
sweeps. Observations from different radars areideresd as independent data streams, which alloallphprocessing of
observations from an arbitrary number of radars iretwork. Compositing can be envisaged as a stefhich the MLHGT
products of individual sites are merged by genptabose networking tools, for example by the cidgterof highest radar
confidence.
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Figure 2: The flow diagram of the MLHGT procedufée top level illustrates the radar observationuts followed

by the origins of prior information. The blocksthe column illustrate the consecutive functionapst A key qualifie

of each step is expressed in parenthesis. At Bedyrocedure outputs a new MLHGT product file @pplication use
and retrieved as a prior input in the next instamé¢he procedure.
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3.1 Prior information in the MLHGT method

The MLHGT procedure considepsior informationwhich may consist of the previous MLHGT producaifailable, and
of the site specific averagé®isotherm. The mearfO isotherm first specifies the center point of iferval in which the
MLHGT estimates are allowed to vary, freely. Weradiuce a configurable parameter mximum variability which
characterizes the realistic limits of local climaty. The 6C isotherm parameter is retrieved from the metaftmtaatted in
the radar observations at the radar. The settingariginate from the monthly climatology configuredleach radar site, or
it may originate from external information thatrégularly uploaded to the radar.

The asymptotic value of MLHGT estimates in conditioof fair weather is the second use of the sitxifip °C
isotherm. As confidence decreases on radar olsmrgaeither due to their weakness or due to tlémcy in time, the
MLHGT estimates approach smoothly to the value§®6fisotherm. We introduce a configurable parametearelation
time which transforms the confidences of the radar dh@stimates derived in the recent past to the sum®ment in time.
The correlation time characterizes the temporalabdity of the weather in the local climatology. #pical parameter
setting is of the order of one hour. The MLHGT pdare considers tHdL thickness as a configurable constant.

3.2 Radar observations used in the MLHGT method

The MLHGT procedure considers selected subsetsegigitation signal which can be classified eitasrmelting snow’
or ‘other precipitation’ at a prescribed probailaf correct classification and of false misinteation. The precipitation
signals are computed from Doppler filtered momexdguired in the STAR mode. The fields of signahtise (SNR),
horizontal reflectivity, and differential reflectty as well as the magnitude and the phase of ¢arpwmorrelation are
considered. These measurands are subject to cegsoriSNR and of ground clutter-to-signal ratio, appliedtie common
data stream of radar signal and data processingla8ly, the common quality algorithms of the RVR3I® signal processor
(Vaisala/Sigmet, 2013) are utilized. As known, @penal radar echo often originates from other mgvsources than
precipitation and these ‘non-meteorological’ echayrdominate Doppler filtered data after common igpabnsiderations.
We utilize the HydroClass™ PreClassifier (Keranemalge2007) which recognizes the gates of non-metegical echo to
be omitted. PreClassifier originates from the JPQiell experiment (Ryzhkov et al., 2005) while ftezy settings have
been subsequently evolved based on the accumudaisetience with Vaisala WRM200 radars in multiplenates and
operational environments. The settings are comnitmather classifiers of HydroClass™.

3.3 Recognition of melting snow

We have constructed a dedicated fuzzy classifieelt®assifier’ in HydroClass™ for the purpose oflaa based
recognition of the locations of melting snow as Iwed of the locations where melting snow can beluglad. The
recognition is purely based on radar observatiansnio external information about ML is used irsthiep. MeltClassifier
inherits the interpretation of hydrometeor signzsameterized in ‘MeteoClassifier’ (Lim et al, 20@5 HydroClass™. The
binary MeltClassifier is constructed for stable fpenance such that the parameters of correct fieetsons and false
misinterpretations can be estimated as internastaots of the MLHGT method. For these purposesMhbgoClassifier
membership functions of ML altitudes are replacgdtiose of SNR, and they are configured to conssgiigmals strong
enough for negligible impacts of thermal noise. Titernal classes of MeteoClassifier other thanltimg snow’ are re-
grouped into the class of ‘other precipitation’, ilwhthe class of ‘melting snow’ remains as the ctament. The fuzzy
settings of the ‘MeltClassifier’ are managed anally to other classifiers in HydroClass™.

