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5  Cloud and Precipitation Observed with Radar
Martin Hagen1, Axel Häring1, Stefan Kneifel2, Kersten Schmidt3

Abstract

Meteorological radar is an essential tool for research, diagnosis, and nowcasting of clouds and 
precipitation. Cloud radars use short wavelengths to enable detection of small ice particles or 
cloud droplets. The cloud radar at UFS Schneefernerhaus is operated since end of 2011. It has 
been used for a number of studies related to clouds and precipitation. In a synergistic combi-
nation with additional remote sensing instruments, a large variety of cloud and precipitation 
properties can be retrieved. The measurements at UFS Schneefernerhaus can be used for the 
evaluation of numerical weather prediction models and satellite measurements. The long-term 
observations allow assessing the seasonal and long-term evolution of cloud properties above 
the UFS in a warming climate.
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5.1  Introduction

Clouds and precipitation play an important role in the atmosphere. Clouds do contribute con-
siderable to the uncertainty of future climate predictions. Depending on the height and vertical 
extent, they contribute differently on the warming or cooling of the Earth surface. Clouds have 
also an essential impact on the local radiation budget and thus controlling the local climate. 
Cloud particles can grow to precipitation in the form of rain, snow, graupel, or hail. This has a 
direct impact on the local water budget.

While in-situ measurements (c. f. Chapter 22: Impact of turbulence on cloud micrphysics) can 
describe the internal structure of clouds at a specific point in great detail, remote sensing tech-
niques give more insights into the two- or three-dimensional variability. Optical methods (c. f. 
Chapter 18 and 21) are very suitable for optically thin clouds; however, radar is able to penetrate 
also clouds and even strong precipitation and thus, complements the optical observations in 
an optimal way.

Different types of meteorological radar systems are available and used for various purposes. 
Weather radars are mainly used by meteorological services for identification, monitoring and 
tracking of precipitation systems like frontal systems or thunderstorms. Short-term weather 
forecast is often done by tracking radar echoes and extrapolating their motion. The surveillance 
range is a few hundred kilometers. Fast scanning antennas and powerful signal processing 
allows high temporal (2–10 minutes) and spatial (50–1000 m) resolution of the volumetric meas-
urement of precipitation systems. Weather radars use centimeter wavelengths because the 
signal is only weakly attenuated by even heavy precipitation, thus, allowing to receive infor-
mation up to 300 km away from the radar. For the detection of non-precipitating clouds – where 
the typical particle size is in the order of 10 to 100 µm – cloud radars with a wavelength in the 
millimeter range are used. Those systems have limited measurement range up to 10 or 30 km, 
their antennas are either pointing vertically only, or able to scan but with a much slower scan-
ning rate than what is used for weather radar.

At Umweltforschungsstation Schneefernerhaus (UFS), two vertically looking radar systems are 
permanently installed: a cloud radar and a micro rain radar with a wavelength of 0.8 cm and 
1.2 cm, respectively. This contribution mainly focuses on cloud radars and their application with 
emphasis on the system operated at UFS.
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5 5.2  Radar Principles

5.2.1  Radar Techniques
A radar transmits a short electromagnetic pulse with high power through a directional antenna. 
This pulse is reflected by an object and received by the radar receiver (c. f. Fig. 1). The direction 
in which the antenna is pointed and the round-trip time of the pulse are used to locate the 
object which is scattering the pulse. The principal components of a weather radar are the trans-
mitter, the antenna, the receiver, the signal processor, and the product and image generator. 
The transmit/receive switch and/or limiter is needed to protect the sensitive receiver from the 
high power transmit pulse. Radar operation control, signal processing, and image generation 
is accomplished with powerful standard computers. Here, only a basic overview of radar sys-
tems can be provided. More details on meteorological radars can be found in textbooks like 
Fabry (2015) or Bringi and Chandrasekar (2001). Radar techniques are described in detail in 
Skolnik (2008).

In the following, some technical aspects of meteorological radars will be described. The weath-
er radar is mentioned for completeness, the focus will be on the two radar systems – namely 
a cloud radar and a micro-rain-radar – operated for research at the Umweltforschungsstation 
Schneefernerhaus. Table 1 summarizes some technical characteristics of typical weather radar 
used in Europe and the two systems operated at UFS.

5.2.1.1 Weather Radar
Weather radars are used for a wide spectrum of operational applications such as:

•	 identifying precipitation systems (like fronts or thunderstorms) for weather prediction,
•	 detailed analysis of dynamical and microphysical structures in thunderstorms,
•	 monitoring thunderstorm motion for nowcasting,
•	 estimating precipitation amount for hydrological applications like flood forecasting for river 

catchments,
•	 identifying of thunderstorm or hail swaths,
•	 long term observations for precipitation climatologies.

The main focus of weather radar is on precipitating particles like rain, snow, graupel or hail, for 
this purpose long wavelengths are suited best. A total number of about 200 weather radars are 
operated by meteorological services in Europe today. Most weather radars in Europe are 
C-band radars (frequency 5.6 GHz, wavelength 5.4 cm); only some radars in the Mediterranean 
area are S-band radars (frequency 2.8 GHz, wavelength 10.7 cm). X-band radars (9.4 GHz, wave-
length 3.2 cm) are used for research applications and short range observations like cities or 
river catchments, but also in mountainous regions to cover valleys which are shielded from the 
long-range radars located outside the mountains or on mountain peaks.

Besides measuring the strength of the backscattered signal (termed as reflectivity; c. f. section 
5.2.2.1), weather radars can measure the motion of the scattering particles (c. f. section 5.2.2.2). 
Dual-polarization capabilities enable the estimation of the particle properties and the classifi-
cation of hydrometeors (c. f. section 5.2.2.4, 5.2.2.5, and Bringi and Chandrasekar (2001)).

