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Abstract

Studies of snow virga precipitation are rare, the only description of it known to us
being by Jullien et al. [13]. In this study, we investigated data from a Micro-Rain
Radar (MRR) in Bern, Switzerland, from 2008 to 2013 for snow virga precipitation
events. The MRR data were reprocessed with the radar data processing by Garcia-
Benardi et al. [6] which allows the detection of snow virga precipitation. From
the events we found, we have selected two which we present. The reviews of the
events are additionally supported by atmospheric reanalysis data and atmospheric
back trajectories. In the investigated events, we were in both cases able to observe
a wind shear during the snow virga precipitation. While the wind shear existed,
the situation was in both cases that moist and precipitating air was in the upper
air layers while dry air was carried into the lower air layers.




Introduction

Observing precipitation supports its understanding and thus contributes to the
exploration of the atmosphere and its mechanics, which, as the habitat of hu-
mankind, is of central importance to society that affects large areas of everyday
life. This work presents and investigates two cases of virga precipitation, recorded
by a vertically aligned K-band Doppler radar in Bern, Switzerland. To investigate
the cases, the work combines Doppler radar data with atmospheric reanalysis data
and atmospheric back trajectories.

The Doppler radar data set examined as the basis for the investigations covers mea-
surements over the years from 2008 to 2013. In a first part, these were checked
for their temporal completeness and, in the further course, for their accuracy and
credibility by comparing them against other meteorological measuring devices.
This revealed both weaknesses in the measurements as well as malfunctions of the
radar. However, this enabled one to get an impression of its reliability as well as
an understanding of its possibilities and limitations.

Afterwards, the data was revised in order to increase its accuracy and to obtain
further information from it. In the process, a data retrieval was implemented which
automatically revises the newly collected data from the radar that is currently still
in operation. In the revised data, a search was performed for virga or virga-like
events and a selection was made for particularly suitable cases in terms of their du-
ration and characteristics. For the two cases which were chosen, the corresponding
reanalysis data has been edited and the back trajectories were generated in order
to have a more comprehensive picture.




CHAPTER 1

Principle of Radar

As an introduction to weather radars, we first discuss the radar equation, which
establishes a relationship between transmitting and receiving power, as well as the
radar reflectivity factor, a parameter that is almost the most important in weather
radar theory.

1.1 Radar Equation

To deduce the radar equation, consider a wave scattered by a single backscatterer
and that the wave is transmitted and received by the same radar antenna. At the
location of the target, at a height A over the antenna, the intensity of the incident
wave S; is proportional to one over distance squared and linearly dependent on the
transmit power of the antenna F;, assuming an isotropically radiating antenna.

By

To correct for the anisotropic nature of the antenna, the antenna gain g is intro-
duced, which is the gain of the transmitting antenna in the direction of the target.
For simplicity, it is assumed to be a constant factor for the further calculations.

The intensity scattered by the target is the product of the incident intensity S; and
the cross section o of the target. From this, the incident intensity at the location
of the receiving antenna .S, can be derived, again assuming an isotropic emissivity
of the target.
s = oSy
4h?
From antenna theory, it can be deduced that the antenna gain is proportional to
the reciprocal of the wavelength A squared multiplied by the ratio of the power
received by the antenna P, to the incident intensity 5.

(1.2)

P,
A28,

g =4n (1.3)
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From the preceding equations, the radar equation for a single backscatterer can

be derived, which determines the power received by the antenna P, as a function

of the transmitted power P;, the height A, and the characteristics of the reflecting
target o.

B G*)2 0P,

" (4m)3 nt

(1.4)

In a next step, the radar equation is extended for a volume with many backscat-
tering targets, since the aim is to determine the received power P, from a large
number of hydrometeors. The scattering volume 6V at height h above the radar
antenna depends on the height resolution dh and the solid angle 2 of the beam
aperture.

SV = h*Q6h (1.5)

Assuming that the distances between the scatterers are sufficiently large, the total
cross section of a scattering volume can be condensed to the sum over the single
target cross sections o;. Lets introduce the volume backscatter coefficient n, which
is defined as the total cross section of a scattering volume divided by its volume

ov.
_ S
%
Finally, considering these relationships, the radar equation can be determined,
which gives the received power P, from a scattering volume containing many
backscattering targets.

(1.6)

) = —n2oh 1.7

(47)3 B2l (17)
Further reading on radar theory and a complete derivation of the radar equation
can be found in the following books [5], [31].

1.2 Radar Reflectivity Factor

To define the radar reflectivity factor Z, the cross section according to Rayleigh

theory is assumed.
270
ORayleigh =— w|K|2D6 (18)

The material specific parameter |K| is a complex quantity defined in terms of the
refractive index n. Based on the Rayleigh cross section orayieigh and the defini-
tion of the volume backscatter coefficient (Eq. 1.6), one can deduce the volume
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backscatter coefficient nrayieign for Rayleigh scattering.

27 . DS
ayleigh = K2 L 1.9
MR, yleigh 3)\4| | (SV ( )
Z

From this, the radar reflectivity factor Z is defined as the sum over the sixth power
of the diameters of all droplets divided by the backscatter volume, which in the
continuous form is equivalent to an integration of the sixth power of the diameters
multiplied by the droplet size distribution.

Z - /00o N(D)D%dD (1.10)




CHAPTER 2

Micro Rain Radar

The MRR is a frequency modulated continuous wave (FMCW) radar manufactured
by Meteorologische Messtechnik (METEK) GmbH. A summary on the technical
features for the MRR 2 used in this work can be found in Tab. 1.