3.4  The co-ordinate systems of the MLHGT method

The MLHGT method maps the locations of recognizedlting snow’ and ‘other precipitation’ into likalbod functions
computed in the internal two-dimensional map otieat columns. The columns are broad enough in attirand in range
to collect sufficient statistics of entries frometliolume scan data. The method thus uses the appod&Brandes and Ikeda
(2004) which considered a grid of Earth co-ordisatéthin 60 km range from the radar. As known, atospheric ML is
driven by the general advection and dynamics obaphere for which an Earth co-ordinate system igerappropriate than
a radar centric view point. The latter is betteitexlifor modeling the changes in radar capabiliissfunction of range,
which needs to be accounted for when mapping tlserehtions into MLHGT likelihoods. We introduce anigurable
parameter for thébase spatial resolutionin number of sectors in azimuth, which is interpcetin characterizing the
likelihood columns adjusted to be roughly the saime in azimuth and in range. We also allowbdical binning of the
likelihood functions to be configurable, and these grid parameters are relevant for the availgbitif radar based
MLHGT estimates, in combination with the correlatibme parameter. By specifying a small base soélihe grid or a
dense vertical binning, a higher total number déced MeltClassifier estimates are needed as ifput given radar
confidence level, which can realized at high avmlity for wide precipitation well covered by muyle radar data sweeps.
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By specifying a modest scale of spatial resoluthmil vertical binning, data availability is optimizeln both cases, the
actual spatial resolution varies as function ofeafrom the radar.

By this construction, the method is able to recpgrdetails of the MLHGT fields at ranges of tenkitdmeters, while
independent MLHGT estimates can be obtained upstarttes beyond 100 km in conditions where sufficeemount of
samples are obtained from precipitation recognagdmelting snow’ or as ‘other precipitation’. Wersider it important
that MLHGT estimates may vary as function of rangea more realistic description of weather froftisexample.

By construction, the MLHGT procedure does not ingpssict requirements on the sweep geometry. Fameile, it can
consider individual sweeps in RHI and in PPI, hoarewith a significant trade-off in spatial resobriand coverage. Stable
accuracy and good resolution are obtained whemdhene scans sample the atmosphere at all the tdtaaights of ML.

3.5 Bayesian inference

Given these preparations with the radar observatadrimelting snow’ and of ‘other precipitation’ érwith the grid of
vertical columns, the likelihoods of MLHGT can bedated in the Bayesian approach, for each radaradison (i.e. a bin
recognized as ‘melting snow’ or ‘other precipitatidoy MeltClassifier). The Bayesian inference cam ¢onceptually
understood as mapping that is equivalent to coctstiyia display of vertical cross-section in whtble most likely position
of ML can be recognized by visual inspection of kheltClassifier decisions.

3.6 Estimation of ML altitudes, of their uncertaintiasd of radar confidences

Upon completion of the volume data set, the enstaf the likelihood functions are converted iestimates of MLHGT
accompanied by the estimates of their uncertaintyanfidence. In each vertical column, an MLHGTimeate is obtained
as median of the values of the likelihood functiBhe uncertainty is estimated as the average ol @ieupper and lower
percentiles of the likelihood function (“one-sigmefror in Gaussian interpretation). The radar amices are combined
from the shape of the resulting likelihood functemd from the number of Bayesian updates (i.e. murobMeltClassifier
entries) of which the latter is typically the ddoigl factor, as explained next.