Fig. 1: Principle of meteorological radar.
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5.2.1.2  Cloud Radar
Cloud radars are designed for the observation of small cloud particles. For that purpose, radars 
with short wavelengths are used (Ka- or W-band; frequency 35 or 95 GHz; wavelength 8 or 
3 mm, respectively). By using shorter wavelengths, the sensitivity to smaller particles, such as 
cloud droplets or tiny ice particles, increases. However, the backscattered signal also gets in-
creasingly attenuated by hydrometeors and atmospheric gases which limits the maximum 
range that can be probed with the radar. Most of the cloud radars use vertically pointing anten-
nas, only a few cloud radars are able to scan the hemisphere. Even though a variety of cloud 
radars does exist, this chapter is focused on the vertical pointing MIRA36 cloud radar installed 
at UFS and manufactured by METEK GmbH (e. g. Görsdorf et al., 2015). This radar system is 
characterized by high transmit power and its sensitivity to low backscatter signals. A number 
of MIRA36 systems are available worldwide. At the Meteorological Institute of Ludwig-Maxi-
milians-Universität at Munich a MIRA36 radar with scanning capabilities is installed. A down-
ward looking MIRA36 (Mech et al., 2014) is available to be flown onboard the German research 
aircraft HALO (High Altitude and Long-range) during specific campaigns.

Tab. 1: Characteristics of typical European weather radar, as well as of the cloud radar and the micro-
rain-radar installed at Umweltforschungsstation Schneefernerhaus.

Parameter Typical weather radar MIRA36 cloud radar MRR micro rain radar

Frequency band C-band Ka-band K-band

Frequency/wavelength 5.6 GHz / 5.4 cm 35.5 GHz / 0.8 cm 24.1 GHz / 1.2 cm

Transmit power 500 kW 
(pulse peak)

25 kW
(pulse peak)

50 mW 
(continuous wave)

Pulse duration 0.6–2 µs 0.2 µs frequency modulated 
– continuous wave

Pulse repetition frequency 500–1200 Hz 5000 Hz frequency modulated 
– continuous wave

Integration time per sample 0.02–0.1 s 10 s 60 s

Depth of measurement 
volume

90–300 m 30 m 50–100 m

Maximum range 100–300 km 15 km 1.5–3 km

Antenna diameter 4 m 1 m 0.6 m

Antenna rotation speed 2–6 rpm fixed vertical pointing fixed vertical pointing

Half-power beam width 1° 0.6° 2°

Fig. 2: Installation of the MIRA36 cloud radar at Umweltforschungsstation Schneefernerhaus. Left: antenna of Casegrain type 
during the installation phase with parabolic dish, feed horn in the center and sub-reflector at the top. Center: antenna with clutter 
fence. Right: radar transmitter and receiver within the suspended ceiling of Wechselnutzerlabor. Photos by M. Hagen.
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During the TOSCA campaign (c. f. section 5.3.3 and Löhnert et al., 2011) in 2008/2009 a MIRA36 
cloud radar was temporally installed at the terrace at UFS. With the experience collected during 
TOSCA and the added value generated by its combination with other remote sensing instru-
mentation at UFS, a permanent installation of a MIRA36 cloud radar was planned and realized 
in the end of 2011. The antenna of the cloud radar is mounted at the roof of the 5th floor (Fig. 2, 
left), the radar electronics and computers are installed within the suspended ceiling of the 
Wechselnutzerlabor at the 5th floor (Fig. 2, right). Radar control and support (uninterrupted 
power supply and dry air compressor) are installed in a computer rack at the Wechselnutzerla-
bor. The antenna is surrounded by a clutter fence (Fig. 2, middle) to prevent interference of the 
radar beam with the building and the mountains of the Zugspitzgrad. The radar has been op-
erated continuously since December 2011. Due to maintenances and other technical issues, 
occasionally interruptions of the operation do occur.

The primary measurement quantity of the MIRA36 cloud radar is the Doppler spectrum (c. f. 
section 5.2.2.3), from which common moments or radar parameters such as reflectivity or 
Doppler velocity can are derived (c. f. section 5.2.2). Both, the Doppler spectra themselves and 
the moments, are stored for long-term access. Doppler spectra provide detailed information 
on the vertical motion of the particles. Under the assumption that there is no vertical air motion, 
information on the particle habit can be retrieved (e. g. Kollias et al., 2011). More detailed anal-
ysis of the spectra also allow to separate different hydrometeor classes (e. g. Melchionna et al., 
2008). The polarization capabilities allow for the discrimination of spherical water drops, irreg-
ular shaped ice crystals, melting particles, as well as insects.

5.2.1.3  Micro Rain Radar
The micro rain radar (MRR) manufactured by METEK GmbH (e. g. Peters et al., 2002) is a low-
cost radar designed for the estimation of vertical profiles of raindrop size distributions. Since 
the radar is using low-power electronics and is using the frequency-modulated continuous-wave 
(FM-CW) principle, it is a very robust system. A MRR is operated at the Umweltforschungssta-
tion Schneefernerhaus since January 2008 on top of the building (Fig. 3). For the estimation of 
the in-situ raindrop size distribution, it is accompanied by an optical disdrometer PARSIVEL-2 
(Löffler-Mang and Joss, 2000) manufactured by OTT-Hydromet GmbH. The disdrometer pro-
vides spectral particle size distribution and spectral fall-velocity distribution which can be used 
to classify the kind of precipitation (e. g., snow, rain, hail). Both instruments, the MRR and 
PARSIVEL-2, are designed for the observation of precipitating particles (raindrops, snowflakes 
or aggregates, graupel, hail); their sensitivity is not sufficient to observe cloud particles like 
cloud droplets or ice needles, plates, or dendrites.

