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Abstract

An intense orographic precipitation event is analysed using two polarimetric C-Band
radars situated north of the Alps on 5 January 2013. One radar is operated at DWD’s
meteorological observatory Hohenpeißenberg (MHP, 1006 m a.s.l. – above sea level)
and the Memmingen (MEM, 65 km west of MHP, 600 m a.s.l.) radar is part of DWD’s5

operational radar network. The event lasted about 1.5 days and in total 44 mm precipi-
tation was measured at Hohenpeißenberg. Detailed high resolution observation on the
vertical structure of this event is obtained through a birdbath scan at 90◦ elevation which
is part of the operational scanning. This scan is acquired every 5 min and provides me-
teorological profiles at high spatial resolution. In the course of this event, the melting10

layer (ML) descends until the transition from rain into snow is observed at ground level.
This transition from rain into snow is well documented by local weather observers and
a present-weather sensor. The orographic precipitation event reveals mesoscale vari-
ability above the melting layer which is unexpected from a meteorological point of view.
It corresponds to a substantial increase in rain rate at the surface. The performance of15

the newly developed hydrometeor classification scheme “Hymec” using Memmingen
radar data over Hohenpeißenberg is analyzed. The detection in location and timing
of the ML agrees well with the Hohenpeißenberg radar data. Considering the size of
the Memmingen radar sensing volume, the detected hydrometeor (HM) types are con-
sistent for measurements at or in a ML, even though surface observation indicate for20

example rain whereas the predominant HM is classified as wet snow. To better link the
HM classification with the surface observation, either better thermodynamic input is
needed for Hymec or a statistical correction of the HM classification similar to a model
output statistics (MOS) approach may be needed.
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1 Introduction

Orographic rain events in the vicinity of the Alps can last a couple of days and often
have the potential to produce flooding conditions. The Alps represent a natural barrier
for advected moist air which either initiates or intensifies the precipitation process. The
precipitation events are often persistent and depending on the season, transitions from5

rain into snow caused by diabatic cooling of the associated airmass can be observed
(Lackmann et al., 2002). From an operational point of view, precipitation amount and
hydrometeor type are important parameters which are needed to issue proper warn-
ings to the public. For example, correct precipitation amounts are important for flood
management. The correct hydrometeor classification is an important parameter for the10

traffic management. Here, modern radar systems are the only systems which are able
to provide spatial informations about the meteorological situation associated with a suf-
ficient update rate (Scharfenberg et al., 2005). This is one reason, why the German
meteorological service DWD is running a weather radar network which is currently
undergoing a major upgrade. The new generation of radar systems of the German15

weather radar network is fully polarized. The systems are run in a hybrid (STAR) mode,
simultaneous transmitting in horizontal and vertical polarization (see Frech et al., 2013,
for some more technical details of the new system). The scan strategy guarantees an
update rate of 5 min. It comprises a terrain following scan (the so called precipitation
scan), a 5 min volume with 10 sweeps at 10 different elevations and a “birdbath” scan20

at 90◦ elevation. Latter scan is part of the scan strategy because of the necessity to
calibrate differential moments such as the differential reflectivity ZDR. The differential
reflectivity of falling hydrometeors must be zero when looking vertically upward. Hard-
ware specific offsets can be derived and monitored using this scan. The offsets are
used to correct the differential reflectivity data. This scan can also be used to monitor25

the absolute calibration of the radar system (Frech, 2013). Aside from this, the birdbath
scan can be viewed as a profiler scan and is as such a very interesting scan from a me-
teorological point of view. Typically this scan is not used operationally for this purpose
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so far. The birdbath scan provides a high resolution look of the precipitation process
above the radar site. This will be highlighted in this paper.

In this work we use data from the research radar at DWD’s meteorological observa-
tory Hohenpeißenberg (MHP, 1006 m a.s.l.) and the Memmingen radar (MEM, 65 km
west of MHP, 600 m a.s.l.) which is part of DWD’s operational radar network. Both sys-5

tems are of the same type. For this work, the configuration of the research radar was
identical to the Memmingen system. In general, the research system does not provide
operational data.

The introduction of the new dual-polarization radar system was accompanied by
a project called “Radarmaßnahmen”. This inhouse DWD project covers the develop-10

ment of radar data processing algorithms, e.g. for quality assurance, hydrometeor clas-
sification and quantitative precipitation estimation and the development of a software
framework which is called “POLARA” (Polarimetric Radar Algorithms; Rathmann and
Mott, 2012). Currently the aforementioned algorithms within the POLARA framework
are in a pre-operational verification test phase. The software package is planned to15

become operational in 2014.
The principal physical processes of precipitation are well known but with the avail-

ability of new technology often a closer and also new look into the precipitation process
becomes possible, especially when new methods and algorithms such as a hydrome-
teor classification move from the research world to the operational world of a weather20

service, simply because more observations become available.
In this paper we analyze an orographic precipitation event and verify the performance

of the hydrometeor classification scheme. The analysis focuses on the mesoscale vari-
ability of the precipitation event. We first introduce hydrometeor classification scheme
before we analyze the features of the precipitation event using radar data and surface25

observations. The analysis is then used to verify the classification scheme. The main
findings are summarized in the last section.
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2 Hydrometeor classification

The additional polarimetric measurements of a dual-polarization radar allows the clas-
sification of the hydrometeor type in the pulse volume. Methodologies to classify hy-
drometeors using polarimetric radar data are described for example by Straka et al.
(2000), Keenan (2003) and Lim et al. (2005). Based on these results, weather services,5

like the National Weather Service (NWS) of the USA or Météo-France, started to imple-
ment suitable hydrometeor classification schemes. Related publications are Park et al.
(2009) for the American algorithm and Al-Sakka et al. (2013) for the French scheme.
Both versions use a fuzzy logic classification with a comparable set of input parame-
ters and estimated hydrometeor classes. The verification of a classification schemes is10

typically done with test data sets, where hydrometeor types are known (Al-Sakka et al.,
2013). Radar derived classification results can be related to surface observation by us-
ing model derived thermodynamic profiles (Schuur et al., 2012). The biggest challenge
is a situation with mixed precipitation where a pure objective validation is usually not
possible.15

At DWD, we implemented a fuzzy logic hydrometeor classification algorithm (Hymec)
which follows Park et al. (2009). The algorithm is currently in the evaluation and verifi-
cation phase. A brief overview on the Hymec algorithm implementation is given in the
following.

Initially we decided on the set hydrometeor classes to be covered by Hymec based20

on a user survey. There, the request for a light rain class (drizzle) should be mentioned
owing to long lasting drizzle events over Germany. We then harmonized the requested
list of hydrometeor classes with classification algorithms that are available based on
literature focusing on the work of Park et al. (2009). The following classes are consid-
ered by Hymec: drizzle (DR), raindrops (RA), big drops (BD), wet snowflakes (WS),25

dry snowflakes (DS), ice crystals (IC), graupel (GR), heavy rain or hail stones (RH)
and hail stones (HA). In addition, the melting layer (ML; bright band) represents a class
on its own. In the Hymec algorithm chain the melting layer detection is done prior the
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hydrometeor classification. We use the ML detection as an additional source of informa-
tion which is offered to the user to interpret the meteorological situation. Algorithms like
the quantitative precipitation estimation (QPE) use the knowledge of the ML location
and the type of hydrometeor to utilize appropriate precipitation estimation algorithms.

The Hymec data processing chain5

The input data for Hymec consists on the one hand of PPI radar data and on the other
hand of output data from the NWP model COSMO-DE (Baldauf et al., 2014). From the
pool of the dual-polarimetric measurements the reflectivity in horizontal channel Zh,
the differential reflectivity ZDR, the specific differential phase KDP, the co-polarization
correlation coefficient ρhv and the differential phase KDP are used. The radar moments10

have passed a quality control chain, where especially clutter segments and other non-
meteorological artefacts in the radar data like spokes and rings are treated (Werner and
Steinert, 2012). The correction of the path attenuation plays a major role in the quality
assurance and is based on Zh and ZDR. As the attenuation correction algorithm needs
homogeneous (related to hydrometeor class) ray segments, the results of a first Hymec15

run is used as input. There, the COSMO-DE model delivers the temperature related
information in order to separate between liquid and solid hydrometeor types. Especially
snow flakes and small raindrops give similar radar signatures. Without a temperature
information it is difficult to distinguish those hydrometeor types. The two single level
grid products of the height of the 0 ◦C-isotherm, HZEROCL, and the snowfall height20

SNOWLMT are used. Furthermore, a history of the detected ML is created and is used
as another input parameter. The ML history is created, because at low elevation angles
the detection of the ML is difficult (Giangrande et al., 2008). A minor reason is the long
path through a ML such that a clear ML signal may be blurred. A major reason is
however, that the ML cannot be detected at low elevations, if the ML is situated above25

the radar sweep. Because of that the ML history is based on the ML detection of high
elevation sweeps of the volume scan.
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Hymec is implemented as a two-stage algorithm sequence. A sketch of the embed-
ded classification processing chain is shown in Fig. 1. The first run is placed in front of
the attenuation path correction algorithm and the second run thereafter (Steinert et al.,
2013). The final classification results are taken from the second run.

As mentioned before, the hydrometeor classification is connected with a prefix ML5

detection. In Fig. 2, the corresponding data paths between the ML detection and the
hydrometeor classification are shown for the second run of Hymec.