In the limit of very high statistics while a low givability of correct classifications as well as lomate of
misclassifications, radar confidence can be defaethe fraction of ‘radar based information’ ie fikelihood function. In
absence of any radar information, the MLHGT likeltdld function is uniform in interval allowed by clology and it
vanishes elsewhere. In uniform likelihood, the radased confidence is zero. Radar information actat®s into a peak
which gradually grows corresponding to the growthradar based confidence, while the initially flzackground is
suppressed due to normalization to unity. Evengudtie likelihood function is concentrated in treak which has the width
corresponding to the uncertainty in MLHGT. The imed radar confidence of unity corresponds to aisking flat
background. The radar confidence can be formalfined as the integral of the MLHGT likelihood fuiant in the peak of
radar based information, which is the complementhef integral of the flat component of the likelitab function. In
practice, MeltClassifier is configured to a faiopability of correct classifications and a finitamber of observations are
sufficient for MLHGT estimates of a high radar cidleihce. The features of randomness in the finitaber of entries are
the limiting factor in judging the confidence ofe@ks’. The variances of the peak confidences duaction of number of
entries and of the probability of correct classifions as well as rate of misclassifications. Tklation is parameterized in
the MLHGT method through numerical simulationst# tepeated updates of the Bayesian rule.

3.7  Quality control and MLHGT product output

At each internal grid point, the procedure may &tbe consistency of radar confidence by compaitimgth those in the
neighboring grid points. The confidence is accepfed exceeds aminimum confidence level anda configurable
minimum number of grid neighbors meet the minimum confidence level, else the camfoe is set to a very low value.

The MLHGT product is formatted as an independentsfigurable grid of configurable system of Eartitardinates.
The maximum rangeandthe output resolution of the MLHGT product are technical parametershig step. The product
consists of three fields: the MLHGT estimates, ithugicertainties and their radar confidences. Tha tathe output grid are
filled by values interpolated from the internaldgaf MLHGT estimates, of their uncertainties andadar confidences. The
MLHGT product file includes headers of metadatacdbsg the methods settings and of the relevartadeta inherited
from the radar observations used as input, follgwtire conventions of the public IRIS™ data formi&i$, 2014).
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4  Data examples and validation
4.1 Instruments and measurements

The MLHGT estimates were validated by considerhmydbservations from two proximately located C-bpakirimetric
weather radars with comparison to in-site measunésni@ upper air soundings. Figure 3 shows thetioes of the radar
sites and of the two sounding stations conside¥dsala operates a C-band dual-polarization Doppleather radar
(WRM200) located on the top of a water tower in toen of Kerava. Table 1 shows the parameters efmiagnetron
weather radar system. University of Helsinki opesat C-band dual-polarization Doppler weather rguéRK200) at
Kumpula campus. The parameters of the klystron hezatadar system are those of WRM200 (Table 1lemxihe klystron
power amplifier which is used in generating the@sraitted RF pulses.

Upper air soundings are carried daily at 00 UTC aAdJTC at the WMO site of Jokioinen, located atgioly 106 km
northwest from the Kerava radar. Quality soundiags launched, typically on working days, at Vaisa&adquarters,
located in Vantaa at approximately 20 km southviiesh the Kerava radar. The weather events have bestinuously
monitored at University of Helsinki Kumpula (Leskim, 2014), through archival of the radar obserwvaticof various
surface observations including measurements of eemtpre. This background information is utilized dalecting the
precipitation events to be considered in validation

The Kerava radar observations consist of volumeascapeated every fifteen minutes. The pulse leafythus is used at
the pulse repetition frequency of 570 Hz. The maximrange is 250 km. Data are acquired in the STARlarat seven
elevations of 0.5, 1.5, 2.5, 4.5 7.0, 10.5 and ted@rees. Doppler filtered moment data are compiuted 32 pulses at the
base gate spacing of 250 m. Moment data are surfonedtwo consecutive gates ending up with the spaésolution of
500 m. The Kumpula radar observations consist ngeeheight (RHI) scans from the elevation of O degrup to 20
degrees made towards the Kerava radar in theessti{radar azimuth of 11.8 degrees). Kumpula ai@aacquired at the
pulse width 0.5 us with gate spacing of 50 m ugh&orange of 50km. The moment data are computed %6 samples.