The MRR operates with electromagnetic radiation at a central frequency of 24.23
GHz and thus belongs to the K-band radars. The modulation range extends from
0.5 to 15 MHz, which corresponds to a height resolution of 300 m - 10 m.

The radar emits radiation vertically into the atmosphere, of which a part is scat-
tered back to the antenna by any kind of hydrometeors. Due to the fall velocity of
the hydrometeors relative to the antenna, a frequency shift between the emitted
and the received backscattered signal can be measured (Doppler frequency). This
frequency shift is linked to the fall velocity of the hydrometeors, of which their
diameter can be inferred. If the intensity of the backscattered signal and the di-
ameters of the hydrometeors are known, their quantity can be calculated.
However, because precipitation consists of hydrometeors with different diameters
and thus different terminal velocities, the backscattered signal is a distribution
made of varying Doppler frequencies. The remedy is the spectral analysis of the
backscattered signal which gives a power spectrum distributed over a range of fre-
quency lines corresponding to the Doppler frequencies.

The following section describes the operating principle of the MRR in more de-
tail.

Operating mode FMCW Doppler
Center frequency (fo) 24.23 GHz
Frequency modulation (B) 0.5 - 15 MHz
Number of range gates (V) 32
Number of spectral bins (M) 64
Sampling Frequency f 125 kHz
Sweep duration T’ 256 us

Table 1. Main technical features of the MRR 2. For further specifications see
[19]
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2.1 Operating principle for a point target

The Micro Rain Radar is a frequency modulated continuous wave radar. To achieve
range resolution, the emitted signal is frequency modulated and the range of the
target (or the time delay of the received echo) is derived from the frequency shift
between the echo and the emitted signal. The frequency is sawtooth modulated
so the frequency sweeps linearly from fy+ B/2 to fy — B/2 and jumps back to the
initial value. Let us first look at the operating principle for a resting point target.
For a resting point target, the incoming echo follows with a time delay of .

ty, = 2]2 (2.1)

In the case of the MRR, t;, < T holds, thus the frequency shift can be related to
the delay time via the following relationship (illustrated in Fig. 1).

B
Af = —t, 2.2
=7 (2.
Frequency f
""""""""""""""" . freq(r(t)) E
freq(s(t)) 1 ‘x‘ 1
1 ~§~ 1
m ' . :
— 1 e 1
=) : S '
'—E fo ‘T/Q ' ~~~ :
Lt T
g : R : Time t
& ; :
: t};s :
o XN ]
1 < ]
1 Af -~ 1
1 *Q N
1 AN ]
........................... « <

Sweep Period T

Figure 1. Relation between delay time ¢, and frequency shift Af for a FMCW
radar. (Figure taken from [16])

Combining Eq. 2.1 and Eq. 2.2 results in a correlation that allows us to determine
the height of a resting point target.

h = ;TBA f (2.3)
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As the signal of one sweep is a rectangular function of width 7', the signal is con-
voluted with a sinc function in the frequency domain with the first zero appearing
at :l:%, this means that we will only be able to separate frequency components
that are at least spaced by the inverse of the width.

5f = ;, (2.4)

Substituting the frequency resolution into the differential form of Eq. 2.3, one can

obtain the height resolution.
lec
oh ==-— 2.5
55 (2.5)
The MRR operates with a modulation range of 0.5 - 15 MHz, thus the height

resolution can be set in the range of 300 m - 10 m.

The maximum resolvable frequency shift by the radar module depends on the
sampling frequency f;, according to the Nyquist criterion the maximum resolvable
frequency shift is f;/2. By evaluating the maximum resolvable frequency shift in
Eq. 2.3, the maximum detectable height is obtained.

T f
L 9.
hmax 2B 2 ( 6)

In the further considerations we look at the signal of a moving point target. For
a moving point target, the frequency shift of the incoming echo contains an addi-
tional Doppler component.

af=pli 2, (2.7)

cT /\()
S~ ——
height  Doppler

Note that from the analysis of a single sweep, the velocity cannot be extracted
because it overlaps with the height component, but the use of multiple sweeps
provides a solution to this problem. The procedure for extracting the velocities is
as follows, the signal of a sweep is Fourier transformed, the result is a line spectrum
with N lines that represent the signals from N height gates. Each height gate is
centered on the frequency fy = N/T corresponding to a specific height.

In a next step, consider a series of M sweeps, each with N lines, from which a
M x N-matrix can be constructed. A second Fourier transformation is performed

11
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along each height range gate which yields the Doppler component of the frequency
shift fp and thus the corresponding velocity distribution of the particles at the
corresponding height.

The resolution of the Doppler component fp is equal to the inverse of the acqui-
sition time for a set of spectra 7, where 7 = 2N M/ f.

1
Ofn = = 2.9
fo=1 (2.9
Combining this result with the relationship between velocity and Doppler fre-
quency shift Eq. 2.7, the velocity resolution can be determined.

5o Mol
2T

(2.10)
The maximum resolvable Doppler component depends on the sweep duration,
since with each sweep we acquire one sample for each height gate, the Nyquist
theorem then states that the maximum is half the inverse of the sweep duration
fDuae = 1/2T. Placing the maximum resolvable Doppler frequency shift into the
relationship between velocity and Doppler frequency shift gives the maximum de-

tectable velocity.
Ao 1
max — & o 2.11
! 2 2T (2.11)
After the second Fourier transform, each velocity gate is centered on the Doppler
frequency fy; = M/7, which equals a specified velocity.

vy = M % 0v (2.12)

Overall, we obtain M x N values for a measured set of spectra, where the spectrum
within a height gate consists of a distribution of lines corresponding to the velocity
distribution of raindrops.