The ML detection and the hydrometeor classification are both based on a fuzzy logic
core. To allow a generic fuzzification, every input parameter must be projected such that
it is consistent with radar data. Since NWP grid fields and ML history are initially not10

in radar-centric polar coordinates a polar data matrix is generated in a pre-processing
step. The result is a polar data matrix for each radar site with the height information
related to the height of the radar measurements in the dimension of the original radar
data matrix.

The fuzzy logic method itself is based on trapezoidal membership functions (MBF)15

for each pair of input parameter and hydrometeor class. This means MBF for HZE-
ROCL, SNOWLMT and the ML history have to be created. For the parameterization of
the MBF for radar input the values of Park et al. (2009) are used as a first guess. If
necessary, those MBF will be optimized based on verification results. The winner class
of the fuzzy logic is estimated with the maximum method related to the class proba-20

bility. Furthermore the class probability of the winner class have to exceed a threshold
(35 % for the HM classes, and 65 % for the ML class). If the class probability is below
the threshold, the class is “not classified” (NC).

After the utilization of the fuzzy logic scheme a post-processing part follows. There
the ML detection is optimized and updated in order to improve the reliability of the25

resulting ML detection. Following steps are considered:

– combination of ML segments along the radar ray which seem to belong together,

– smoothing of the ML detection by using the detection in the neighboring rays and
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– update of the ML history for this time stamp.

3 The orographic precipitation event: surface and radar observations at
Hohenpeißenberg

An intense orographic precipitation event was observed using two polarimetric C-Band
radar situated 20–40 km north of the Alps on 5 January 2013. The event lasted about5

1.5 days and in total 44 mm precipitation were measured at Hohenpeißenberg. Synop-
tically, Germany was located at the forefront stationary longwave ridge which extended
from the Iberian Peninsula up to the British Isles. Embedded in the upper air-flow from
NW–NNW a warm-front caused the intense and persistent orographic rain event espe-
cially in South-Eastern Bavaria.10

We first analyze data from the birdbath scan in order to highlight the temporal evo-
lution of this orographic precipitation event in detail. During Saturday (5 January 2013)
a transition from rain into snow was observed. The Hohenpeißenberg weather ob-
servers noted sleet starting 14:40 UTC and pure snow fall beginning 16:45 UTC. Fig-
ure 3 is a time-height plot of the unfiltered reflectivity factor UZh starting 00:00 UTC,15

5 January 2013, ending 03:00 UTC 6 January 2013. Unfiltered UZh means that no clut-
ter filter has been applied. Only data above approximately 600 m above the radar site
are shown, which approximately corresponds to the farfield of the radar antenna. Mean-
ingful data is expected from this range on. From Fig. 3 we see the initial location of the
melting layer (large UZh values) which gradually descends before it is below 1600 m at20

about 09:00 UTC. The corresponding Doppler velocity is shown in Fig. 4. The velocity
shown here can be considered to be the effective terminal fall velocity of the hydrome-
teors. Effective, because updrafts and downdrafts may be both present depending on
the meteorological situation. In the case of a stratiform rain event (a typical feature is
the presence of a melting layer), the vertical velocity is expected on the scale of cm s−1

25

above the ML. The location of the melting layer is again nicely visible in the Doppler
data. As soon there is a transition from snow into rain, terminal fall velocities increase
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up to 3–8 m s−1, depending on the resulting drop sizes. Above the ML velocities are
usually on the order of cm s−1 or less, indicative of snow. The Dopper data also reveal
the mesoscale feature which will be investigated below. We find fall velocities on the
order of −3 m s−1 between approximately 11:00 and 12:00 UTC which cannot be at-
tributed to dry snow. Based on the fall velocity magnitude is characteristic for wet snow5

or Graupel (Yuter et al., 2006). Note that the melting layer is below this mesoscale fea-
ture. We call this a mesoscale feature because of the large spatial (horizontal) length
scale of this feature which is on the order of 25 km. This is estimated as L = U · T with
U = 7 m s−1 and the duration of the event T = 1 h. The horizontal velocity estimate U is
based on surface wind measurements. The region with large fall velocities reaches up10

to 4 km a.s.l.
The time-averaged profiles for specific time intervals (which roughly exhibit homoge-

nous characteristics) are shown in Fig. 5. The mean profiles are supposed to quan-
tify the distinct difference between the time intervals. The most apparent difference is
highlighted by the fall velocity. Fall velocities on the order of 3 m s−1 found during the15

mesoscale event can only be seen below the bright band during the early morning
hours of the 5 January. The full scale of the melting layer is not revealed here as it is
below the first radar range bin that can evaluated. We see the decrease of ρhv which
has not reached its minimum value (here 0.94). ρhv values as low as 0.8 can be found
in the melting layer (Frech et al., 2014). The peak of UZh is at a higher altitude than the20

minimum ρhv. A reduction of ρhv is expected if there is a large variety of hydrometeors
present in the sampling volume. Smaller ρhv points to a rain/snow mixture. As soon as
all snow is melted, ρhv is close to one again (see e.g. the profile after the “event” in
Fig. 5). The largest UZh values are expected where the snow just starts to melt and
snow flakes become coated with a water layer. The width of the melting layer can be up25

to 700 m as it was the case for the mesoscale convective system which is discussed
in Frech et al. (2014). Here the width of the melting layer appears to be on the order
of 500 m. During the mesoscale event, reflectivity factors on the order of 22 dBZ are
found. After the passage we find actually an increase up to 25 dBZ which however
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does not have a correspondence to the fall velocities (Fig. 5). This appears indicative
of small wet snow flakes. A substantial decrease of UZh to below 20 dBZ can be noted
at about 17:00 UTC (Fig. 3) when surface observations report snowfall. Lower reflectiv-
ity factors suggest dry snow flakes. Note that the small ρhv values at higher elevations
correspond to Zh values lower than 5 dBZ or less. Small ρhv values may occur be-5

cause we are at the top of the precipitating cloud where the temporal variability of the
scattering particles may be large.

With the help of the surface observations which indicate the transition into snow at
16:45 UTC, we can argue that the surface measurements between about 09:00 and
16:45 UTC are taken in the melting layer before we see the transition into snow. This10

needs to be kept in mind when interpreting the classification results.
We now investigate the corresponding surface observations. The time series of wind

measurements based on an ultrasonic anemometer is shown in Fig. 6.
The whole event is characterized by a very constant wind direction. Wind speeds

are on the order of 7 m s−1, decreasing to about 5 m s−1 at about 14:00 UTC. Between15

11:00 and 12:00 UTC there is no apparent change in wind speed and direction during
the passage of the mesoscale feature observed in the radar data. In the case of a dy-
namic effect we may expect some evidence of horizontal divergence or convergence
in the wind data. This can be a drop in wind speed or a change in wind direction. What
we find however is a drop in surface pressure by about 1 hPa which is indicative of20

a dynamic effect even though it is not directly visible in the wind data. Possibly, lift-
ing processes (eventually associated with the passage of a gravity wave), latent heat
release and the capture of water droplets by snow lead to riming and generation of
graupel or wet snow (Fabry and Zawadzki, 1995). Note, rain was still observed at the
surface during the passage of this mesoscale event.25

The corresponding observations of a Thies optical disdrometer are shown in Fig. 7.
The optical disdrometer measures the hydrometeor size and fall speeds. Aside from
precipitation rates a classification scheme based on the hydrometer sizes and fall
speeds, together with a temperature measurement provides a diagnostic of the

8854

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/11/8845/2014/hessd-11-8845-2014-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/11/8845/2014/hessd-11-8845-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
11, 8845–8877, 2014

Radar observations
of an orographic

precipitation event

M. Frech and J. Steinert

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

hydrometeor type. The prinicipal ideas and the caveats of such an instrument are dis-
cussed in e.g. Friedrich et al. (2013). During the passage of the mesoscale event there
is a intensification of precipitation rate with an increase from 1 mm h−1 to on average
2 mm h−1 (Fig. 8). The relative contribution of the solid and liquid phase to the absolute
precipitation rate does not reveal a link to the mesoscale precipitation event aloft. Nicely5

visible is the transition to snow fall in disdrometer data which corresponds very well to
the observation of the weather observer (the ratio between solid QPE and total QPE
becomes one). Timing and the transition corresponding to the sleet observation are
well diagnosed by the disdrometer. Before that the liquid phase contribution is larger
on average. Some of the variability of the ratio is related to small precipitation rates and10

the variability of the precipitation process itself where small variations in precipitation
rates can lead to large fluctuations of the resulting precipitation ratio (Fig. 7).

4 Memmingen radar obervations and hydrometeor classification

In the previous section we have analysed surface data and bird bath radar data at
Hohenpeißenberg. Radar data show distinct mesoscale features which result in an in-15

crease in surface rain rate. The whole precipitation event is an example where the ML,
initially nicely visible in the radar data (see early morning hours in Fig. 3), descends
during the day. For a couple of hours the Hohenpeißenberg mountain top is actually
within the ML before the surface observations indicate the transition into snow. We now
use radar data from the operational Memmingen radar which is located 65 km West of20

Hohenpeißenberg. In the analysis we focus on the results of the hydrometeor classifi-
cation. Aside from a correct HM classification we investigate the spatial HM variability
which was visible from the birdbath scan. In the Hymec processing chain, the HM clas-
sification is used to select the appropriate quantitative precipitation algorithm. Before
we go into detail it is necessary to point out the length and time scales involved when25

using in-situ measurements and radar measurements. With the main beam width of
1◦, the radar pulse at a distance of 65 km has a width of about 1.1 km. The bottom
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of the radar pulse at an elevation of 0.5◦ is at about 960 m as which corresponds ap-
proximately to the height of the Hohenpeißenberg. Recall that the range resolution is
1 km. The instantaneous radar measurement of this pulse volume is compared to an
in-situ instrument which integrates over time (1 min). A perfect correspondence may
only be expected if the meteorological phenomena is homogeneous in time and space5

for at least the time and length scales involved here. It is obvious that this will be only
approximately the case here.