The radar specific settings of the med€ Gsotherm are interpolated from the temperaturilps of the upper air
soundings carried out at the nearest WMO meteoitdbgtations of Jokioinen and of Tallin, roughlg0Lkm southwest
from the Kerava radar. The settings are updateldetoadars daily at 1 UTC.
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Figure 3: Measurement area and sites consideretiénvalidation. Light purple circles: the WRM20Qlex at Kerava and the
WRK200 radar at Kumpula campus of University ofsitédi. Purple arrows: the sounding launch site&/atsala (~20 km from the
Kerava radar) and the WMO site of Jokioinen (~1@0fkom theKerava radar). The purple and orange squares ingliche areas (
20 x 20 krharound the sounding launch sites, in which MLHGfineates are validated.
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4.2  Data Examples

We consider the evolution of the weather on theningr hours of June $02013 when a broad system of precipitation
approached from southwest. At midnight, the temjpeeaprofile from the synoptic upper air soundinglicates the
momentary freezing level was 3200 +/- 50 m at Mallkome 120 km southwest from the Kerava radathdWMO site of
Jokioinen about 100 km west from Kerava, it wathatlevel of 2950 +/- 50 m at midnight while it waisthe level of 3400
/- 50 m at noon. We consider these air masses are wn the season. The values at midnight weregotated into the
Kerava radar specific’ isotherm value of 3100 m at 01UTC.

Table 1: Parameters of the WRM200 dual-polarizafimppler weather radar

Transmitter Antenna

Tyype Magnetron Reflector type Center fed parabolic
Operating frequency 5.5-5.7 Ghz Diameter 45m

Peak power 250kW Gain (typical) 45 dB

Pulse width 0.5,0.8,1.0,2.0ug Beam width <1 degree

PRF 200 to 2400 H Sidelobes -33 dE (typical, on axis
RF-to-1 F receiver Pedestal

IF domnconverson | /ot | Tove it
Dynamic range >99dB (2 us pulse Elevation range -2 to 108 degrees

IF frequency 442/60 MHz Max. scan rate 40 deg/sec

Noise figure <2dE Position accurac Better than 0.1 de¢
Digital receiver, signal processor, data processing

Signal processor type VAISALA SIGMET RVP90(™ / IRIS™

IF digitizer 16 bits, 100 MHz in 5 channels

The method was configured to vary MLHGT by +/- 200@&round the site mean freezing level. The cdiceldime was
set to three hours. The base resolution scale etas sorrespond a grid 20x20 kfior MLHGT estimates at the range of 50
km from the radar. The ML thickness was modelle8@6 m. The first MLHGT estimates of 2700-2800 nrevebtained as
soon as significant precipitation reached the disaof 120 km, observed at 03:23UTC at the lowlestagion of 0.5 in use.
The first significant variability in ML altitudegsdém 1600 m to 3400 m was evident at 03:53UTC astilated in Figure 4.