The standard retrieval of raindrop size distributions provided by the manufacturer assumes a 
stagnant vertical air motion. The basic principle of this raindrop size distribution retrieval is 
shortly summarized in the following: within the Doppler spectra, each velocity bin (i. e. fall 
speed of raindrops) can be related to the associated raindrop size via known fall speed – drop 
size relations (e. g. Atlas et al., 1973). In a next step, the backscatter cross section for a single 

Fig. 3: Installation of the PARSIVEL-2 disdrometer (left) and MRR micro rain radar (right) at the top terrace 
of the Umweltforschungsstation Schneefernerhaus. Photo by M. Hagen.
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drop of this size is estimated using Mie scattering theory. The measured spectral power at the 
relevant velocity bin is then simply divided by the known backscatter power for a single drop 
in order to obtain the number of drops for that size.

Even though the MRR has a lower sensitivity compared to the high power and high sensitive 
cloud radar, both instruments show good agreement over a wide range of precipitation inten-
sity and with appropriate processing snow parameters can be derived (Kneifel et al., 2011). Due 
to the parallel operation of MIRA and MRR at UFS, the retrieval algorithms have been further 
developed to also enable the remote sensing community to measure snowfall with the MRR 
(Maahn and Kollias, 2012). Further evaluation of precipitation measurements by MRR are shown 
in Kneifel et al. 2022.

5.2.2  Radar Parameters
Air traffic control, military radars or ship radars aim detecting point targets. With meteorological 
radars, multiple targets filling the radar volume, such as rain or snow, shall not only be detected 
but also quantified. While conventional weather radars measure only the intensity of the re-
turned signal, a Doppler radar additionally estimates the motion of the target. This provides for 
example information about the wind field but also allows to precisely monitor the motion of a 
thunderstorm. A further extension of Doppler radars is the addition of polarization which allows 
to derive a number of valuable additional radar parameters. Since dual-polarization radar use 
electromagnetic waves with two orthogonal polarizations, the derived radar parameters allow 
a characterization of the shape and orientation of the target. More details about the various radar 
parameters can be found in text books like Fabry (2015) or Bringi and Chandrasekar (2001).

5.2.2.1  Radar Reflectivity Factor
Radar reflectivity is a synonym for the magnitude of the reflected radar pulse. The radar equa-
tion for volume targets gives the relationship between the received signal Pr and the scattering 
cross section σ of the target
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 _____ 
64 ​π​ 3​ ​r​ 4​

 ​​ ​​ π ​r​ 2​ ​θ​ 0​ 
2
​ h _______ 

8
 ​​ ​​   1 ______ 

2 ln ​( 2)​
 ​​​​ ∑​ 
i = 1

​ 
n

 ​​​​ σ​ i​​ � (1)

with Pt the transmitted power, g the antenna gain, λ the wavelength, θ0 the beam width, h the pulse 
length, r the distance to the targets, and σi the scattering cross section of the individual targets 
within volume. It is assumed that the measurement volume is uniformly filled with scattering 
targets. The first term describes the received power for a single point target, the second term the 
measurement volume, and the third term accounts for the fact that only part of the transmitted 
power is within the measurement volume bounded by the half-power beam width θ0.

For particles which are large compared to the wavelength (diameter D > 10 λ), the scattering 
cross section σ of a target is similar to its geometric cross section. For particles much smaller 
than the wavelength (D < 1/10 λ), the scattering cross section can be approximated by Rayleigh 
scattering

σ = ​​ ​π​ 5​ _ 
​λ​ 4​

 ​​​​​| K |​​ 2​​​​D​ 6​​� (2)

with K = (m2 – 1)/(m2 + 2) representing the complex refractive index m of the scattering particle 
(|K|2 ≈ 0.93 for water and |K|2 ≈ 0.2 for ice). With the assumption that the targets are liquid water 
particles and much smaller than the wavelength, the radar reflectivity factor4 z is defined as the 
sum of D6 of all particles within the unit volume V
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The common unit of z is mm6/m3. Electrical engineers usually express a ratio R of two powers 
(p1 and p2) in a logarithmic notation R = 10 log10 (p1/p2). The “unit” of such a ratio is the decibel 
(dB). It is common in radar meteorology to express the reflectivity factor as a logarithmic ratio 
with respect to the reflectivity factor of a raindrop with a diameter of 1 mm.

4	 Informally, but also in a large number of publications, the term “reflectivity” is used instead of “reflectivity factor.”
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The unit of the logarithmic quantity Z is termed dBz (decibel z).

5.2.2.2  Doppler Velocity and Spectral Width
If a relative motion does exist between the radar and the target, a frequency shift of the reflect-
ed wave can be observed by the radar. This effect was first described by the Austrian astrono-
mer Christian Doppler in 1842. The resulting frequency is given by f = f0 (1 ± v/c) with f0 the 
transmitted frequency, v the relative speed and c the propagation speed of the wave (speed of 
light). The difference (f – f0) is defined as the Doppler frequency fD. In the case of radar the fre-
quency shift is doubled, since the Doppler Effect occurs twice, once on the way to the target 
and once on the way back to the radar

​​f​ D​​ = ± ​​ 2 v ___ λ ​​�  (5)

Due to technical limitations, the radar cannot measure the Doppler frequency directly; instead 
the radar detects phase differences between a number (~20 to ~250) of radar pulses and deter-
mines the Doppler frequency and its standard deviation from a time series of phase measure-
ments. Even though radar doesn’t measure the frequency shift directly, in radar meteorology 
the term Doppler velocity5 is widely used. Only a motion towards or away from the radar (the 
radial or line-of-sight component) can be detected by the Doppler Effect. By convention, a mo-
tion towards the radar introduces a negative Doppler velocity and a motion away from the 
radar a positive Doppler velocity. In general, it is assumed that precipitation particles move with 
the wind; however, their fall speed has to be taken into account. For vertical pointing radars, 
the observed Doppler velocity is the superposition of vertical air motion and fall speed of the 
particles.