A PPI of the attenuation corrected Zh at the lowest elevation is shown in Fig. 9. It is
taken at 11:50 UTC while the mesoscale event is passing the Hohenpeißenberg. The
corresponding HM classification results are shown in Fig. 10. Based on the HM clas-10

sification there is a gradient in snowfall height from North-West to South-East. This is
highlighted by the fact that there is no circular melting layer “ring” around the radar.
Instead, we find only a ring segment. This indicates a diabatic cooling effect associ-
ated with the synoptic scale warm front. During the persistent precipitation near the
Alps, melting snow falling into the relatively warm airmass is causing diabatic cooling15

which leads to the continuous decrease of snowfall height (e.g. Lackmann et al., 2002,
and references therein). The HM classification around the Hohenpeißenberg site pre-
dominantly shows wet snow associated with reflectivity factors on the order of 25 dBZ,
consistent with the observation of the birdbath scan (Fig. 10). There are spots indicat-
ing rain with big drops which correspond to regions with enhanced Zh (Fig. 9). The20

Hohenpeißenberg weather observers still report rain during this time period. How can
this be reconciled with the radar data? Obviously the scattering characteristics in the
pulse volume is predominantly governed by the wet snow aloft, and not by the layer
with rain close to the surface.

We will now compare a timeseries of HM classification based on the Memmingen25

radar with the standard HM classification of the optical disdrometer on the Hohen-
peißenberg. The radar HM results are shown in Fig. 11 where the classification is
shown as a time-height series based on volume data available every five minutes.
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The presented time span is between 06:00 and 20:00 UTC on 5 January 2013 and
the height of HZEROCL and SNOWLMT are plotted together with the detected ML.
The color table of the hydrometeor classes is the same as in Fig. 10. The melting
layer can be seen until about 10:00 UTC which corresponds in timing and location
quite well with melting layer height seen in Figs. 3 and 4. After about 10:00 UTC, wet5

snow is diagnosed in the lowest layer as the most likely HM type. A closer look on
the classification results is given in Fig. 12. The HM classifications from the optical
disdrometer are shown in Fig. 13.

The decrease of temperature on 5 January (Fig. 6) from approx. 4 ◦C at 00:00 UTC
down to 0 ◦C around 17:00 UTC corresponds to the drop of the ML. The radar detected10

ML is shown in Fig. 14. The begin of the detected ML is around 02:00 UTC. Before
this primarily rain and drizzle is diagnosed. In this example the detection of a ML ends
around 10:00 UTC. As discussed before, the ML is at the height of the Hohenpeißen-
berg mountain. The Hymec result in Fig. 12 shows the change from melting layer to
wet or dry snow after 10:00 UTC.15

The classification of the disdrometer (Fig. 13) shows a mixture of drizzle or rain
mixed with snow between 00:00 and 15:00 UTC. Then predominantly snow is seen
which agrees well with the eye observations. However, before that the classification
is not perfectly correct (the weather observers initially report rain, with a transition to
sleet until 16:45 UTC). One may argue that the disdrometer HM algorithm also needs20

an optimization, but a “drizzle/rain with snow” class may be expected in ML.
During the time of rain and sleet observations (based on the weather observers) at

the site until 16:45 UTC, the radar based HM detection predominantly sees wet snow
as the prime HM. Considering the weather situation and the differences in sampling
volume between the sensors used here we cannot say that the radar based HM classi-25

fication is incorrect. It is consistent with what may be expected when measuring locally
in a ML during an orographic rain event (recall that the depth of the ML can be on the or-
der of several hundred meters), where, as discussed before, diabatic cooling is causing
a temperature decrease so that snow may reach the ground even in an initially “warm”
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airmass. From an operational point of view, the “correct” radar information should now
be linked better to the surface observations. This may be achieved through improved
training of the fuzzy logic scheme to better take into account the thermodynamic state
of such a weather event, or by a statistical correction similar to a “model output statis-
tics” (MOS) scheme (e.g. Glahn and Lowry, 1972). For this case study here, a signif-5

icant adjustment of the MBF (which were taken from literature) seems not necessary.
We also may conclude, that the temperature forecast by the model was sufficiently
precise for this case.

5 Conclusions

An orographic precipitation event on 5/6 January 2013 is analyzed with respect to its10

temporal and spatial variability using polarimetric radar data. Radar data from the bird-
bath scan together with disdrometer measurements at Hohenpeißenberg show the
steady decrease of the melting layer in the course of the event until there is a transi-
tion into snow, which is indicated by the disdrometer measurements and confirmed by
weather observers. The Hohenpeißenberg moutain top is in the ML for several hours.15

Radar measurements above the melting layer show mesoscale structures (length scale
on the order of 25 km) that are interpreted as large wet snow because of the increased
fall velocity on the order of 3 m s−1. Associated surface observations show an increase
in rain rate. Lifting processes (indicated by a drop in surface pressure) may be the
cause for this.20

A typical feature of an orographic precipitation event is, depending on the season,
the transition from rain into snow due to diabatic cooling. This is a relevant meteo-
rological situation for a weather service, which needs to be forecasted and detected
by weather observing systems. Radar systems are the only devices that can provide
a look into the precipitation process in high spatial and temporal resolution. With the25

introduction of new polarimetric radar systems a much better characterization of the
hydrometeors is now possible. “Hymec” is DWD’s newly developed HM classifier which
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is evaluated for this precipitation event. We use the Hymec results based on the volume
and precipitation scan of the Memmingen radar which is situated 65 km away from Ho-
henpeißenberg. The Hymec detection of the melting layer height corresponds well with
the radar observations of the birdbath scan. Once the ML is just above Hohenpeißen-
berg the HM are classified as wet snow with sporadic pockets of large rain drops, while5

there is still rain observed at the surface. Considering the size of the radar sensing
volume and the fact that ML is above the radar site this is not considered as a incorrect
Hymec classification. For this particular situation, either better thermodynamic input to
Hymec or a statistical correction of the HM classification may help to better link the
classification result to the surface observation. From an operational point of view of10

a weather service, this is the relevant “reference point”.
Overall Hymec performed well for this meteorological situation. A thorough validation

of Hymec is underway. The results shown here are promising and indicate that the prin-
ciple implementation has achieved a good level of quality considering the complexity
of the precipitation phenomena.15

The birdbath scan, which is usually used only for calibration purposes is a valuable
source of information, as it provides a high resolution view of the precipitation process
and dynamics above the radar site. It can reveal the corresponding variability in time
and space. From an operational point of view it fits perfectly into DWD’s scan strategy
where a volume scan is provided every 5 min. It can be viewed as an additional sweep20

of the volume scan.
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Hymec 
- 1st run -

Attenuation 
Correction
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SNOWLMT
HZEROCL

HymecPre

Hymec 
- 2nd run -

Zh

ZDR(attenuation corr.)

Zh(attenuation corr.)

Hymec Products

Fig. 1. Structure of the two Hymec algorithm runs surrounding the
attenuation correction. With dashed lines the data paths are dis-
played with the related data elements.

tenuation plays a major role in the quality assurance and is
based on Zh and ZDR. As the attenuation correction algo-
rithm needs homogeneous (related to hydrometeor class) ray
segments, the results of a first Hymec run is used as input.
There, the COSMO-DE model delivers the temperature re-
lated information in order to separate between liquid and
solid hydrometeor types. Especially snow flakes and small
raindrops give similar radar signatures. Without a tempera-
ture information it is difficult to distinguish those hydrome-
teor types. The two single level grid products of the height
of the 0 ◦C-isotherm, HZEROCL, and the snowfall height
SNOWLMT are used. Furthermore, a history of the detected
ML is created and is used as another input parameter. The
ML history is created, because at low elevation angles the
detection of the ML is difficult (Giangrande et al., 2008). A
minor reason is the long path through a ML such that a clear
ML signal may be blurred. A major reason is however, that
the ML cannot be detected at low elevations, if the ML is sit-
uated above the radar sweep. Because of that the ML history
is based on the ML detection of high elevation sweeps of the
volume scan.

Hymec is implemented as a two-stage algorithm sequence.
A sketch of the embedded classification processing chain is
shown in Figure 1. The first run is placed in front of the at-
tenuation path correction algorithm and the second run there-
after (Steinert et al. (2013)). The final classification results
are taken from the second run.

Melting Layer Detection

Hydrometeor Classification

Hymec Products

ML history(updated)

Zh(attenuation corr.)

ZDR(attenuation corr.)

ρhv

ML historySNOWLMT
HZEROCL

ML Product

KDP

Hymec
- 2nd run -

Fig. 2. The inner structure of the 2nd run of the Hymec algorithm
(see Figure 1) including the melting layer detection and the hydrom-
eteor classification. Presented are the used parameter and their data
paths. This procedure is processed on every PPI sweep for each
radar station separately.

As mentioned before, the hydrometeor classification is
connected with a prefix ML detection. In Figure 2, the cor-
responding data paths between the ML detection and the
hydrometeor classification are shown for the second run of
Hymec.