2.2 Derivation of Drop Size Distributions

The result of the second Fourier transform is the received spectral power f(n,1)
as a function of the height bins (i = 1...N) and of the Doppler bins (n = 0...M-1).
The received power is proportional to the reflectivity of all hydrometeors in the
backscattering volume within the Doppler frequency resolution, as shown in the
radar equation Eq. 1.7.

iy = LR L) (213)

12



Micro Rain Radar 2. Derivation of Drop Size Distributions

TF (i) and C are the transfer function and the calibration constant, they are needed
to convert the engineering units of the receiver signal to physical units, both are
factory set. In a next step, the received spectral power f(n,i) is converted into
the volume backscatter coefficient 7(n,i) (defined in Eq. 1.6) according to the
equation proposed by the manufacturer (Eq. 2.13).

In the further procedure, all integrations are replaced by summations over the
Doppler spectral lines n, where the lines considered depend on the height gate.
More detailed information about which Doppler spectral lines are considered at
which heights can be found in Fig. 4.

Mmax(h)

| ahdr X a(f)6f0 (2.14)

Mmin(h)

To transform the dependence from spectral power within line n of width §fp to
velocity v, the following conversion must be performed.
dfp 1 1
=g(fn)dfp—=—— =9(fn)0fp— 2.15
g(v) = g(fu)dfp 90 31 9(fn) fD6U (2.15)
Following Eq. 2.15, the volume backscatter coefficient can be introduced in terms

of velocity.
1

n(v,i) = n(n, Z)% (2.16)

Here it is important to state that the following considerations only apply to hy-
drometeors in liquid form, for which the MRR was actually designed. In the
further course of the work, however, an alternative method will be presented that
also works with non-liquid hydrometeors.

To calculate the drop size distributions, the relationship between terminal fall
velocity v and drop diameter D is used, which was found empirically by Gunn
and Kinzer [7] and was put into an analytical form by Atlas et al. [2], see Fig. 2.
Additionally a generalized form of the relationship is used that includes a height
dependent density correction for the fall velocity dv(h).

v(D)[m/s] = (9.65 — 10.3 - e 0¢PmmN50(R)  for 0.109 < D < 6mm  (2.17)

The height dependent density correction for velocity is based on the relationship
of Foote and Du Toit [4] who found v o p®*.This relationship, assuming U.S.
standard atmosphere conditions for the height dependence of air density, then
leads to the correction term used by the manufacturer.

Sv(h) =1+43.68-10°h +1.71-1077A? (2.18)

13
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Terminal velocity [m/s]

1 2 3 4 5 6
Drop Diameter D [mm]

Figure 2. Terminal fall velocity of rain drops at the surface of the earth (h = 0)
versus the drop size in motionless air (According to Eq. 2.17).

Subsequently, the volume backscatter coefficient is expressed using Eq. 2.17 as a
function of drop diameter D instead of velocity v.

ov

D) — .\ OV

nD, i) = n(o,i) 57

Putting everything together and resubstituting v with D we get the complete
conversion.

=n(v,i) - 6.18 - e *P5u(i - 6h) (2.19)

n(D. 1) = n(n, i)i}?ii(g.% 5u(i - 6h) — v+ ) (2.20)
Finally, the drop size distribution N (D), meaning the number of droplets per vol-
ume and diameter, can be calculated by dividing the volume backscatter coefficient
as a function of droplet diameter 7n(D,7) by the single particle backscatter cross

section o(D) of a raindrop with diameter D.

n(D, 1)
a(D)
For drop diameters that are small compared to the wavelength, the single par-

ticle backscatter cross section can be expressed analytically assuming Rayleigh
scattering.

N(D,i) = (2.:21)

2

2
1
m D° (2.22)

m?+1
However, not all the drop diameters that occur are small compared to the wave-
length of the MRR, so the Rayleigh approximation is not applicable here for all

’/T5

O'R(D) = ﬂ

14



Micro Rain Radar 3. Derivation of Rain Parameters

diameters. Instead, the cross sections are calculated according to the Mie theory,
which describes the scattering of an electromagnetic wave from a homogeneous
sphere.

Fig. 3 shows the single particle scattering cross sections of water derived from Mie
theory relative to those from Rayleigh scattering as used in the MRR drop size
retrieval.

“Mle/“Raylelgh
-

L s
T

0.8 -

06 A -

04 L

0.2 A -

0 1 2 3 4 5 6

D [mm]
Figure 3. Single particle backscatter cross section of water droplets at 24.23
GHz derived with Mie theory and normalized by Rayleigh backscatter cross
section (Figure taken from [20]).

2.3 Derivation of Rain Parameters

Knowing the drop size distribution, we can derive the radar reflectivity factor Z
by integrating with the sixth power of the drop diameter, as introduced in section
1.2. ~
Z = / N(D)DSdD (2.23)
0

The reflectivity Z, is the equivalent reflectivity assuming spherical liquid hydrom-
eteors satisfying the Rayleigh approximation. It is a useful quantity in radar
meteorology for comparison with other weather radars as it is independent on the
wavelength of the systems being operated. In addition, other parameters such as
water content or precipitation rate can be derived from the reflectivity factor.

15



Micro Rain Radar 4. Spectral processing and Noise estimation

The liquid water content is the product of the total volume of all drops, within
the diameter resolution, with the density of water p, divided by the scattering
volume. It therefore represents the mass of liquid water per unit volume.