The standard deviation of the phase measurements is termed spectral width because it de-
scribes the width of the Doppler velocity spectrum. Spectral width is a measure of the turbu-
lence within the measurement volume – or – in the case of vertical pointing radar a measure of 
the diverse fall speed of different particle types and sizes.

5.2.2.3  Doppler Spectrum
Besides the technique described above, the phase measurements can be transferred by a Fou-
rier transformation into frequency domain. Frequency is equivalent to Doppler velocity in this 
case (c. f. Eq. 5). The Doppler spectrum gives the backscattered power or reflectivity for each 
Doppler velocity bin. Fig. 4 shows an example of a Doppler spectrum from the vertical pointing 
MIRA36 cloud radar at UFS. The green area is the signal-to-noise ratio (SNR) of this spectrum 

5	 In radar meteorology the term “radial” component or velocity is preferred; scientists working with lidar prefer the 
term “line-of-sight” component or velocity.

Fig. 4: Doppler spectrum (blue line) measured with MIRA36 at UFS (21 July 2018, 05:24 UTC, 300 m AGL). 
Grey area indicates noise level, green area is signal-to-noise power, red line is mean Doppler velocity, 
and black line with arrows indicates spectral width.
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after the noise has been subtracted (in dB). With appropriate radar calibration constants, reflec-
tivity can be derived from the measured SNR. Mean Doppler velocity is indicated by the red 
vertical line and the horizontal line with arrows indicate the estimation of the spectral width.

For the microphysical retrieval of observed clouds, several methods for evaluating Doppler 
spectra were developed, e. g. fitting of multi-modal Gauss curves (Melchionna et al., 2008) or 
determining of third (skewness) and fourth (kurtosis) moment of the spectrum to predict the 
onset of drizzle inside liquid clouds (Kollias et al., 2011; or Acquistapace et al., 2017).

5.2.2.4  Differential Reflectivity
Common dual-polarization weather radars use linear polarization with horizontal and vertical 
polarization planes. Differential reflectivity (ZDR) is the ratio between the reflectivity factor meas-
ured at horizontal and vertical polarization

​​Z​ DR​​ = 10 log ​​( ​ ​z​ H​
 ___ ​z​ V​ ​ )​​� (6)

with zH the reflectivity factor at horizontal polarization and zV the reflectivity factor at vertical 
polarization (both in mm6/m3). The unit of ZDR is dB. ZDR is the standard radar parameter, which 
can be measured with dual-polarization radar. Positive ZDR is observed when particles are flat 
and fall more horizontally aligned. This is the case for raindrops larger than 1 mm in diameter 
and for ice needles or plates. ZDR is used to improve the rainfall rate estimation and to identify 
hydrometeors. For measurements at low elevation angles, the range of ZDR in rain is 0–5 dB. 
Particles like graupel or hail have an irregular shape and tumble and rotate during descent. 
Their ZDR is typically around zero. For vertically pointing cloud radars this parameter is normal-
ly not used since particles fall horizontal aligned and due to their random horizontal orientation, 
no difference between the two orthogonal polarizations is observed.

5.2.2.5  Linear Depolarization Ratio
The linear depolarization ratio (LDR) describes how much energy of the transmitted horizontal 
polarized wave is scattered back vertically polarized

LDR = 10 log ​​( ​ ​z​ VH​
 ____ ​z​ H​ ​ )​​� (7)

with zVH the reflectivity factor (in mm6/m3) received with vertical polarization while transmitted 
with horizontal polarization. The unit of LDR is dB. LDR is caused by particles which are canted 
during falling or tumble and rotate heavily while falling. These are usually particles which have 
an irregular shape and/or are water coated ice particles like melting snowflakes or wet graupel 
or hail. LDR is about –35 dB in weak rain, –25 dB for graupel and –15 dB or higher for melting 
hail. LDR is also used to classify hydrometeors and to detect the presence of insects (frequent-
ly observed also at UFS). The lower limit of LDR is given by technical constraints like the isola-
tion between the two receiver channels and the purity of the antenna shape and the feed horn.

5.3  Observations and Measurements at UFS

5.3.1  Clouds and Precipitation

5.3.1.1  Cloud Statistics
The continuous operation of the cloud radar since December 2011 allows for the evaluation of 
statistical properties of clouds and precipitation in the Alpine region above the Schneeferner-
haus. An exemplary analysis is shown in Fig. 5, more detailed analysis can be found in Häring 
(2016). Kneifel et al., 2022 present a statistical analysis of clouds and precipitation at UFS by 
combining radar with other long-term remote sensing observations available at UFS.

Fig. 5 shows the frequency distribution of reflectivity and Doppler velocity as well as the nor-
malized number of observations with height for the year 2014. The radar is located at 2671 m 
above sea level. For the first 150 or 180 m above the radar, no radar measurements are availa-
ble since the radar has to switch from transmit to receive which requires a finite amount of time. 
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An automatic quality control and hydrometeor classification was used to filter meteorological 
echoes from non-meteorological echoes like ground targets, birds, insects, or the gondola of 
the Gletscherbahn.

Fig. 5 (center) shows that about half of the time there are low clouds above Schneefernerhaus 
or the site itself is within clouds. The fraction is decreasing with height due to the variation in 
thickness of clouds. At about 20 % of the time there are clouds in the height band 6 to 8 km 
above sea level. These are cirrus clouds with varying thickness. Clouds reach up to 12.5 km MSL.