The ML detection and the hydrometeor classification are
both based on a fuzzy logic core. To allow a generic fuzzifi-
cation, every input parameter must be projected such that it
is consistent with radar data. Since NWP grid fields and ML
history are initially not in radar-centric polar coordinates a
polar data matrix is generated in a pre-processing step. The
result is a polar data matrix for each radar site with the height
information related to the height of the radar measurements
in the dimension of the original radar data matrix.

The fuzzy logic method itself is based on trapezoidal
membership functions (MBF) for each pair of input parame-
ter and hydrometeor class. This means MBF for HZEROCL,
SNOWLMT and the ML history have to be created. For the
parameterization of the MBF for radar input the values of
Park et al. (2009) are used as a first guess. If necessary, those
MBF will be optimized based on verification results. The
winner class of the fuzzy logic is estimated with the maxi-
mum method related to the class probability. Furthermore the
class probability of the winner class have to exceed a thresh-
old (35% for the HM classes, and 65% for the ML class). If
the class probability is below the threshold, the class is ’not
classified’ (NC).

After the utilization of the fuzzy logic scheme a post-
processing part follows. There the ML detection is optimized

Figure 1. Structure of the two Hymec algorithm runs surrounding the attenuation correction.
With dashed lines the data paths are displayed with the related data elements.
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rithm needs homogeneous (related to hydrometeor class) ray
segments, the results of a first Hymec run is used as input.
There, the COSMO-DE model delivers the temperature re-
lated information in order to separate between liquid and
solid hydrometeor types. Especially snow flakes and small
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ture information it is difficult to distinguish those hydrome-
teor types. The two single level grid products of the height
of the 0 ◦C-isotherm, HZEROCL, and the snowfall height
SNOWLMT are used. Furthermore, a history of the detected
ML is created and is used as another input parameter. The
ML history is created, because at low elevation angles the
detection of the ML is difficult (Giangrande et al., 2008). A
minor reason is the long path through a ML such that a clear
ML signal may be blurred. A major reason is however, that
the ML cannot be detected at low elevations, if the ML is sit-
uated above the radar sweep. Because of that the ML history
is based on the ML detection of high elevation sweeps of the
volume scan.

Hymec is implemented as a two-stage algorithm sequence.
A sketch of the embedded classification processing chain is
shown in Figure 1. The first run is placed in front of the at-
tenuation path correction algorithm and the second run there-
after (Steinert et al. (2013)). The final classification results
are taken from the second run.

Melting Layer Detection

Hydrometeor Classification

Hymec Products

ML history(updated)

Zh(attenuation corr.)

ZDR(attenuation corr.)

ρhv

ML historySNOWLMT
HZEROCL

ML Product

KDP

Hymec
- 2nd run -

Fig. 2. The inner structure of the 2nd run of the Hymec algorithm
(see Figure 1) including the melting layer detection and the hydrom-
eteor classification. Presented are the used parameter and their data
paths. This procedure is processed on every PPI sweep for each
radar station separately.

As mentioned before, the hydrometeor classification is
connected with a prefix ML detection. In Figure 2, the cor-
responding data paths between the ML detection and the
hydrometeor classification are shown for the second run of
Hymec.

The ML detection and the hydrometeor classification are
both based on a fuzzy logic core. To allow a generic fuzzifi-
cation, every input parameter must be projected such that it
is consistent with radar data. Since NWP grid fields and ML
history are initially not in radar-centric polar coordinates a
polar data matrix is generated in a pre-processing step. The
result is a polar data matrix for each radar site with the height
information related to the height of the radar measurements
in the dimension of the original radar data matrix.

The fuzzy logic method itself is based on trapezoidal
membership functions (MBF) for each pair of input parame-
ter and hydrometeor class. This means MBF for HZEROCL,
SNOWLMT and the ML history have to be created. For the
parameterization of the MBF for radar input the values of
Park et al. (2009) are used as a first guess. If necessary, those
MBF will be optimized based on verification results. The
winner class of the fuzzy logic is estimated with the maxi-
mum method related to the class probability. Furthermore the
class probability of the winner class have to exceed a thresh-
old (35% for the HM classes, and 65% for the ML class). If
the class probability is below the threshold, the class is ’not
classified’ (NC).

After the utilization of the fuzzy logic scheme a post-
processing part follows. There the ML detection is optimized

Figure 2. The inner structure of the 2nd run of the Hymec algorithm (see Fig. 1) including the
melting layer detection and the hydrometeor classification. Presented are the used parameter
and their data paths. This procedure is processed on every PPI sweep for each radar station
separately.

8864

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/11/8845/2014/hessd-11-8845-2014-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/11/8845/2014/hessd-11-8845-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
11, 8845–8877, 2014

Radar observations
of an orographic

precipitation event

M. Frech and J. Steinert

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

4 Frech and Steinert: Radar observations of an orographic precipitation event

and updated in order to improve the reliability of the result-
ing ML detection. Following steps are considered:

– combination of ML segments along the radar ray which
seem to belong together,

– smoothing of the ML detection by using the detection
in the neighboring rays and

– update of the ML history for this time stamp.

3 The orographic precipitation event: surface and
radar observations at Hohenpeißenberg

An intense orographic precipitation event was observed us-
ing two polarimetric C-Band radar situated 20 -40 km north
of the Alps on 5 January 2013. The event lasted about 1.5
days and in total 44 mm precipitation were measured at Ho-
henpeißenberg. Synoptically, Germany was located at the
forefront stationary longwave ridge which extended from
the Iberian Peninsula up to the British Isles. Embedded in
the upper air-flow from NW-NNW a warm-front caused the
intense and persistent orographic rain event especially in
South-Eastern Bavaria.

We first analyze data from the birdbath scan in order to
highlight the temporal evolution of this orographic precipi-
tation event in detail. During Saturday (5.1.2013) a transi-
tion from rain into snow was observed. The Hohenpeißen-
berg weather observers noted sleet starting 14:40 UTC and
pure snow fall beginning 16:45 UTC. Figure 3 is a time-
height plot of the unfiltered reflectivity factor UZh starting
00:00 UTC, 5.1.2013, ending 3:00 UTC 6.1.2013. Unfiltered
UZh means that no clutter filter has been applied. Only data
above approximately 600 m above the radar site are shown,
which approximately corresponds to the farfield of the radar
antenna. Meaningful data is expected from this range on.
From Figure 3 we see the initial location of the melting layer
(large UZh values) which gradually descends before it is be-
low 1600 m at about 9:00 UTC. The corresponding Doppler
velocity is shown in Figure 4. The velocity shown here can be
considered to be the effective terminal fall velocity of the hy-
drometeors. Effective, because updrafts and downdrafts may
be both present depending on the meteorological situation.
In the case of a stratiform rain event (a typical feature is the
presence of a melting layer), the vertical velocity is expected
on the scale of cm/s above the ML. The location of the melt-
ing layer is again nicely visible in the Doppler data. As soon
there is a transition from snow into rain, terminal fall veloc-
ities increase up to 3-8 m/s, depending on the resulting drop
sizes. Above the ML velocities are usually on the order of
cm/s or less, indicative of snow. The Dopper data also reveal
the mesoscale feature which will be investigated below. We
find fall velocities on the order of -3 m/s between approx-
imately 11 and 12 UTC which cannot be attributed to dry
snow. Based on the fall velocity magnitude is characteristic

Fig. 3. Time-height plot of UZh based on the birdbath scan which
is available every 5 minutes. Data are from 5.1.2013 until 6.1.2013
in the morning, radar MHP.

Fig. 4. Time-height plot of Doppler velocity based on the birdbath
scan which is available every 5 minutes. Data are from 5.1.2013 un-
til 6.1.2013 in the morning, radar MHP. The data represents the ef-
fective terminal fall velocity of the hydrometeors (negative towards
the surface).

for wet snow or Graupel (Yuter et al., 2006). Note that the
melting layer is below this mesoscale feature. We call this
a mesoscale feature because of the large spatial (horizontal)
length scale of this feature which is on the order of 25 km.
This is estimated as L= U ·T with U = 7 m/s and the dura-
tion of the event T = 1 hr. The horizontal velocity estimate
U is based on surface wind measurements. The region with
large fall velocities reaches up to 4 km asl.

The time-averaged profiles for specific time intervals
(which roughly exhibit homogenous characteristics) are
shown in Figure 5. The mean profiles are supposed to quan-
tify the distinct difference between the time intervals. The

Figure 3. Time-height plot of UZh based on the birdbath scan which is available every 5 min.
Data are from 5 January 2013 until 6 January 2013 in the morning, radar MHP.
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4 Frech and Steinert: Radar observations of an orographic precipitation event

and updated in order to improve the reliability of the result-
ing ML detection. Following steps are considered:

– combination of ML segments along the radar ray which
seem to belong together,

– smoothing of the ML detection by using the detection
in the neighboring rays and

– update of the ML history for this time stamp.

3 The orographic precipitation event: surface and
radar observations at Hohenpeißenberg

An intense orographic precipitation event was observed us-
ing two polarimetric C-Band radar situated 20 -40 km north
of the Alps on 5 January 2013. The event lasted about 1.5
days and in total 44 mm precipitation were measured at Ho-
henpeißenberg. Synoptically, Germany was located at the
forefront stationary longwave ridge which extended from
the Iberian Peninsula up to the British Isles. Embedded in
the upper air-flow from NW-NNW a warm-front caused the
intense and persistent orographic rain event especially in
South-Eastern Bavaria.