LWC = pu: /oo N(D)D*ID (2.24)
0

Liquid water content varies greatly from cloud to cloud and can be used to classify
clouds.

The rain rate RR is equivalent to the volume of the drop number density N (D)D?
multiplied by the terminal fall velocity v(D). From this product, the rain rate is
determined by integration over all drop sizes.

RR = < /O N(D)D*v(D)dD (2.25)

The fall velocity of the drops depends on the drop size. Therefore it is individual
for each drop (see Fig. 2). To describe an effective fall velocity of rain, we need
to define the characteristic fall velocity. The option chosen by the manufacturer
is the first moment of the radar reflectivity factor, which corresponds to the first
moment of the Doppler spectrum assuming Rayleigh scattering.

W [2° N(D)DSv(D)dD
[ N(D)DSdD

(2.26)

2.4 Spectral processing and Noise estimation

A single power spectrum contains a large variance because it consists of a large
number of signals from randomly distributed targets in the scattering volume.
Therefore, the average is taken over ensembles of power spectra. Averaging over n
power spectra reduces the standard deviation by 1/y/n in the limit of n > 1.

In addition to the signal from the echo, there is also some noise in the signal, if
you were to ignore this, you would see an apparent rain rate. Therefore, noise
estimation is performed according to the method of Hildebrand and Sekhon [11].
It is assumed that the noise is white noise, which means that it is independent of
the frequency.

The noise estimation algorithm sorts a single Doppler spectrum by amplitude and
removes the largest bin until the squared mean of the spectrum E divided by its
variance V' is greater than or equal to the number of time-averaged spectra n.

E2

16



Micro Rain Radar 5. Attenuation correction

The remaining spectrum is then considered as white noise, and the estimated noise
level is equal to its mean, which is then subtracted from the observed Doppler
spectrum.

Not all Doppler bins of a Doppler spectrum are used for the determination of the
noise and the further calculations. In Fig. 4 the used Doppler bins are displayed
depending on the height.

3000 - o
2500 4 -

2000 - -

z [m]

1500 =

1000 4 o

500 4 -

0 2 4 6 8 10 12
v [m/s]

Figure 4. Doppler bins used for the processing as a function of height (Figure
taken from [20]).

2.5 Attenuation correction

The intensity of radio waves that propagate through the atmosphere is attenuated
by various factors in the atmosphere. The major factor occurs as a consequence of
moderate and higher rainfall, which leads to a significant attenuation when high
altitudes are taken into account. Therefore, an attenuation correction for rain is
carried out according to the method of Peters et al. [28], which was developed for
the MRR. All other attenuation factors are neglected.

17



Micro Rain Radar 5. Attenuation correction

The attenuation coefficient x of the power density S is defined as the decrease of
the power density by distance.
ds
dr
Solving the differential equation and taking into account that the damping acts

twice because the radar waves travel up and down the range r, the path-integrated
attenuation PTA can be established.

PIA(r) = 2o 52z (2.29)

—k(x)S (2.28)

PIA is a common factor for all drop sizes, therefore it can be taken out of all
attenuated integral variables &, (Z, LWC, RR and W). Where the subscript a
stands for not attenuation corrected.

§ =& PIA (2.30)

The attenuation coefficient k., but not attenuation corrected itself, is obtained
from the integral over all diameters of the product of the single-particle extinction
cross section o, with the drop size distribution.

g = /0 ~ 6.(D)N(D)dD (2.31)

Considering Eq. 2.29 and Eq. 2.30, the path-integrated attenuation can be ex-
pressed by the uncorrected attenuation coefficient k,. A detailed derivation of Eq.
2.32 can be found in [28].

1

PIAG) = 15 s (2.32)

The previous equation (Eq. 2.32) requires that x, can be measured with infinites-
imal range resolution, but the MRR measures spatial averages over the range
resolution dh. Replacing the integral by the corresponding sum over the range
gate depth dh would lead to a biased attenuation correction. But assuming that
the scattering volume is homogeneously filled, meaning that N (D) is independent
of the range x within the scattering volume, an unbiased attenuation correction
can be obtained (shown by Peters et al. [28]). The procedure is given hereafter.

Beginning the calculation in the first range gate r = 1, assuming PIA (1) = 1, the
drop size distribution corrected for the attenuation on the path between the radar
and the lower boundary of range gate r;, but without the correction of attenuation
within r; (subscript p), is derived.

N, (D, r;) = No(D, r;)PIA(r;_,) (2.33)

18
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Based on this, the partial attenuation corrected attenuation coefficient x, is ob-

tained.
max (D)

kp(ri) = Y. 0e(D)N,(D,r;)0D (2.34)
min(D)
In the succeeding step the drop size distribution corrected for the attenuation
within the range gate r; is calculated. A detailed derivation of Eq. 2.35 can be
found in [28].
log(1 — 2k, (r;)dh)
2K,(r;)oh

Using the corrected drop size distribution, the corrected damping coefficient x can
be determined.

N(D,r;) = —N,(D,r;) (2.35)

max(D)
k(r)) = > o0(D)N(D,r;)éD (2.36)
min(D)
In a last step, the path-integrated attenuation value is calculated up to the range
gate r;.
PIA(r;) = PIA(r;_;)e?rroh (2.37)

This procedure is continued stepwise until the highest range gate is reached.

19



CHAPTER 3

Micro Rain Radar Data

The MRR was deployed in March 2007 as part of Andreas Leuenberger’s master’s
thesis. It is located on the campus of the University of Bern (N46.95° E7.44°) on
the ExWi building at an altitude of 575 m above sea level (a.s.l.). Since then, it
has been in continuous operation and collects data, but with some interruptions of
varying duration for reasons that are partly explained and partly unexplained.