The frequency of reflectivity measurements (Fig. 5, left) shows a wide range reaching from 
about 20 dBz down to the minimum sensitivity of the radar which is about –50 dBz at a range 
of 5 km from the radar. Three distinct maxima can be identified in the reflectivity distribution: 
The maximum around 8 km height indicates reflectivity values of cirrus clouds, the rare occur-
rence of high values at that height are related to deep convection. At low levels two maxima 
can be identified. The one at high reflectivity values is related to precipitation, the other at low 
reflectivity values is related to clouds. The high reflectivity values below 3.5 km indicate the 
occurrence of rain during summer. The growths of particles from cloud to precipitation can be 
seen with the increase of the reflectivity center with decreasing height.

The frequency distribution of Doppler velocity (Fig. 5, right) shows a wide range of observed 
velocities. While the fall speed (i. e. negative Doppler velocity) of cloud particles is in the order 
of 0.1 m/s, the typical fall velocity of snow is 1 m/s, and of rain is about 5 m/s; the observations 
show a broad distribution around the expected values. The reason for this is vertical air motion 
caused by the flow over the Alps and leading to strong up- and downdrafts. An example is 
shown in the next section.

5.3.1.2  Case Studies
Three exemplary observations typical for the cloud radar measurements at Schneefernerhaus 
will be shown in this section.

The first example contains observations of contrail cirrus. Fig. 6 shows the visual impression 
taken with a vertical looking camera and the associated reflectivity observations with the cloud 
radar. The reflectivity time-height display shows at least three structures which can be attribut-
ed to contrail cirrus, namely at 15:05, 15:20 and 15:30 UTC on March 3rd, 2015. The contrail cirrus 
forms first at about 3.9 km above the radar and then descent during about 3–4 minutes down 
to 3.3 km. Below that height, obviously ambient humidity is too low and the contrails dissolve 
rapidly. The cloud layer at about the same height later on indicates that the atmosphere was 
sufficiently humid for contrail formation. The very thin cloud layer between 15:15 and 15:30 is 
hardly to be seen in the photo.

Fig. 7 shows time-height cross-sections of reflectivity and Doppler velocity of a breaking wave 
event on September 30th, 2012. The velocity shows comb-like structures (7:10 to 7:40) a down-
ward motion of about 3 m/s and next to it an updraft of about 4 m/s. The fall speed of the small 

Fig. 5: Frequency distribution of reflectivity as a function of height (left), normalized number of 
reflectivity observations (center), and frequency distribution of Doppler velocity (right) for the year 2014.
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ice particles at that height is negligible (< 0.5 m/s). The breaking of waves is probably caused 
by strong wind shear at an inversion layer at about 9.5 km MSL (≈ 6.8 km above radar). The 
Innsbruck radio sounding from 3 UTC indicates horizontal winds with 21 m/s at 5 km and 39 m/s 
at 8 km above radar. Wind direction was 244° and 220°, respectively.

The third example is an event with fall streaks observed in snow. On November 28th, 2012 a 
homogeneous, about 7 km deep cloud layer with snowfall at ground was observed (Fig. 8). The 
time-height cross-section of reflectivity shows some diagonal structures which are related to 
fall streaks, when parcels of hydrometeors with enhanced reflectivity are falling down. At a 
time-height cross-section, the parcels can be seen first at cloud top and then later at the bottom. 
The signature of the fall streaks is more dominant in the linear depolarization ratio LDR (see 
Fig. 8, upper right). While LDR is about –25 dB outside the streaks it is about –15 dB within the 
streaks. This indicates larger and more irregular shaped particles with an unstable falling be-
havior. The main reason for the initiation of the streaks with enhanced LDR remains unclear. 
Doppler velocity shows up- and down-drafts at cloud top, there might be wind shear at that 
height. The enhanced turbulence in this upper region of the cloud is also seen in the spectral 
width (Fig. 8, lower left). Another possible explanation is the disturbances by aircraft, causing 
additional turbulence, humidity, and aerosol particles which in turn will initiate a different kind 
of ice particles.

Fig. 6: Observation of a contrail by vertical looking camera (left) and cloud radar with a time-height 
display of reflectivity (right) on 3rd March 2015; the dashed orange line indicates the time of the photo by 
the automatic camera.

Fig. 7: Time-height cross-sections of reflectivity (left) and Doppler velocity (right) of a breaking wave 
event on 30th September 2012.

Fig. 8: Time-height cross-sections of reflectivity (upper left), linear depolarization ratio (upper right), 
Doppler velocity (lower left), and spectral width (lower right) of a fall streak event on 28th November 2012.
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5 5.3.1.3  Retrieval of Cloud Properties
Cloud physicists do prefer quantities which are related to cloud microphysics. Here we will 
show how radar parameters can be used to derive quantities like mean diameter of the particles 
and the ice water content.

A procedure to retrieve mean diameter from vertical pointing cloud radar was proposed by 
Matrosov et al. (2002). They use an empirical relation between mean diameter D0 and fall ve-
locity Vt

​​D​ 0​​ = 9 · 1​​0​ −4​​ ​​V​ t​ 
3
​​ − 6.6 · 1​​0​ −2​​ ​​V​ t​ 

2
​​ + 6.2 ​​V​ t​​ − 9.7� (8)

with Vt ≥ 0.06 m s–1. From D0 the ice water content IWC can be retrieved using a relation sug-
gested by Atlas et al. (1995)

IWC = ​​  Z _____ 
G · ​D​ 0​ 

3
​
 ​​ � (9)

with Z in mm6 m–3, IWC in g m–3, and D0 in µm. G is a coefficient which depends on the bulk 
density, the shape and the particle size distribution.