We first analyze data from the birdbath scan in order to
highlight the temporal evolution of this orographic precipi-
tation event in detail. During Saturday (5.1.2013) a transi-
tion from rain into snow was observed. The Hohenpeißen-
berg weather observers noted sleet starting 14:40 UTC and
pure snow fall beginning 16:45 UTC. Figure 3 is a time-
height plot of the unfiltered reflectivity factor UZh starting
00:00 UTC, 5.1.2013, ending 3:00 UTC 6.1.2013. Unfiltered
UZh means that no clutter filter has been applied. Only data
above approximately 600 m above the radar site are shown,
which approximately corresponds to the farfield of the radar
antenna. Meaningful data is expected from this range on.
From Figure 3 we see the initial location of the melting layer
(large UZh values) which gradually descends before it is be-
low 1600 m at about 9:00 UTC. The corresponding Doppler
velocity is shown in Figure 4. The velocity shown here can be
considered to be the effective terminal fall velocity of the hy-
drometeors. Effective, because updrafts and downdrafts may
be both present depending on the meteorological situation.
In the case of a stratiform rain event (a typical feature is the
presence of a melting layer), the vertical velocity is expected
on the scale of cm/s above the ML. The location of the melt-
ing layer is again nicely visible in the Doppler data. As soon
there is a transition from snow into rain, terminal fall veloc-
ities increase up to 3-8 m/s, depending on the resulting drop
sizes. Above the ML velocities are usually on the order of
cm/s or less, indicative of snow. The Dopper data also reveal
the mesoscale feature which will be investigated below. We
find fall velocities on the order of -3 m/s between approx-
imately 11 and 12 UTC which cannot be attributed to dry
snow. Based on the fall velocity magnitude is characteristic

Fig. 3. Time-height plot of UZh based on the birdbath scan which
is available every 5 minutes. Data are from 5.1.2013 until 6.1.2013
in the morning, radar MHP.

Fig. 4. Time-height plot of Doppler velocity based on the birdbath
scan which is available every 5 minutes. Data are from 5.1.2013 un-
til 6.1.2013 in the morning, radar MHP. The data represents the ef-
fective terminal fall velocity of the hydrometeors (negative towards
the surface).

for wet snow or Graupel (Yuter et al., 2006). Note that the
melting layer is below this mesoscale feature. We call this
a mesoscale feature because of the large spatial (horizontal)
length scale of this feature which is on the order of 25 km.
This is estimated as L= U ·T with U = 7 m/s and the dura-
tion of the event T = 1 hr. The horizontal velocity estimate
U is based on surface wind measurements. The region with
large fall velocities reaches up to 4 km asl.

The time-averaged profiles for specific time intervals
(which roughly exhibit homogenous characteristics) are
shown in Figure 5. The mean profiles are supposed to quan-
tify the distinct difference between the time intervals. The

Figure 4. Time-height plot of Doppler velocity based on the birdbath scan which is available
every 5 min. Data are from 5 January 2013 until 6 January 2013 in the morning, radar MHP.
The data represents the effective terminal fall velocity of the hydrometeors (negative towards
the surface).
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Frech and Steinert: Radar observations of an orographic precipitation event 5

most apparent difference is highlighted by the fall veloc-
ity. Fall velocities on the order of 3 m/s found during the
mesoscale event can only be seen below the bright band dur-
ing the early morning hours of the 5 January. The full scale
of the melting layer is not revealed here as it is below the first
radar range bin that can evaluated. We see the decrease of ρhv

which has not reached its minimum value (here 0.94). ρhv

values as low as 0.8 can be found in the melting layer (Frech
et al., 2014). The peak of UZh is at a higher altitude than
the minimum ρhv . A reduction of ρhv is expected if there is
a large variety of hydrometeors present in the sampling vol-
ume. Smaller ρhv points to a rain / snow mixture. As soon as
all snow is melted, ρhv is close to one again (see e.g. the pro-
file after the “event” in Figure 5). The largest UZh values are
expected where the snow just starts to melt and snow flakes
become coated with a water layer. The width of the melting
layer can be up to 700 m as it was the case for the mesoscale
convective system which is discussed in Frech et al., (2014).
Here the width of the melting layer appears to be on the or-
der of 500 m. During the mesoscale event, reflectivity factors
on the order of 22 dBZ are found. After the passage we find
actually an increase up to 25 dBZ which however does not
have a correspondence to the fall velocities (Figure 5). This
appears indicative of small wet snow flakes. A substantial
decrease of UZh to below 20 dBZ can be noted at about 17
UTC (Figure 3) when surface observations report snowfall.
Lower reflectivity factors suggest dry snow flakes. Note that
the small ρhv values at higher elevations correspond to Zh
values lower than 5 dBZ or less. Small ρhv values may occur
because we are at the top of the precipitating cloud where the
temporal variability of the scattering particles may be large.

With the help of the surface observations which indicate
the transition into snow at 16:45 UTC, we can argue that the
surface measurements between about 9 UTC and 16:45 UTC
are taken in the melting layer before we see the transition
into snow. This needs to be kept in mind when interpreting
the classification results.

We now investigate the corresponding surface observa-
tions. The time series of wind measurements based on an
ultrasonic anemometer is shown in Figure 6.

The whole event is characterized by a very constant wind
direction. Wind speeds are on the order of 7 m/s, decreasing
to about 5 m/s at about 14 UTC. Between 11 and 12 UTC
there is no apparent change in wind speed and direction dur-
ing the passage of the mesoscale feature observed in the radar
data. In the case of a dynamic effect we may expect some ev-
idence of horizontal divergence or convergence in the wind
data. This can be a drop in wind speed or a change in wind
direction. What we find however is a drop in surface pressure
by about 1 hPa which is indicative of a dynamic effect even
though it is not directly visible in the wind data. Possibly,
lifting processes (eventually associated with the passage of
a gravity wave), latent heat release and the capture of water
droplets by snow lead to riming and generation of graupel or
wet snow (Fabry and Zawadzki, 1995). Note, rain was still

Fig. 5. Time averaged profiles of UZh (upper panel), ρhv (middle
panel) and fall velocity (lower panel) for specific time intervals: be-
fore the event (10 - 11 UTC), the event itself (11:10 - 11:40 UTC),
and after the event (13:00 - 14:00 UTC). In addition we show a
mean profile when the bright band is clearly visible (0:00 - 0:50
UTC).
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Figure 5. Time averaged profiles of UZh (upper panel), ρhv (middle panel) and fall velocity
(lower panel) for specific time intervals: before the event (10:00–11:00 UTC, in red), the event
itself (11:10–11:40 UTC, in black), and after the event (13:00–14:00 UTC, in green). In addition
we show a mean profile when the bright band is clearly visible (00:00–00:50 UTC, in blue).
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6 Frech and Steinert: Radar observations of an orographic precipitation event

Fig. 6. Time series of wind speed, wind direction (measured by a
ultrasonic anemometer) and temperature (upper panel). Measure-
ments are taken at the Hohenpeißenberg observatory. The corre-
sponding surface pressure (hPa) is shown in the lower panel. Data
start at 0 UTC, 5 January 2013 and end at 3 UTC, 6 January 2013.

observed at the surface during the passage of this mesoscale
event.

The corresponding observations of a Thies optical dis-
drometer are shown in Figure 7. The optical disdrometer
measures the hydrometeor size and fall speeds. Aside from
precipitation rates a classification scheme based on the hy-
drometer sizes and fall speeds, together with a temperature
measurement provides a diagnostic of the hydrometeor type.
The prinicipal ideas and the caveats of such an instrument are
discussed in e.g. Friedrich et al. (2013). During the passage
of the mesoscale event there is a intensification of precipita-
tion rate with an increase from 1 mm/h to on average 2 mm/h
(Figure 8). The relative contribution of the solid and liquid
phase to the absolute precipitation rate does not reveal a link
to the mesoscale precipitation event aloft. Nicely visible is
the transition to snow fall in disdrometer data which corre-
sponds very well to the observation of the weather observer
(the ratio between solid QPE and total QPE becomes one).
Timing and the transition corresponding to the sleet observa-
tion are well diagnosed by the disdrometer. Before that the
liquid phase contribution is larger on average. Some of the
variability of the ratio is related to small precipitation rates
and the variability of the precipitation process itself where

Fig. 7. Raw and smoothed (in blue) timeseries of precipitation rate
(mm/h) based on the Thies optical disdrometer (lower panel). The
relative contribution of the liquid and solid phase precipitation to the
total QPE (defined as the ratio of e.g liquid QPE divided by the sum
of liquid and solid QPE), upper panel. The ratio is only computed
for precipitation rates larger then 0.1 mm. The resulting timeseries
is then smoothed with a spline fit. Data shown begin at 0 UTC, 5
January 2013.

Fig. 8. Raw and smoothed (in blue) timeseries of precipitation rate
(mm/h) based on the Thies optical disdrometer. Zoom in to the
time period with the passage of the mesoscale event (between about
11:00 and 12:00 UTC). Data shown are from 5 January 2013.

small variations in precipitation rates can lead to large fluc-
tuations of the resulting precipitation ratio (Figure 7).