3.1 Data situation

The MRR’s measurement data is stored in different locations and in different
formats. This section will give a brief overview of where and in what form the
data is available.

The data between the years 2007 and 2015 are available on MySQL in an easily
accessible form. It should be noted that between November 2008 and December
2009, the MRR’s height resolution was set to 50 m instead of the usual 100 m,
which reduces the maximal detected height to 1500 m. Data from 2015 to the
present can be found on the institute’s data portal [32], but not in an easily
accessible form. This means that all measurement data are written daily into a
new text file and these text files can be found on the institute’s data portal.

3.2 Data structure

Three different data sets are stored by the MRR. One of them is the raw data
set containing the spectral powers for each measured altitude with a temporal
resolution of 10 seconds. Next is the instantaneous data set, which consists of
processed data such as rainfall rates, radar reflectivity and other precipitation
parameters. It is similarly recorded with a temporal resolution of 10 seconds.
Finally, there is the averaged data set. It also contains processed data, like the
instant data set, but it is calculated by raw data which is averaged over one
minute.

20



Micro Rain Radar Data

2. Data structure

For the instant data and the averaged data there is a conditional recording, mean-
ing that there is only data stored on the server if the processing software detected
precipitation during the measuring interval.

Raw Data
Spectral Power
Every 10 seconds

-

Instant Data
Precipitation Parameters

-Z, RR, N(D) ...
Every 10 seconds

(.

J

-

Averaged Data
Precipitation Parameters

-Z, RR, N(D) ...
Every 60 seconds

(.

Figure 5. Data structure

N

Conditional Recording

I
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CHAPTER 4

Review of the MRR data

In this chapter a review of the processed MRR data is presented, covering the
years 2008 to 2013. For this purpose, the precipitation rates (by the manufacturer
labelled as rain rates - RR) measured by the MRR at an altitude of 0 - 100 m
a.g.l. were compared with the precipitation rates measured by two tipping buckets.
Similarly to the radar, one of the tipping buckets is located on the roof of the ExWi
building and is maintained by the institute. The other tipping bucket is located
at Bern-Bollwerk, which is less than 200 m straight-line distance apart, and is
maintained by the Bundesamt fir Umwelt (BAFU). The precipitation rates were
used for the comparison because they allow both the accuracy and the temporal
completeness to be checked.

4.1 Diurnal recorded precipitation

The MRR’s raw data should actually be recorded continuously, after which it
should be simple to evaluate periods during which the device was operating. How-
ever, it turned out that the raw data for the investigated years was also conditional
recorded (See section 3.2). Due to the conditional recording, cross comparisons
with other data sets were necessary to find gaps in the recordings or in the pro-
cessing.

The following Figures (6, 7, 8) display the diurnal recorded precipitation measured
by the MRR. The hours at which precipitation was recorded are indicated in color.
Marked in grey are those hours at which both tipping buckets recorded precipita-
tion, but for which no precipitation can be found between 0 - 100 m in the instant
data of the MRR. The hours in which neither the tipping buckets nor the radar
detected any precipitation were left white.

22



Review of the MRR data 1. Diurnal recorded precipitation

Diurnal Precipitation per hour
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Figure 8. Diurnal precipitation recorded for each hour in 2012 and 2013

It is evident from the figures that the MRR operated very reliably in 2008 and
2009. The number of downtime hours is marginal for the duration of two years.
The picture is the same for 2010, with very few downtime hours. In contrast,
there is a large gap in 2011, marked by the numerous grey entries, starting at the
beginning of July and ending in January 2012. In addition, there exists a gap for
the months of June and July in 2012. In 2013, the radar operated more reliably
again, at least until mid-October.
In case of missing or corrupted instant data, it could be because the MRR did not
operate at all, due to network errors or times when the MRR computer was stuck
and a restart was forgotten, in this case both the instant and the raw data would
be completely missing, but it could also be because the raw data was processed
improperly, which means that there could be error-free raw data. It should be
noted here that from this comparison, it can only be concluded that the instant
data is missing or corrupted, but no conclusion can be inferred about the condition

or existence of the raw data.

24




Precipitation [mm]

Review of the MRR data 2. Monthly recorded precipitation

4.2 Monthly recorded precipitation

To evaluate the accuracy of the instant data, we compared the monthly total pre-
cipitation measurements. For this purpose, the precipitation amounts measured
by the tipping buckets and the MRR in the lowest height gate were converted into
monthly precipitation amounts.

Figures 9 and 10 present the monthly recorded amounts of precipitation by the
individual instruments over the period from 2008 to 2013. In addition, the precip-
itation amounts measured by the tipping bucket on the ExWi building (marked
in grey and labelled "added") were added to the precipitation amounts measured
by the radar at the times when the radar was not in operation (determined in the
previous section). This was made in order to gain an impression of the quality of
the precipitation measurements even during the months in which the MRR was
only partially operable.
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Figure 9. Monthly recorded precipitation in 2008, 2009 and 2010
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Figure 10. Monthly recorded precipitation in 2011, 2012 and 2013

In the data for the first half of 2008, a large gap for the tipping bucket on the ExWi
building is evident, therefore the data from the tipping bucket at Bern-Bollwerk
were added to the analysis.

The measured monthly precipitation amounts by the different devices often show
an acceptable agreement. However, it is striking that the MRR totally overes-
timates the precipitation amounts between the months of November and March.
We suspect that this is due to the fact that during these months precipitation falls
more frequently in the form of snow or sleet.