The observations display a persistent pattern lof aw band associated with the front edge of migation propagating
into northeast. The pattern can be inferred froendilgnatures of bright band which normally (constavel of ML) form a
ring shape, while in this event the signature iistshed into a curved surface oriented in the tdwadrom northwest into
southeast. The particular pattern is visible in khwest elevation data and it is confirmed whenth# elevations are
inspected. The data acquired at 05:08UTC is illtstt in Figure 5. It displays distinct regions daéltimg layer stretching
into the direction of the azimuth of 300 degreethwinother narrow ML band at the azimuth of 340releg, approximately.
The pattern is repeated at higher elevations whall to the conclusion that the region marked enréflectivity field is
filled by frozen hydrometeors above ML, while thehe at the same range but in the direction of seeh is likely rain
below ML. The nontrivial surface of ML is consistgnreconstructed by the MLHGT method, in regiorishgh radar
confidence. The band of freezing air reached alkituas low as 1600 m. The band is followed by @regf warm air in
which the MLHGT estimates stabilize at the leveB8D0-3400 m, inferred from radar observations Widccumulate to a
non-vanishing radar confidence level above -20 dB.
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Figure 4: Frontal system of precipitaticapproaching the Kerava WRM200 radar from southwegsthe moment when the estime
indicate first significant variability in MLHGT. Twleft: reflectivity, top right: 4|, bottom left: differential reflectivity at the elevar of
0.5 degrees. Bottom right: map of the MLHGT estawalisplayed for radar confidences higher thandB0 The size of the MLHGT
product display is scaled to match with the maxinmange of 250 km in the other data displays.
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Figure 5: As Figure 4, but about two hours lateremithe precipitation at surface reached the distaofabout 50 km from to
the radar. The marker in the display of reflectivig at the range of 170 km at the altitude of 380 the region of cold air
implying MLHGT values well below 2 km. The echeljiloriginates from frozen hydrometeors, whilegbboes at the same
ranges into west are likely originate from ML esdted to exist at the height above 3 km. The mankéére MLHGT map
indicates the highest estimate of 3400 m.
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At 07UTC, precipitation reached the radar siteK@anpula and Kerava allowing detailed maps of MLHE&timates to
be obtained from both radars, independently. At tm@ment, the weather was evolved from the compamit of
precipitation into a set of local showers passhrgugh the Helsinki area. Figure 6 displays theeoksions of the Kerava
radar 06:54 UTC, as well as the MLHGT estimatese @hata at elevation of 1.5 degrees display a di#lapattern at
distances within 100 km from the radar. Howevee, tisual ring pattern is tilted indicating a strdagal gradient in ML.
Indeed, such a gradient is reconstructed by the ®LHhethod. The MLHGT estimates range from 3000 mrdto 1900 m
and the field indicates a general gradient in excé4000 m in about 50 km.
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Figure 6: As Figure 4but three hours later when the band of cold aasjust passing the Kerava radar. Data are exceyatily
at the elevation of 1.5 degrees up to ranges ofki20and they dispjathe tilted pattern of the bright band, unambigsiguThe
MLHGT estimates are displayed for radar confiderttigher than -5 dB in a product computed up tordmege of 50 km.

The observations of the Kerava radar can be cordpaith the nearly co-incident observations of thentpula radar
which is observing in the direction of Kerava. A®®n in Figure 6, the bright band is unambiguowsggn in the RHI scan.
Furthermore, the significant gradient in MLHGT oboat 1000 m in 50 km is confirmed. The MLHGT estiema
reconstructed from the Kumpula radar RHI sweep dgtae very well with the values obtained in theesdocations from
the independent observations of the Kerava radarfFggure 7.

4.3  Validation of the MLHGT estimates with respect f€0dsotherms from upper air soundings

Observations of Kerava WRM200 and Kumpula WRK20@ter radars have been processed with the MLHG Todet
in substantial intervals starting from June 2013stonmer 2014. A week in June 2013 with precipitatio summer
conditions and another week of precipitation in tvel season in November 2013 were selected failddtvalidation of
the MLGHT estimates through comparison wific @sotherms derived from the profiles of the upaiersounding data. The
sounding data are referenced to the location aadirie at the launch, while the relevant measurésnefntemperature are
made several minutes later at a location driftedhfthe launch site. Similarly, the radar scan tohéhe volume data spans
through several minutes, repeated for every 15 rafmConservatively, the MLHGT estimates were agrgid in the area
of 20x20 kni around the launch location. The values of MLHGTineates were averaged into a single estimate atirtie
of the radar volume time.
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Figure 7: Observations from a range-height sweeldljRwcquired at the Kumpula WRK200 radar into theection of the
Kerava radar. at the moment when the band of agldhass is passing the Helsinki region. Top IBfbppler reflectivity, top
right: co-polar correlation coefficient, bottom tedlifferential reflectivity and bottom right: magf the MLHGT estimates
displayed for radar confidences higher than -35 @Bey are available in the sector of the RHI sas®d as input.