The disadvantage using this approach at Schneefernerhaus is the occurrence of large vertical 
air motions which can be hardly corrected with the required precision. An alternative approach 
was suggested by Protat et al. (2007). They suggest using reflectivity and ambient temperature

log (IWC) = 0.000372 ​​Z​ dBz​​T + 0.0782 ​​Z​ dBz​​ − 0.0153 T − 1.54� (10)

with ZdBz in dBz and temperature T in °C; or alternatively using only reflectivity if temperature 
is not available

IWC = 0.082 ​​z​ 0.554​​� (11)

Examples of the retrieval will be shown in section 5.3.2.2.

5.3.1.4  Retrieval of Vertical Velocity in Rain
As mentioned above in section 5.2.1.3 and 5.2.2.2, the measured Doppler velocity of a vertical-
ly pointing radar is the sum of the terminal fall velocity of the particles and the vertical air 
motion. Hauser and Amayenc (1981) suggested a method to retrieve rain drop size parameter-
ization and vertical air motion. Assuming an exponential rain drop size distribution n (D) = N0 
e–λD, the parameters N0 as the hypothetical number of drops with diameter 0, the slope λ of the 
distribution, and the vertical air motion will iteratively be estimated until the difference between 
measured and estimated reflectivity (from N0 and λ) is minimized.

The number of cases where this algorithm can be applied to MRR observations at Schneefer
nerhaus is limited since a sufficient thick rain layer (> 300 m) is fairly rare at the site. Fig. 9 
shows two examples for the retrieval of the vertical air motion using a similar method proposed 
by Rogers (1964). On August 20th, 2016 mainly updrafts are observed, while on August 5th, 2016 

Fig. 9: Measured Doppler velocity (blue line – top figure) and retrieved vertical air motion (blue line – 
bottom figure) as well as fall velocity of the rain drop size distribution (orange line – top figure) for two 
events. Left: 5th August 2016; right: 20th August 2016. After Stucke (2017).
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up- and downdrafts can be seen. The observations seem plausible considering the airflow on 
those days. Unfortunately, no independent verification for the retrieval of vertical air motion 
above UFS is available for these cases.

5.3.2  Evaluation of Satellite Observations with Radar at UFS
While the cloud radar and the micro rain radar provide high resolution data on a local vertical 
profile, satellite observations are used to provide information on a global or hemispheric scale. 
Satellites often only observe the top of the clouds and depending on the observation technique, 
the structure of the clouds and precipitation information can only be partly retrieved. Here we 
will show two examples, one using the polar orbiting cloud radar onboard CloudSat (Stephens 
et al., 2002), and a second example using the geostationary Meteosat Second Generation 
SEVIRI imager (Schmetz et al., 2002).

5.3.2.1  CloudSat Observations
Polar orbiting satellites like CloudSat, equipped with a nadir pointing W-band (wavelength 
3.2 mm) cloud radar, or Calipso (equipped with lidar) very seldom pass directly over a specific 
site like the Schneefernerhaus. In addition, for the evaluation of cloud measurements, clouds 
have to be present during the short visiting time. To increase the sample number, all passes 
within 15 km have been used for the evaluation presented here. However, it has to be consid-
ered that due to the large inhomogeneity of the terrain, different types of clouds might be 
compared within the CloudSat footprint (diameter 1.2 km) and by the MIRA36 radar measuring 
only directly above UFS.

Fig. 10 shows a comparison of cloud properties and averaged reflectivity profiles for both cloud 
radars observed from 2012 to 2015. Only measurements above 3 km MSL have been considered 
for both systems in order to avoid disturbances due to surface reflections in the CloudSat data. 
The CloudSat radar is less sensitive compared to the MIRA36 radar. The reflectivity distribution 
and the averaged profiles agree very well, the difference is only 0.8 dB. The CloudSat radar is 
highly accurately calibrated using the well-known sea surface reflection (Kollias et al., 2019). 
The MIRA36 is calibrated by the manufacturer, a continuous independent calibration at the site 
is challenging because the radar beam cannot be directed towards a target whose scattering 

Fig. 10: CloudSat (orange) and UFS-MIRA (blue) observations of cloud properties for the years 2012–
2015. Top left: frequency distribution of reflectivities; Top center: frequency distribution of cloud top 
height; bottom left: frequency distribution of cloud thickness; bottom center: frequency distribution of 
cloud base height. Right: averaged reflectivity profiles.
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properties are well known. The lower reflectivity values for the CloudSat radar profile between 
3 and 3.7 km are most likely caused by attenuation in thick clouds. The cloud properties show 
that the lower sensitivity of the CloudSat radar has limitations observing high thin cirrus clouds.

5.3.2.2  Meteosat SEVIRI Observations
The geostationary observations of SEVIRI allow for a continuous observation of cloud proper-
ties. For a comparison we select the ice water path (IWP) which is the vertical integral of IWC. 
SEVIRI resolution is about 3.2 × 5.5 km2 over the Schneefernerhaus. Nine values of IWP over an 
area of 3 by 3 pixels (app. 10 × 16 km2) were estimated using the APICS algorithm (Bugliaro et 
al., 2011). The IWP was then compared to the vertically integrated IWC derived from the MIRA36 
measurements. The algorithms described by equations (9) to (11) were applied for the MIRA36 
measurements.