In case of snow or sleet, the MRR may totally overestimate the precipitation rates.
This is because its data processing is designed for liquid precipitation. The over-
estimation of precipitation rates may be due to the following reasons. In sleet or
wet snow the hydrometeors have a much greater reflectivity than in liquid rain for
the same reason as in the case of the bright band (see Appendix), this leads to
an overestimation of the number N of hydrometeors. The fall velocity of snow is
much more sensitive to turbulences, therefore frozen hydrometeors can also have
upward velocities. These upward velocities are misinterpreted by the MRR as very
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Review of the MRR data 3. Conclusion on the data

fast downward velocities (more detailed in section 5.1.2). Looking at Eq. 2.25, we
see that both lead to an increased measured precipitation rate.

Improved methods for calculating snow rates from MRR data are discussed by
Kneifel et al. [14] and by Maahn and Kollias [17].

In July 2009 there is also a clear difference in the monthly precipitation amounts
between MRR and tipping buckets. We cannot give an exact explanation for the
cause, but we suspect that it is related to heavy storms. On 4 July 2009, thunder-
showers were reported, which led to property damage, and on 23 July 2009 hail
was reported with grain sizes of 2 - 4 ¢cm (reported in [1] and [12]).

We do not know exactly how hail is detected by the MRR, nor are we aware of
any studies from the literature. But we also do not know how accurate tipping
buckets are able to measure hail.

4.3 Conclusion on the data

In conclusion the MRR operated reliably in the years from 2008 to 2010. The
measured rainfall amounts, if liquid, and the number of precipitation hours for
these years are mostly consistent with the measurements of the two rain gauges,
as can be seen from the Figures 6, 7, 9.

In the following years from 2011 to 2013, there are increasingly large gaps in the
processed data, see Figures 7, 8. However, we suspect that at these times the raw
data is not corrupted but that there was an error in the data processing, but this
has not been conclusively determined. From 2014 to the present, the MRR has
been operating more and more unreliably. The query of the data revealed that
although raw data is available, the processed data is almost always completely
missing. The reason why the processing of the raw data by the MRR itself does
not work has not been clarified but we suspect that it is due to a shortcoming in
the METEK software.

As of the end of 2009, occasionally the MRR’s data processing did not work prop-
erly. In the Figures 11 and 12 there are two examples where entries are missing
in the processed data (the white fields are the missing entries). In the figures the
radar reflectivity is shown, but any precipitation parameters are missing when the
data processing did not work properly.

There are repeated periods in the data where the processed data are missing from
a certain altitude on, and it is not always from the same altitude, as can be seen
in the figures. We do not know exactly where the error lies for the missing data,
whether it is in the data transmission or in the processing of the raw data. How-
ever, there are no errors in the raw data at these times. It was therefore decided
to install a new data processing.
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Figure 11. Disturbed processed data from February 19, 2010. The data is
completely missing above a certain altitude.
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Figure 12. Disturbed processed data from August 3, 2020. The data is
completely missing above a certain altitude.
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CHAPTER 5

Data Processing

The processing of the raw data, which was presented in chapter 2, is carried out by
the Micro Rain Radar itself. However, not only processed data is recorded but also
the raw data. This creates the possibility for researchers to create their own data
processing. In this way, the potential of the MRR can be better exploited. The
data processing can be adapted to the latest state of research and supplemented
for the derivation of other variables. The radar can thus also be used for purposes
other than precipitation monitoring (Voge and Hort use the MRR to monitor a
volcano [34]).

Such alternative raw data processing has been developed, for example, by Maahn
and Kollias [17], which is particularly suitable for monitoring snow precipitation.
Their developed processing methodology improves sensitivity through enhanced
noise reduction. Using a newly introduced Doppler dealiasing, it can detect up-
ward movements of precipitation, which means precipitation moving away from
the radar.

Another alternative raw data processing is made available by Garcia-Benadi et
al. [6]. The methodology defines the derived variables more precisely by prior
classification of precipitation type into snow, drizzle, rain, hail and mixed precip-
itation. It also includes improved noise level determination, peak signal detection
and Doppler dealiasing, which allows the upward motion of precipitation particles
to be taken into account.

For the new data processing we decided to use the methodology of Garcia-Benadi
et al. because of its wide range of applications, such as the extension of precipi-
tation measurement for snow and its significant advantages over MRR’s own data
processing provided by METEK.

In the further course of this chapter we will introduce the Improved Doppler Spec-
tral Processing Methodology by Garcia-Benadi et al.
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Data Processing 1. Improved Doppler Spectral Processing Methodology

5.1 Improved Doppler Spectral Processing Method-
ology

Like the MRR’s own processing, the methodology starts by calculating the volume
backscatter coefficient n(n, ) from the spectral power f(n, i) according to Eq. 2.13.
On these, a peak signal detection and a noise level determination are performed.

5.1.1 Peak Signal Detection and Noise Level Determina-
tion

The noise and the peak value for the volume backscatter coefficient n(n,i) are
determined individually for each height. For this purpose, all Doppler bins of
the spectrum except the first and the last one are used, so compared to MRR’s
own noise determination, fewer Doppler bins are ignored (compare with Fig. 4).
Hence, all possible fall velocity values are used, except the lowest and the highest.
This approach makes it easier to detect multi-peaks in the signal. In a next step,
the peaks are determined, they are defined by the condition that the values in
the preceding and the following bin exist and are less than the peak value itself.
Afterwards, all values greater than the maximum peak value are removed. This
is done primarily to eliminate large noise peaks near the ground. It is after these
steps that the methodology applies the actual noise determination and removal,
according to the method of Hildebrand and Sekhon [11], this is the same method
used by MRR’s own processing methodology. Finally, after noise removal, any
value that does not belong to a series of at least three consecutive existing entries
is removed.