Conservatively, we allow ML to vary in the interval 4000 m centered on the radar wid€ Gsotherm. We select a
correlation time of 3 hours. We select a resolutbdr24 sectors in azimuth, which corresponds toittternal MLHGT
spatial resolution of 5x5 kin approximately at the distance of Vaisala soursli(®) km). For evaluation purposes we
consider and display the estimates at all the radafidence levels. The thickness of the meltingtavas modeled to be
500 m.

Figure 8 shows the time series of the estimatedimyelayer altitudes during the summer week frorff' 1&@ 20" of June
2013 at the location of Vaisala soundings (~20komfrthe radar). In the top panel, the green datatpare MLHGT
estimates obtained from the Kerava WRM200 obseymatiat radar confidences levels greater that -20dile the blue
data points are lower radar confidence data (iateref fair weather). Each radar data point is eissed with the estimate
of one-sigma uncertainty. The red data points ssrethe @C isotherms derived from Vaisala soundings, whiutidate
variability of freezing levels in the interval frot®00 m to 3100 m. The vertical scale of the griampproximately the span
where MLHGT estimates are allowed to vary, freelshe absence of radar data forn"1a 14" and from 18 to 19" of
June corresponds to pauses on the operation ohdae due to maintenance or programed visits.

We observe trends in radar based estimates whélhighly consistent with the broad conditions af #itmosphere as
captured by the sounding data. The radar confidenogectly characterize the availability of prégifjon signals. In the
intervals of fair weather the radar confidencesrelese and the MLHGT estimates approach to the itlaspecific 6C
isotherms. The intervals of high radar confidenoeraspond to the conditions of precipitation at évaluated location. We
observe significant variability in radar based resties which however coincide with the momentaryneges of 6C
isotherms obtained from independent sounding ddte.agreement is at the level of 100 m. The es@isat uncertainty are
of the same magnitude. The complexity of atmospleibustrated in the moment of last sounding, @@ where the
temperature profiles suggest for two levels ¥ Gotherms, out of which the lower one is acclyastimated as MLHGT
by the radar based method.

Figure 9 shows the time series of the estimatedimyellayer altitudes in the same time interval bBtuithe WMO site of
Jokioinen (~106 km from the radar). Due to the dargdjstance, the radar confidences are generallgriand availability of
high confidence radar estimates tends to be reduieatder to compensate this, the spatial baske seas increased to 16
sectors, corresponding to the spatial resolutioA¢0 knf at the distance of Jokioinen. The vertical biresims slightly
increased to 300 m. With these settings, the ahifitlaof MLHGT estimates is good for reasonabldaaconfidences above
-10 dB, up to the distances of 100 km in conditionsvhich the echo tops reach altitudes of sevkitameters. Indeed,
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MLHGT estimates are obtained in the warm eventthentime interval and the values agree very wethwhe in-situ
observations of the sounding data. In particulan@in June 1% the radar based observations correctly recogifiege
freezing level which is significantly lower tharetlextrapolation from synoptic observations madédas earlier. The data
related with the event of large frontal system apphing from southwest in the morning of Jun& ROconsidered in the
previous Section.
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Figure 8: Top: MLHGT estimates of melting layeiitaties and associated one-sigma uncertaintiesdrtithe interval from June f2to

June 28, 2013. The green points relate with high radarfidences greater than -10 dB and (blue) radar aderfices lower tharL0 dB.