Fig. 11 shows the comparison for two events, one in June 2014 and one in January 2015. In 
general, there is an agreement between the radar algorithms using reflectivity only (IWP-Z; Eq. 
11) and temperature and reflectivity (IWP-Z-T; Eq. 10), whereas the algorithm using vertical 
velocity (IWP-Z-VEL; Eq. 9) shows a large scatter. This is attributed to the unknown vertical air 
motion over the site. Obviously, during times where the vertical air motion was small, the IWP-
Z-VEL algorithm agrees well with the other two algorithms. The comparison to the APICS algo-
rithm shows varying agreement. This mainly depends on the structure of the clouds and pre-
cipitation. The SEVIRI retrieval is dominated by information originating from the cloud top area 
due its limited capability to penetrate thicker clouds. The lower part of thick clouds or precipi-
tation is not seen by SEVIRI.

The measurements on June 29th, 2014 show a nearly homogeneous cloud layer with precipita-
tion, the IWP is overestimated by SEVIRI, especially during the time when rain was observed 
at Schneefernerhaus (approximately until 12:30). Only minor horizontal variation is visible with-
in the 3 × 3 SEVIRI pixels. On January 16th, 2015 a deep cirrus layer was observed. The 3 × 3 
SEVIRI pixels show large variation, this is an indication that there was high spatial variation in 
the cloud layer and the measurements by the radar might not be representative for the area 
seen by SEVIRI.

Fig. 11: Reflectivity observations by MIRA36 and retrieved ice-water-path (IWP) for 29 June 2014 (top 2 
rows) and 16 January 2015 (bottom 2 rows). IWP estimated from MIRA by 3 techniques (see text) and from 
Meteosat SEVIRI. Red line is pixel over Schneefernerhaus; shaded area is range of IWP over 3 × 3 pixels.
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5.3.3 The TOSCA Campaign
The TOSCA campaign (Towards an Optimal estimation-based Snow Characterization Algorithm) 
took place at Schneefernerhaus during the winter 2007/2008 and 2008/2009. Details can be found 
in Löhnert et al. (2011). The motivation for the campaign was a synergistic combination of state-
of-the-art remote sensing instruments with the goal to develop a modular optimal-estimation 
algorithm and to evaluate the potential for deriving columnar snow microphysics. The success 
of running the first cloud radar at the UFS was the main motivation to permanently install such 
a radar at UFS. During TOSCA, the cloud radar data were combined with ceilometer and the two 
permanently installed microwave radiometers (Humidity and Temperature Profiler HATPRO and 
Dual Polarization Radiometer DPR) providing observations in the frequency range from 22 up 
to 150 GHz, which is similar to space-borne microwave sensors. In addition, in-situ sensor for 
the size, fall velocity and shape of the snowflakes were installed at the UFS. Radar and radiom-
eter are often combined because the radar provides profile information while the radiometer is 
able to better quantify the integrated quantities in the atmospheric column (e. g., ice water path, 
liquid water path, water vapor integral). For snow and ice processes, the presence of super-
cooled liquid water (liquid water can be found down to –38 °C in the atmosphere) plays a central 
role. While it is very hard to detect it in radar observations, the radiometers are extremely sen-
sitive to it, especially at the higher frequencies provided at the UFS. In general, the radiometers 
are only sensitive to scattering by ice and snow particles at frequencies larger than 90 GHz, which 
makes them well suited to constrain the amount of liquid water in comparison to ice.

One main outcome of TOSCA was that supercooled liquid water is almost always present in 
snowfall at UFS and its amounts could be quantified and linked to other parameters such as 
temperature, for the first time (Löhnert et al., 2011). The unique DPR radiometer, further provid-
ed the first observations of snow scattering signals in ground-based radiometers – an effect, 
which was so far only been known for space-borne radiometers. This confirmed the principal 
potential of ground-based radiometers to constrain snowfall properties (Kneifel et al., 2010). 
The polarimetric observations of the DPR further confirmed that snowflakes fall with a prefer-
ential orientation – a question which was debated for a long time in the snowfall remote sens-
ing community (Xie et al., 2012).

The long-term combined radar-radiometer measurements also provided valuable data to de-
velop new absorption models for supercooled liquid water (Kneifel et al., 2014; Turner et al., 
2016), which are key components for global satellite retrievals. The parallel observations of the 
MIRA36 cloud radar and the MRR also provided a dataset to develop a new algorithm to meas-
ure snowfall with the MRR (Kneifel et al., 2011; Maahn and Kollias, 2012). These studies triggered 
the use of MRRs in other remote areas such as the Arctic and Antarctic for the so far very diffi-
cult estimation of snowfall – the main source term for the polar ice sheet mass balance.

An interesting feature found in the in-situ measurements (2D-video disdrometer; c. f. Fig. 7 in 
Löhnert et al., 2011) during TOSCA was that maximum snow particle size Dmax seems to be 
temperature independent – except for the temperature range between –10 and –15 °C where 
large snow crystals occur more frequent. In this temperature range, the super saturation over 
ice with respect to liquid water reaches its maximum value so that the Wegener-Bergeron-Find-
eisen process, i. e. the transformation of liquid drops to ice crystals via gas phase, will be more 
effective. Also, snow crystals are mostly of dendritic structure in this temperature range. Both 
conditions are preferable for the fast and effective growth by aggregation of snow crystals in 
this “secondary growth region”.

5.3.4  Cloudnet
Cloudnet is an European initiative (Illingworth et al., 2007) to provide a systematic evaluation 
of clouds and precipitation in numerical weather prediction models. The efforts to improve the 
representation of clouds and precipitation in forecast models have been limited by the difficul-
ty to make appropriate and accurate observations. Cloud parameters used in models differ from 
the parameters which are available from observations; thus, a common basis needs to be de-
fined for comparison and evaluation. Another fact is that often evaluations are performed based 
on case studies; however, to improve forecast models a long-term evaluation is needed. To 
achieve a suitable evaluation, the Cloudnet project was established. It involves instrument 
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5
operators as well as developers of forecast models all across Europe. A number of already 
existing ground based remote sensing sites were brought together for this purpose. These sites 
are operated now since many years in order to gain statistics unaffected by seasonality. More-
over, the Cloudnet community was able to develop robust algorithms for quality control and 
retrieval of microphysical quantities of clouds and precipitation.