4 Memmingen radar obervations and hydrometeor
classification

In the previous section we have analysed surface data and
bird bath radar data at Hohenpeißenberg. Radar data show
distinct mesoscale features which result in an increase in sur-
face rain rate. The whole precipitation event is an example
where the ML, initially nicely visible in the radar data (see
early morning hours in Figure 3), descends during the day.
For a couple of hours the Hohenpeißenberg mountain top is
actually within the ML before the surface observations indi-

Figure 6. Time series of wind speed, wind direction (measured by a ultrasonic anemometer)
and temperature (upper panel). Measurements are taken at the Hohenpeißenberg observatory.
The corresponding surface pressure (hPa) is shown in the lower panel. Data start at 00:00 UTC,
5 January 2013 and end at 03:00 UTC, 6 January 2013.
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6 Frech and Steinert: Radar observations of an orographic precipitation event

Fig. 6. Time series of wind speed, wind direction (measured by a
ultrasonic anemometer) and temperature (upper panel). Measure-
ments are taken at the Hohenpeißenberg observatory. The corre-
sponding surface pressure (hPa) is shown in the lower panel. Data
start at 0 UTC, 5 January 2013 and end at 3 UTC, 6 January 2013.

observed at the surface during the passage of this mesoscale
event.

The corresponding observations of a Thies optical dis-
drometer are shown in Figure 7. The optical disdrometer
measures the hydrometeor size and fall speeds. Aside from
precipitation rates a classification scheme based on the hy-
drometer sizes and fall speeds, together with a temperature
measurement provides a diagnostic of the hydrometeor type.
The prinicipal ideas and the caveats of such an instrument are
discussed in e.g. Friedrich et al. (2013). During the passage
of the mesoscale event there is a intensification of precipita-
tion rate with an increase from 1 mm/h to on average 2 mm/h
(Figure 8). The relative contribution of the solid and liquid
phase to the absolute precipitation rate does not reveal a link
to the mesoscale precipitation event aloft. Nicely visible is
the transition to snow fall in disdrometer data which corre-
sponds very well to the observation of the weather observer
(the ratio between solid QPE and total QPE becomes one).
Timing and the transition corresponding to the sleet observa-
tion are well diagnosed by the disdrometer. Before that the
liquid phase contribution is larger on average. Some of the
variability of the ratio is related to small precipitation rates
and the variability of the precipitation process itself where

Fig. 7. Raw and smoothed (in blue) timeseries of precipitation rate
(mm/h) based on the Thies optical disdrometer (lower panel). The
relative contribution of the liquid and solid phase precipitation to the
total QPE (defined as the ratio of e.g liquid QPE divided by the sum
of liquid and solid QPE), upper panel. The ratio is only computed
for precipitation rates larger then 0.1 mm. The resulting timeseries
is then smoothed with a spline fit. Data shown begin at 0 UTC, 5
January 2013.

Fig. 8. Raw and smoothed (in blue) timeseries of precipitation rate
(mm/h) based on the Thies optical disdrometer. Zoom in to the
time period with the passage of the mesoscale event (between about
11:00 and 12:00 UTC). Data shown are from 5 January 2013.

small variations in precipitation rates can lead to large fluc-
tuations of the resulting precipitation ratio (Figure 7).

4 Memmingen radar obervations and hydrometeor
classification

In the previous section we have analysed surface data and
bird bath radar data at Hohenpeißenberg. Radar data show
distinct mesoscale features which result in an increase in sur-
face rain rate. The whole precipitation event is an example
where the ML, initially nicely visible in the radar data (see
early morning hours in Figure 3), descends during the day.
For a couple of hours the Hohenpeißenberg mountain top is
actually within the ML before the surface observations indi-

Figure 7. Raw and smoothed (in blue) timeseries of precipitation rate (mm h−1) based on the
Thies optical disdrometer (lower panel). The relative contribution of the liquid and solid phase
precipitation to the total QPE (defined as the ratio of e.g liquid QPE divided by the sum of
liquid and solid QPE), upper panel. The ratio is only computed for precipitation rates larger
then 0.1 mm. The resulting timeseries is then smoothed with a spline fit. Data shown begin at
00:00 UTC, 5 January 2013.
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6 Frech and Steinert: Radar observations of an orographic precipitation event

Fig. 6. Time series of wind speed, wind direction (measured by a
ultrasonic anemometer) and temperature (upper panel). Measure-
ments are taken at the Hohenpeißenberg observatory. The corre-
sponding surface pressure (hPa) is shown in the lower panel. Data
start at 0 UTC, 5 January 2013 and end at 3 UTC, 6 January 2013.

observed at the surface during the passage of this mesoscale
event.

The corresponding observations of a Thies optical dis-
drometer are shown in Figure 7. The optical disdrometer
measures the hydrometeor size and fall speeds. Aside from
precipitation rates a classification scheme based on the hy-
drometer sizes and fall speeds, together with a temperature
measurement provides a diagnostic of the hydrometeor type.
The prinicipal ideas and the caveats of such an instrument are
discussed in e.g. Friedrich et al. (2013). During the passage
of the mesoscale event there is a intensification of precipita-
tion rate with an increase from 1 mm/h to on average 2 mm/h
(Figure 8). The relative contribution of the solid and liquid
phase to the absolute precipitation rate does not reveal a link
to the mesoscale precipitation event aloft. Nicely visible is
the transition to snow fall in disdrometer data which corre-
sponds very well to the observation of the weather observer
(the ratio between solid QPE and total QPE becomes one).
Timing and the transition corresponding to the sleet observa-
tion are well diagnosed by the disdrometer. Before that the
liquid phase contribution is larger on average. Some of the
variability of the ratio is related to small precipitation rates
and the variability of the precipitation process itself where

Fig. 7. Raw and smoothed (in blue) timeseries of precipitation rate
(mm/h) based on the Thies optical disdrometer (lower panel). The
relative contribution of the liquid and solid phase precipitation to the
total QPE (defined as the ratio of e.g liquid QPE divided by the sum
of liquid and solid QPE), upper panel. The ratio is only computed
for precipitation rates larger then 0.1 mm. The resulting timeseries
is then smoothed with a spline fit. Data shown begin at 0 UTC, 5
January 2013.

Fig. 8. Raw and smoothed (in blue) timeseries of precipitation rate
(mm/h) based on the Thies optical disdrometer. Zoom in to the
time period with the passage of the mesoscale event (between about
11:00 and 12:00 UTC). Data shown are from 5 January 2013.

small variations in precipitation rates can lead to large fluc-
tuations of the resulting precipitation ratio (Figure 7).

4 Memmingen radar obervations and hydrometeor
classification

In the previous section we have analysed surface data and
bird bath radar data at Hohenpeißenberg. Radar data show
distinct mesoscale features which result in an increase in sur-
face rain rate. The whole precipitation event is an example
where the ML, initially nicely visible in the radar data (see
early morning hours in Figure 3), descends during the day.
For a couple of hours the Hohenpeißenberg mountain top is
actually within the ML before the surface observations indi-

Figure 8. Raw and smoothed (in blue) timeseries of precipitation rate (mm h−1) based on the
Thies optical disdrometer. Zoom in to the time period with the passage of the mesoscale event
(between about 11:00 and 12:00 UTC). Data shown are from 5 January 2013.
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Fig. 9. PPI of attenuation corrected Zh at an elevation of 0.5◦ for the
Memmingen Radar at 11:50 UTC. The location of Hohenpeißen-
berg is indicated.

cate the transition into snow. We now use radar data from the
operational Memmingen radar which is located 65 km West
of Hohenpeißenberg. In the analysis we focus on the results
of the hydrometeor classification. Aside from a correct HM
classification we investigate the spatial HM variability which
was visible from the birdbath scan. In the Hymec processing
chain, the HM classification is used to select the appropri-
ate quantitative precipitation algorithm. Before we go into
detail it is necessary to point out the length and time scales
involved when using in-situ measurements and radar mea-
surements. With the main beam width of 1◦, the radar pulse
at a distance of 65 km has a width of about 1.1 km. The bot-
tom of the radar pulse at an elevation of 0.5◦ is at about 960
m as which corresponds approximately to the height of the
Hohenpeißenberg. Recall that the range resolution is 1 km.
The instantaneous radar measurement of this pulse volume is
compared to an in-situ instrument which integrates over time
(1 minute). A perfect correspondence may only be expected
if the meteorological phenomena is homogeneous in time and
space for at least the time and length scales involved here. It
is obvious that this will be only approximately the case here.

A PPI of the attenuation corrected Zh at the lowest eleva-
tion is shown in Figure 9. It is taken at 11:50 UTC while the
mesoscale event is passing the Hohenpeißenberg. The cor-
responding HM classification results are shown in Figure 10.
Based on the HM classification there is a gradient in snowfall
height from North-West to South-East. This is highlighted by
the fact that there is no circular melting layer “ring” around
the radar. Instead, we find only a ring segment. This indi-
cates a diabatic cooling effect associated with the synoptic
scale warm front. During the persistent precipitation near the
Alps, melting snow falling into the relatively warm airmass
is causing diabatic cooling which leads to the continuous de-
crease of snowfall height (e.g. Lackmann et al., 2002, and

Fig. 10. PPI of the hydrometeor classification at an elevation of 0.5◦

for the Memmingen Radar at 11:50 UTC. The location of Hohen-
peißenberg is indicated. See text for an explanation of the various
HM types.

references therein). The HM classification around the Hohen-
peißenberg site predominantly shows wet snow associated
with reflectivity factors on the order of 25 dBZ, consistent
with the observation of the birdbath scan (Figure 10). There
are spots indicating rain with big drops which correspond to
regions with enhanced Zh (Figure 9). The Hohenpeißenberg
weather observers still report rain during this time period.
How can this be reconciled with the radar data? Obviously
the scattering characteristics in the pulse volume is predom-
inantly governed by the wet snow aloft, and not by the layer
with rain close to the surface.