Red points are the’G isotherms derived from the temperature profitesgper air soundings carried at Vaisala. BottonheTevels of

radar confidences corresponding to the MLHGT esti®man top. The radar was not in operation in thieival garting from the evenin
June 1% and in the short interval in the evening Jun&.19
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Figure 9: As Figure 8 but for the location of Jokien at the distance of 106 km from the Kerava rada

Figure 10 shows the time series of the estimatebenfnelting layer altitudes during the cool seaseek from 28 to
28"  November 2013 at the Vaisala sounding launckirea (~20 km from the radar) estimated using Kenazar
observations. The Kerava radar was operating comtisly. The sounding data indicate the freezinglewaried from
surface (at approximately 50 MSL) up to altitudé4@00 m. Precipitation persisted through intengflslays during which
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the radar confidences kept at a high level. Irs¢hintervals, the MLHGT estimates vary by more th@@0 m, while they
coincide quite accurately with the momentary valoé€’C isotherms derived from independent temperatucéiles of
soundings. On the November"2&ounding data suggests for a moment of multiglels of 6C isotherms separated by
some 500 m, confirmed by two soundings carried within an hour. At that moment, MLHGT estimates &eking

precipitation signals while the method reports l@a&lose to the lower level, with an excess inautainty of a few hundred
meters.

,,,,, [+ Low radar confidence
1400 |1 | * High radar confidence
* Sounding at ~20km (Vaisala) |

200}~

20/11 00:00/13-00:00 06:00 12:00 18:00  21/11 00:00-00:00  06:00 12:00 18:00  22/1100:00-00:00  06:00
Time UTC
o . . . .
: P o,
“e ", + "o, ¢ .,

5 e SR
= ., ",
g - '
s =10}~ ™,
H
K]
8 -15- ",
H . ., »,
-3 e + N
E -20+ . YN R u..‘
) il

-251-

-30
20/11 00:00/13-00:00 06:00 12:00 18:00 21/11 00:00-00:00 06:00 12:00 18:00 22/11 00:00-00:00 06:00
Time UTC

Figure 10: As Figure 8, but for the sub-intervattiofie period from November %@ November 22, 2013.

5 Summary and discussion

We have developed and implemented a method fomastig melting layer altitudes from observations cafal-
polarization Doppler weather radar. The methodesighed for near-real-time operational uses antcapions. In a robust
and consistent manner, the radar description otimgelayer is expanded from the first order paraarieation of site
specific climatology of semi static°© isotherms into high resolution maps of spatialyriable melting layer altitudes
evolving in time. Using a Bayesian approach, th¢hoe accumulates locations of recognized (and ebedymelting snow
into a grid of likelihoods from which the altitudes the melting layer can be estimated at a higitisband temporal
resolution. The method provides with the estimateancertainty and with the confidences of the radéormation. The
method is configurable with a few parameters. Thethmd can consider both PPI and RHI type of volusen data,
acquired in the STAR mode of dual-polarization eatradar.

The MLHGT estimates are able to map evolution efrttelting layer as a function of range up to distasnof 100 km, in
frequently occurring warm season conditions. Thisui important capability in events of frontal syss with large and
rapid changes in the freezing level. In favoraieditions and settings, the method provides ridialstimates of melting
layer close to ground. By conception, it is ablelénluce freezing precipitation at surface througtiusion of the melting
layer. These are potential inputs to radar baseéth@es of surface precipitation type.

The estimated melting layer altitudes are repoited map in Earth coordinates in as a standardeSiart MLHGT
product in the IRIS™ radar data format. The mettaad be scheduled to run at the radar computet,canibe scheduled to
process observations from radar networks routettheéocentral processing analysis facility, in nesaHtime. The product
information can be promptly uploaded to the rads®iPBOO™ signal processor for utilization in the rgale methods of
hydrometeor identification as well as in the dualapization corrections for rain induced attenuatidhe product format is
public and allows wider uses or even updates oMhEIGT estimates in applications.

The MLHGT method has been evaluated in conditidnearm and cool season, with direct validation widspect to
independent upper air soundings. The MLHGT estig)atiee estimates of their uncertainty and of rammafidence are
found to perform consistently. In first validatioogvering about a dozen co-incidences of uppesaindings and MLHGT
estimates at high radar confidence (precipitatigmais available), the remote MLHGT estimates dmel ®C isotherms
derived from in-situ temperature profiles are foto@gree at the level of 100 m.
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