Cloudnet is embedded in the European ACTRIS (Aerosols, Clouds and Trace gases Research 
Infrastructure) project and in Germany supported by the HD(CP)2 (High Definition Clouds and 
Precipitation for advancing Climate Prediction) project. Currently, about 10 sites contribute to 
Cloudnet together with additional non-European sites equipped with similar instrumentation. 
The Meteorological Institute (MIM) at Munich University (LMU) and the UFS Schneefernerhaus 
are members of Cloudnet since 2018. Processing of UFS data is performed at MIM. Real-time 
observations and model forecasts together with daily and monthly quicklooks and statistics of 
model performance are provided at the Cloudnet web site (http://cloudnet.fmi.fi/).

The core instruments at MIM and UFS are the high power and sensitive MIRA36 cloud radar, a 
low-power lidar – the ceilometer, and the multi-wavelength microwave radiometer HATPRO. 
The radar provides detailed information on the vertical structure of the clouds. The ceilometer 
is used to identify the cloud base – mainly of water clouds – more accurately. If attenuation by 
cloud particles is not too strong, profiles of the lidar backscatter signal are available in the cloud. 
The microwave radiometer provides vertical profiles of temperature and humidity, and inte-
grated quantities like liquid water path (LWP) and vertical integrated water vapor (IWV).

The Cloudnet processing chain includes in a first step a target classification using the fact that 
the radar is sensitive to large particles like rain, drizzle, ice particles, while the lidar is sensitive 
to smaller particles like cloud droplets and aerosols. Quality control of the radar data includes 
an attenuation correction for gaseous attenuation (water vapor and oxygen) as well as for liquid 
water using information from the microwave radiometer. Doppler velocity helps to distinguish 
between snow and rain. Higher level Cloudnet products comprise liquid water content (LWC), 
ice water content (IWC), and drizzle parameters. Fig. 12 shows a sample of the input measure-

Fig. 12: Cloudnet products: Measurements with cloud radar (a) and ceilometer (b) at UFS Schneefernerhaus 
on 8th January 2018. The radar and lidar status is shown in c), the retrieved ice water content (IWC) in d).
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ments and the retrieved quantities. It can be clearly observed that the lidar partly penetrates 
into the cloud and there is an overlap between both instruments. Future activities will also in-
clude the evaluation of satellite observations of clouds and precipitation.

5.4  Summary and Conclusions

Meteorological radar is an essential tool for research, diagnostic, and nowcasting of clouds and 
precipitation. Modern radar systems provide a number of parameters like reflectivity, Doppler 
velocity, or dual-polarization products. The parameters can be used to study intensity, motion, 
or habits of cloud and precipitation particles.

At UFS Schneefernerhaus a MIRA36 cloud radar (wavelength 8 mm) and a micro-rain-radar 
(MRR, wavelength 12 mm) have been installed. The cloud radar has been operated since the 
end of 2011, a similar system was installed already 2008–2009 during the TOSCA campaign; the 
MRR has been operated since the beginning of 2008. The long-term operation of the radars 
allows for deriving detailed statistics of clouds and precipitation above UFS Schneefernerhaus. 
Clouds cover the sky over Schneefernerhaus about half of the time and are observed up to 
12.5 km above sea-level. Some examples of measurements of contrail cirrus or fall streaks were 
given to show the benefit from radar observations.

Both radar systems operate in a vertical pointing mode and provide cloud and precipitation struc-
tures above Schneefernerhaus. The cloud radar provides data with high temporal (10 seconds) and 
spatial (30 m) resolution at a beam width of 0.6° (e. g. diameter of 50 m at a distance of 5 km). Both 
systems provide in real-time the Doppler spectra, a quantity which can be used to study the falling 
behavior and thus the habit of cloud and precipitation particles. One of the major challenges in 
the data evaluation is the high variability of the surrounding wind field, especially the vertical air 
motion. Fall speed of cloud particles is superimposed to the vertical air motion and turbulence. 
Algorithms have been developed which are able to account for these effects; however, they require 
prior knowledge of terminal fall speed and the particle size distribution.

The long-term operation of the radars and the synergy with lidar and microwave radiometer gives 
a unique possibility for the evaluation of cloud and precipitation microphysics in numerical 
weather prediction models or of satellite measurements of clouds and precipitation. The UFS is 
worldwide the only mountain site which provides now a decade-long remote sensing observa-
tions of clouds and precipitation using this comprehensive instrument combination. This allows 
for monitoring potential changes in clouds and precipitation in a warming climate which is ex-
pected to be particularly pronounced at higher altitudes. The European project Cloudnet is de-
signed for the evaluation of several weather forecast models by long-term observations at a 
number of sites with similar instrumentation like the Schneefernerhaus. Together with a ceilom-
eter as low-cost and robust lidar system and the microwave radiometer, the cloud radar is con-
tributing to Cloudnet. The same constellation together with the algorithms provided by Cloudnet 
can also be used for the evaluation of satellite measurements. Polar orbiting satellites like Cloud-
Sat, Calipso, GPM, or the upcoming EarthCARE satellite provide measurements with radar and 
lidar which are comparable to the observations at Schneefernerhaus. Geostationary satellites like 
Meteosat provide a set of additional cloud parameters which can be used for further evaluations. 
Even though the spatial resolution of geostationary satellites is not sufficient to describe clouds 
in the complex orography of the Wetterstein massif, they help in understanding the temporal 
evolution and regional distribution of the cloud systems observed above Schneefernerhaus.
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