In a next step, the volume backscatter coefficient is expressed as a function of
velocity instead of Doppler bins according to Eq. 2.16. Afterwards, a Doppler
dealiasing is applied to them.

5.1.2 Doppler Dealiasing

The velocity resolution of MRR’s own processing methodology is limited to a range
of 0 - 12.3 m/s. With the help of the dealising scheme used, this range can be
extended in Garcia-Benadi’s processing methodology to a range from —12.3 to
24.6 m/s. The scheme used combines, for a given height, information from spectra
of neighbouring height levels (upper and lower) to obtain the fall velocities of the
hydrometeors.
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In a first step, the noise corrected Doppler spectrum (Fig. 13 (a)) is enlarged to
the velocity range —12.3 - 24.6 m/s by duplicating the original spectrum into the
upper and lower velocity range gates (Fig. 13 (b)). As a result, there are up to
three different possible spectra. To find the correct spectrum, a provisional radar
equivalent reflectivity Z. is determined (using the non dealiased spectrum) from
which an expected mean velocity can be deduced using Eq. 5.1 and Eq. 5.2 from
Atlas et al. [2].

VRain = 2.65 - Z214 (5.1)

Vsnow = 0.817 - 70063 (5.2)

Subsequently, the velocities of the vertically continuous spectra are compared with
the fall velocities calculated from the spectral reflectivity. The spectrum with the
smallest difference is read out as the most probable one (Fig. 13 (c)).

a). Original b). Extended c). Dealiased
Fee i T Fee T = Fee i n
000 .s 1 - lasw . 1 max
[ 1 - [ bt [ i
" - fers g faen H
lae ol . dave shass dore 1
Ill 1 - = IIID r 1] 1
2500 {= . . iw “pes ir !
[ 1) el - (TN adee e 1
[ od - [T o das [ 1
1 1 [ | 1 I
™ " - e »opee S |
iI= a] -ae sfdww »w o sqdsw 1
2000 lea 1 - sl n PN P Py P 1
. ! vie ades - vdmes !
- -t e I Y I H
- e - - sk sn sdew snk ase 1
e Ull - - e UIIII - .. .. H
1500 boe  od e S o b i
lows - -l - - ol - ol . oo - 1
ls ol oim i defmen o 1
i ] [l ] 1 ]
I .t am i s i !
[Ty .y . "o - - - o - 1
1000 [ Y e i g
1 1 [} 1
{som . bas . N o . H
hsm wl wms denm o dos mm denm 1
- |I - s mm - g -- ssmm 1
500 SR ST .o SR
I TT T wal - I TT T s aw I TT R 1
losm o .- [— haa losms 1
1 1 1 1 1 1
losus o . |- shan los s !
leas 1 fee ey [ 1
: - - : : . - : - . . : mmiin
-10 o 10 0 -10 0 10 0 -10 0 10 0
Velocity [m/s] Velocity [m/s] Velocity [m/s]

Figure 13. Schematic of Doppler dealiasing, shown is the volume backscatter
coefficient 1 after noise extraction. Measurement from June 23, 2010

Doppler dealiasing can largely improve precipitation measurements. Because due
to the aliasing effect, small upward velocities of hydrometeors are misinterpreted
by the MRR as very fast downward movements. Also through the aliasing effect,
fall velocities that are larger than the maximally detectable velocity are seen as
small downward velocities. Both lead to incorrect precipitation rates.
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5.1.3 Parameters Calculation

Once the spectra have been dealiased, the following parameters are calculated,
which depend only on the volume backscatter coefficient 7 and which are indepen-
dent of the type of precipitation. These are the radar equivalent reflectivity Z., the
effective fall velocity W, and higher order moments of the velocity distributions
(variance o, skewness sk and kurtosis) which are relevant for the determination of
the precipitation type.

Zo—10%. 0 L% (5.3)
- K2 s '

JZe v - n(v)dv

W= o (54)
| S2en() - (v = w)Pdv
_$ 25 n(v)dv 59

5.1.4 Bright Band Detection

The next step is to check whether there is a bright band and if so, at what height it
is located. Because the presence or absence of a bright band, as well as its height
and thickness, are important parameters for classifying precipitation types and
distinguishing between convective and stratiform precipitation. The bright band
detection algorithm first checks whether a bright band is present or not, following
the method of Cha et al. [3]. For this purpose, the height of the peak reflectivity
Hpeax is introduced, which is defined as the height at which the gradient of Z, is
positive for the last time before turning negative. Furthermore, the preliminary
bright band upper height Hr and lower height Hp are determined as the height
at which the gradient of Z, assumes the largest negative respectively the largest
positive value. Then a bright band is present if Hpeax is defined and if it is both
higher than the preliminary lower height Hp and lower than the preliminary upper
height Hyp.

Hp < Hpeak < Hp (56)

Given that this condition is fulfilled, the algorithm determines the bottom and top
height of the bright band according to the method of Wang et al. [35]. According
to which the bright band bottom is located where the gradient of the effective fall
velocity reaches its maximum value. The bright band top, on the other hand, is
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defined as the height of the maximum value of the gradient of reflectivity above
the bright band bottom.