We will now compare a timeseries of HM classification
based on the Memmingen radar with the standard HM clas-
sification of the optical disdrometer on the Hohenpeißenberg.
The radar HM results are shown in Figure 11 where the clas-
sification is shown as a time-height series based on volume
data available every five minutes.

The presented time span is between 06:00 and 20:00 UTC
on 05.01.2013 and the height of HZEROCL and SNOWLMT
are plotted together with the detected ML. The color table
of the hydrometeor classes is the same as in Figure 10. The
melting layer can be seen until about 10:00 UTC which cor-
responds in timing and location quite well with melting layer
height seen in Figures 3 and 4. After about 10:00 UTC, wet
snow is diagnosed in the lowest layer as the most likely HM
type. A closer look on the classification results is given in
Figure 12. The HM classifications from the optical disdrom-
eter are shown in Figure 13.

The decrease of temperature on 5 January (Figure 6) from
approx. 4 ◦C at 0:00 UTC down to 0 ◦C around 17:00 UTC
corresponds to the drop of the ML. The radar detected ML is
shown in Figure 14. The begin of the detected ML is around
2:00 UTC. Before this primarily rain and drizzle is diag-

Figure 9. PPI of attenuation corrected Zh at an elevation of 0.5◦ for the Memmingen Radar at
11:50 UTC. The location of Hohenpeißenberg is indicated.
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Fig. 9. PPI of attenuation corrected Zh at an elevation of 0.5◦ for the
Memmingen Radar at 11:50 UTC. The location of Hohenpeißen-
berg is indicated.

cate the transition into snow. We now use radar data from the
operational Memmingen radar which is located 65 km West
of Hohenpeißenberg. In the analysis we focus on the results
of the hydrometeor classification. Aside from a correct HM
classification we investigate the spatial HM variability which
was visible from the birdbath scan. In the Hymec processing
chain, the HM classification is used to select the appropri-
ate quantitative precipitation algorithm. Before we go into
detail it is necessary to point out the length and time scales
involved when using in-situ measurements and radar mea-
surements. With the main beam width of 1◦, the radar pulse
at a distance of 65 km has a width of about 1.1 km. The bot-
tom of the radar pulse at an elevation of 0.5◦ is at about 960
m as which corresponds approximately to the height of the
Hohenpeißenberg. Recall that the range resolution is 1 km.
The instantaneous radar measurement of this pulse volume is
compared to an in-situ instrument which integrates over time
(1 minute). A perfect correspondence may only be expected
if the meteorological phenomena is homogeneous in time and
space for at least the time and length scales involved here. It
is obvious that this will be only approximately the case here.

A PPI of the attenuation corrected Zh at the lowest eleva-
tion is shown in Figure 9. It is taken at 11:50 UTC while the
mesoscale event is passing the Hohenpeißenberg. The cor-
responding HM classification results are shown in Figure 10.
Based on the HM classification there is a gradient in snowfall
height from North-West to South-East. This is highlighted by
the fact that there is no circular melting layer “ring” around
the radar. Instead, we find only a ring segment. This indi-
cates a diabatic cooling effect associated with the synoptic
scale warm front. During the persistent precipitation near the
Alps, melting snow falling into the relatively warm airmass
is causing diabatic cooling which leads to the continuous de-
crease of snowfall height (e.g. Lackmann et al., 2002, and

Fig. 10. PPI of the hydrometeor classification at an elevation of 0.5◦

for the Memmingen Radar at 11:50 UTC. The location of Hohen-
peißenberg is indicated. See text for an explanation of the various
HM types.

references therein). The HM classification around the Hohen-
peißenberg site predominantly shows wet snow associated
with reflectivity factors on the order of 25 dBZ, consistent
with the observation of the birdbath scan (Figure 10). There
are spots indicating rain with big drops which correspond to
regions with enhanced Zh (Figure 9). The Hohenpeißenberg
weather observers still report rain during this time period.
How can this be reconciled with the radar data? Obviously
the scattering characteristics in the pulse volume is predom-
inantly governed by the wet snow aloft, and not by the layer
with rain close to the surface.

We will now compare a timeseries of HM classification
based on the Memmingen radar with the standard HM clas-
sification of the optical disdrometer on the Hohenpeißenberg.
The radar HM results are shown in Figure 11 where the clas-
sification is shown as a time-height series based on volume
data available every five minutes.

The presented time span is between 06:00 and 20:00 UTC
on 05.01.2013 and the height of HZEROCL and SNOWLMT
are plotted together with the detected ML. The color table
of the hydrometeor classes is the same as in Figure 10. The
melting layer can be seen until about 10:00 UTC which cor-
responds in timing and location quite well with melting layer
height seen in Figures 3 and 4. After about 10:00 UTC, wet
snow is diagnosed in the lowest layer as the most likely HM
type. A closer look on the classification results is given in
Figure 12. The HM classifications from the optical disdrom-
eter are shown in Figure 13.

The decrease of temperature on 5 January (Figure 6) from
approx. 4 ◦C at 0:00 UTC down to 0 ◦C around 17:00 UTC
corresponds to the drop of the ML. The radar detected ML is
shown in Figure 14. The begin of the detected ML is around
2:00 UTC. Before this primarily rain and drizzle is diag-

Figure 10. PPI of the hydrometeor classification at an elevation of 0.5◦ for the Memmingen
Radar at 11:50 UTC. The location of Hohenpeißenberg is indicated. See text for an explanation
of the various HM types.
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Hydrometeor classification [class index] - Radar MEM at MHP
distance: 64.70 km | angle: 114.3°

Time span - 05.01.2013 00:00 UTC to 06.01.2013 03:00 UTC

Fig. 11. Time series of the hydrometeor classification for the pre-
cipitation scan and the volume scan of radar MEM at the position
of MHP. Overlaid is the height of HZEROCL in magenta, the height
of SNOWLMT in cyan and the melting layer history in black. The
considered time span ranges from 0:00 UTC, 05.01.2013, until 3:00
UTC, 06.01.2013. The colour table for the hydrometeor classes is
the same as in Figure 10.

Hydrometeor classification - Radar MEM at MHP
 elevation | ray bottom: 959 m ASL | ray thickness: 1127 m°Scan: 0.5

 Time span - 05.01.2013 00:00 UTC to 06.01.2013 03:00 UTC

05-00h UTC 05-06h UTC 05-13h UTC 05-20h UTC 06-03h UTC

Time in UTC

N/A

drizzle

rain

big drops

melting layer

wet snow

dry snow

ice crystals

graupel

rain/hail

hail

not classified

H
yd

ro
m

et
eo

r 
cl

as
si

fi
ca

ti
o

n
 -

 r
ad

ar

Fig. 12. Time series of the hydrometeor classification for the 0.5 ◦

elevation volume sweep of radar MEM at the position of MHP. At
this location the radar ray has a mean vertical extension of 1127 m
and the height of the ray bottom is estimated with 959 mASL. Dis-
played are the distinct hydrometeor classes with the highest detec-
tion probability.

nosed. In this example the detection of a ML ends around
10:00 UTC. As discussed before, the ML is at the height of
the Hohenpeißenberg mountain. The Hymec result in Figure
12 shows the change from melting layer to wet or dry snow
after 10:00 UTC.

The classification of the disdrometer (Figure 13) shows
a mixture of drizzle or rain mixed with snow between

Hydrometeor classification - Disdrometer
Location - Met. Obs. Hohenpeissenberg, height: 1006 m ASL
 Time span - 05.01.2013 00:00 UTC to 06.01.2013 03:00 UTC
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Fig. 13. Time series of the hydrometeor classification from Thies
disdrometer, located at MHP. The hydrometeor classes are based on
the synoptic classification related to table 4680. Mixtures of classes
are denoted as combination of the distinct classes. The class labels
are related to the lowest intensity. Higher intensities are displayed
by data points slightly above the related label.

Melting layer and snowfall limit - Radar MEM at MHP
 elevation | ray bottom: 959 m ASL | ray thickness: 1127 m°Scan: 0.5

 Time span - 05.01.2013 00:00 UTC to 06.01.2013 03:00 UTC
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Fig. 14. Time series of the detected melting layer for the radar data
of MEM at the position of MHP. The ML is represented by the upper
limit (black) and the lower limit (red). For comparison the estimated
snowfall height (COSMO-DE model output) is drawn in green.

0:00 UTC and 15:00 UTC. Then predominantly snow is
seen which agrees well with the eye observations. How-
ever, before that the classification is not perfectly correct (the
weather observers initially report rain, with a transition to
sleet until 16:45 UTC). One may argue that the disdrometer
HM algorithm also needs an optimization, but a “drizzle/rain
with snow” class may be expected in ML.

During the time of rain and sleet observations (based on
the weather observers) at the site until 16:45 UTC, the radar
based HM detection predominantly sees wet snow as the
prime HM. Considering the weather situation and the dif-

Figure 11. Time series of the hydrometeor classification for the precipitation scan and the vol-
ume scan of radar MEM at the position of MHP. Overlaid is the height of HZEROCL in magenta,
the height of SNOWLMT in cyan and the melting layer history in black. The considered time
span ranges from 00:00 UTC, 5 January 2013, until 03:00 UTC, 6 January 2013. The colour
table for the hydrometeor classes is the same as in Fig. 10.
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Fig. 11. Time series of the hydrometeor classification for the pre-
cipitation scan and the volume scan of radar MEM at the position
of MHP. Overlaid is the height of HZEROCL in magenta, the height
of SNOWLMT in cyan and the melting layer history in black. The
considered time span ranges from 0:00 UTC, 05.01.2013, until 3:00
UTC, 06.01.2013. The colour table for the hydrometeor classes is
the same as in Figure 10.

Hydrometeor classification - Radar MEM at MHP
 elevation | ray bottom: 959 m ASL | ray thickness: 1127 m°Scan: 0.5
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Fig. 12. Time series of the hydrometeor classification for the 0.5 ◦

elevation volume sweep of radar MEM at the position of MHP. At
this location the radar ray has a mean vertical extension of 1127 m
and the height of the ray bottom is estimated with 959 mASL. Dis-
played are the distinct hydrometeor classes with the highest detec-
tion probability.

nosed. In this example the detection of a ML ends around
10:00 UTC. As discussed before, the ML is at the height of
the Hohenpeißenberg mountain. The Hymec result in Figure
12 shows the change from melting layer to wet or dry snow
after 10:00 UTC.

The classification of the disdrometer (Figure 13) shows
a mixture of drizzle or rain mixed with snow between

Hydrometeor classification - Disdrometer
Location - Met. Obs. Hohenpeissenberg, height: 1006 m ASL
 Time span - 05.01.2013 00:00 UTC to 06.01.2013 03:00 UTC
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Fig. 13. Time series of the hydrometeor classification from Thies
disdrometer, located at MHP. The hydrometeor classes are based on
the synoptic classification related to table 4680. Mixtures of classes
are denoted as combination of the distinct classes. The class labels
are related to the lowest intensity. Higher intensities are displayed
by data points slightly above the related label.

Melting layer and snowfall limit - Radar MEM at MHP
 elevation | ray bottom: 959 m ASL | ray thickness: 1127 m°Scan: 0.5

 Time span - 05.01.2013 00:00 UTC to 06.01.2013 03:00 UTC
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Fig. 14. Time series of the detected melting layer for the radar data
of MEM at the position of MHP. The ML is represented by the upper
limit (black) and the lower limit (red). For comparison the estimated
snowfall height (COSMO-DE model output) is drawn in green.

0:00 UTC and 15:00 UTC. Then predominantly snow is
seen which agrees well with the eye observations. How-
ever, before that the classification is not perfectly correct (the
weather observers initially report rain, with a transition to
sleet until 16:45 UTC). One may argue that the disdrometer
HM algorithm also needs an optimization, but a “drizzle/rain
with snow” class may be expected in ML.

During the time of rain and sleet observations (based on
the weather observers) at the site until 16:45 UTC, the radar
based HM detection predominantly sees wet snow as the
prime HM. Considering the weather situation and the dif-

Figure 12. Time series of the hydrometeor classification for the 0.5 ◦ elevation volume sweep of
radar MEM at the position of MHP. At this location the radar ray has a mean vertical extension of
1127 m and the height of the ray bottom is estimated with 959 m a.s.l. Displayed are the distinct
hydrometeor classes with the highest detection probability.
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Fig. 11. Time series of the hydrometeor classification for the pre-
cipitation scan and the volume scan of radar MEM at the position
of MHP. Overlaid is the height of HZEROCL in magenta, the height
of SNOWLMT in cyan and the melting layer history in black. The
considered time span ranges from 0:00 UTC, 05.01.2013, until 3:00
UTC, 06.01.2013. The colour table for the hydrometeor classes is
the same as in Figure 10.
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Fig. 12. Time series of the hydrometeor classification for the 0.5 ◦

elevation volume sweep of radar MEM at the position of MHP. At
this location the radar ray has a mean vertical extension of 1127 m
and the height of the ray bottom is estimated with 959 mASL. Dis-
played are the distinct hydrometeor classes with the highest detec-
tion probability.

nosed. In this example the detection of a ML ends around
10:00 UTC. As discussed before, the ML is at the height of
the Hohenpeißenberg mountain. The Hymec result in Figure
12 shows the change from melting layer to wet or dry snow
after 10:00 UTC.

The classification of the disdrometer (Figure 13) shows
a mixture of drizzle or rain mixed with snow between

Hydrometeor classification - Disdrometer
Location - Met. Obs. Hohenpeissenberg, height: 1006 m ASL
 Time span - 05.01.2013 00:00 UTC to 06.01.2013 03:00 UTC
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Fig. 13. Time series of the hydrometeor classification from Thies
disdrometer, located at MHP. The hydrometeor classes are based on
the synoptic classification related to table 4680. Mixtures of classes
are denoted as combination of the distinct classes. The class labels
are related to the lowest intensity. Higher intensities are displayed
by data points slightly above the related label.

Melting layer and snowfall limit - Radar MEM at MHP
 elevation | ray bottom: 959 m ASL | ray thickness: 1127 m°Scan: 0.5
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Fig. 14. Time series of the detected melting layer for the radar data
of MEM at the position of MHP. The ML is represented by the upper
limit (black) and the lower limit (red). For comparison the estimated
snowfall height (COSMO-DE model output) is drawn in green.

0:00 UTC and 15:00 UTC. Then predominantly snow is
seen which agrees well with the eye observations. How-
ever, before that the classification is not perfectly correct (the
weather observers initially report rain, with a transition to
sleet until 16:45 UTC). One may argue that the disdrometer
HM algorithm also needs an optimization, but a “drizzle/rain
with snow” class may be expected in ML.

During the time of rain and sleet observations (based on
the weather observers) at the site until 16:45 UTC, the radar
based HM detection predominantly sees wet snow as the
prime HM. Considering the weather situation and the dif-

Figure 13. Time series of the hydrometeor classification from Thies disdrometer, located at
MHP. The hydrometeor classes are based on the synoptic classification related to table 4680.
Mixtures of classes are denoted as combination of the distinct classes. The class labels are
related to the lowest intensity. Higher intensities are displayed by data points slightly above the
related label.
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8 Frech and Steinert: Radar observations of an orographic precipitation event
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Timestamp in UTC

Hydrometeor classification [class index] - Radar MEM at MHP
distance: 64.70 km | angle: 114.3°

Time span - 05.01.2013 00:00 UTC to 06.01.2013 03:00 UTC

Fig. 11. Time series of the hydrometeor classification for the pre-
cipitation scan and the volume scan of radar MEM at the position
of MHP. Overlaid is the height of HZEROCL in magenta, the height
of SNOWLMT in cyan and the melting layer history in black. The
considered time span ranges from 0:00 UTC, 05.01.2013, until 3:00
UTC, 06.01.2013. The colour table for the hydrometeor classes is
the same as in Figure 10.

Hydrometeor classification - Radar MEM at MHP
 elevation | ray bottom: 959 m ASL | ray thickness: 1127 m°Scan: 0.5
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Fig. 12. Time series of the hydrometeor classification for the 0.5 ◦

elevation volume sweep of radar MEM at the position of MHP. At
this location the radar ray has a mean vertical extension of 1127 m
and the height of the ray bottom is estimated with 959 mASL. Dis-
played are the distinct hydrometeor classes with the highest detec-
tion probability.

nosed. In this example the detection of a ML ends around
10:00 UTC. As discussed before, the ML is at the height of
the Hohenpeißenberg mountain. The Hymec result in Figure
12 shows the change from melting layer to wet or dry snow
after 10:00 UTC.

The classification of the disdrometer (Figure 13) shows
a mixture of drizzle or rain mixed with snow between

Hydrometeor classification - Disdrometer
Location - Met. Obs. Hohenpeissenberg, height: 1006 m ASL
 Time span - 05.01.2013 00:00 UTC to 06.01.2013 03:00 UTC
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Fig. 13. Time series of the hydrometeor classification from Thies
disdrometer, located at MHP. The hydrometeor classes are based on
the synoptic classification related to table 4680. Mixtures of classes
are denoted as combination of the distinct classes. The class labels
are related to the lowest intensity. Higher intensities are displayed
by data points slightly above the related label.

Melting layer and snowfall limit - Radar MEM at MHP
 elevation | ray bottom: 959 m ASL | ray thickness: 1127 m°Scan: 0.5

 Time span - 05.01.2013 00:00 UTC to 06.01.2013 03:00 UTC

05-00h UTC 05-06h UTC 05-13h UTC 05-20h UTC 06-03h UTC

Time in UTC

1000.00
1250.00
1500.00
1750.00
2000.00
2250.00
2500.00
2750.00
3000.00
3250.00
3500.00
3750.00
4000.00
4250.00
4500.00
4750.00
5000.00
5250.00
5500.00
5750.00
6000.00

H
ei

g
h

t 
A

S
L

 [
m

]

Fig. 14. Time series of the detected melting layer for the radar data
of MEM at the position of MHP. The ML is represented by the upper
limit (black) and the lower limit (red). For comparison the estimated
snowfall height (COSMO-DE model output) is drawn in green.

0:00 UTC and 15:00 UTC. Then predominantly snow is
seen which agrees well with the eye observations. How-
ever, before that the classification is not perfectly correct (the
weather observers initially report rain, with a transition to
sleet until 16:45 UTC). One may argue that the disdrometer
HM algorithm also needs an optimization, but a “drizzle/rain
with snow” class may be expected in ML.

During the time of rain and sleet observations (based on
the weather observers) at the site until 16:45 UTC, the radar
based HM detection predominantly sees wet snow as the
prime HM. Considering the weather situation and the dif-

Figure 14. Time series of the detected melting layer for the radar data of MEM at the position of
MHP. The ML is represented by the upper limit (black) and the lower limit (red). For comparison
the estimated snowfall height (COSMO-DE model output) is drawn in green.
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