5.1.5 Precipitation Type Classification

Finally, a precipitation type classification is carried out for each height bin. The
processing methodology distinguishes between five possible precipitation types for
each height bin, namely drizzle, rain, snow, mixed and hail. Whereby in the
category mixed, wet snow, a mixture of snow and rain and sleet are grouped
together.

The classification is built on a decision tree that considers relationships between
the fall velocity of the hydrometeors, the equivalent radar reflectivity, the higher
order moments of the velocity distributions and the existence or absence of the
bright band. A detailed description of the decision tree can be found in [6].

Once the precipitation type has been determined, an attenuation correction is
carried out, analogous to MRR’s own processing methodology, see section 2.5.
Subsequently, further precipitation parameters are determined, depending on the
type of precipitation. In case of rain and drizzle, the procedure is analogous to
MRR’s own processing methodology. In the case of snow or mixed, the snowfall
rate SR is calculated using a so-called Z.-R relation, see Eq. 5.7.

1

SR = (fﬁ) (5.7)

The relation was found empirically by Matrosov and published in 2007 [18]. Fur-
ther precipitation parameters, namely the liquid water content LW C' and the drop
size distribution N, are not determined in this case.

5.2 Implementation

As shown, the processing methodology developed by Garcia-Benadi et al. has far-
reaching advantages over the standard processing methodology.

In the new data processing that we have implemented, the raw data which are
recorded daily by the MRR are first corrected. Because the recorded raw data
have errors almost daily, these include missing lines as well as erroneous lines.
Finally, the data is processed and stored on the servers. A complete reprocessing
of old raw data was not carried out, but old raw data was reprocessed selectively
and for the purpose of this work. All MRR data presented in the following chapters
were reprocessed using the Garcia-Benadi et al. processing methodology.
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CHAPTER 0

Further data used

For the analysis of the virga events, we also used other data besides the MRR data.
To get a broader picture of the atmospheric conditions, we added atmospheric
reanalysis data from ERAS, as well as atmospheric back trajectories generated by
HYSPLIT. In addition, we used data from ceilometers, a device for determining
cloud heights. Just like the MRR, the ceilometers are also located on the campus
of the University of Bern on the ExWi building.

6.1 ERAS5

ERA5 is a global atmospheric reanalysis developed by the Copernicus Climate
Change Service (C3S) and produced at the European Centre for Medium-Range
Weather Forecasts (ECMWEF). An atmospheric reanalysis is a method of creating
meteorological data sets using models of weather forecasting and assimilation of
observational data (for detailed information on the assimilated observational data
see [10]). The weather forecast model used for ERA5 is the Integrated Forecasting
System (IFS) Cy41r2 developed by ECMWE.

Various data sets with different variables are then made available from the ERA5
reanalysis, the ones used for this work are the data sets "ERA5 hourly data on
pressure levels from 1979 to present' [8] and "ERA5 hourly data on single levels
from 1979 to present' [9]. They contain a variety of atmospheric variables, the
ones included in this work being temperature, relative humidity, specific humidity,
specific rain water content, specific snow water content, total precipitation and
horizontal as well as vertical wind speeds. The data sets have a temporal resolution
of one hour and a horizontal resolution of 0.25° x 0.25°. The vertical coverage of
the first data set ranges from 1000 hPa to 1 hPa, on 37 pressure levels, however in
this work the data is expressed in meters above sea level or meters above ground
level.

For the conversion to meters above sea level, the geopotential ® was used, which
is the gravitational potential energy of a unit mass at a given location, relative
to mean sea level, as given in the ERA5 data for each grid point. As Eq. 6.1
illustrates, with the geopotential and the use of the earth’s radius Re, the height
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above sea level z can be determined.

Red®

T Re—® (&)

Subsequently, the data had to be transferred to a new grid, for which the variables
were interpolated along the vertical dimension.

6.2 HYSPLIT

The Hybrid Single-Particle Lagrangian Integrated Trajectory Model (HYSPLIT)
is a model published by the NOAA Air Resources Laboratory for calculating tra-
jectories of air parcels to determine worldwide the distance and direction in which
an air parcel moves. A detailed description of the algorithm can be found in Rolph
et al. [29] and a summary of the opportunities that HYSPLIT offers can be found
in Stein et al. [30].

The HYSPLIT model can be used among other things to calculate forward and
backward trajectories of air parcels. In a forward trajectory, a parcel of air is
selected which is located at a certain place on the earth at a certain time, after
which the model can predict the vertical and horizontal movement of the parcel
of air for a certain period of time. In a back trajectory, an air parcel is selected
and the model calculates where the air parcel originates from, in other words, it
determines the path of the air parcel backwards in time from the selected location
for the selected time.

In addition to the path, the HYSPLIT model can also determine the time evolution
of some meteorological variables of the air parcel, such as the relative humidity, the
potential temperature or the precipitation of the air parcel. The meteorological
data on the basis of which the trajectories are calculated have a coarse temporal
resolution of 3 hours, which is why rapidly changing conditions cannot be included
in the calculations, furthermore the horizontal resolution of 1° is also quite coarse.
All back trajectories presented in this work were generated with the online READY
web version of HYSPLIT application, which can be found here [15].

6.3 Ceilometer

A ceilometer is a device with which the height of a cloud base and the vertical
visibility can be determined. The ceilometer sends short laser pulses in a vertical
direction and measures the backscatter caused by haze, fog, precipitation and
clouds. Since the speed of light is known, the backscattered signals can be assigned
to a height with the help of the time between sending and receiving a signal (Eq.
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6.2).

ct
2
The ceilometer then creates a backscatter profile, that is the signal strength in
relation to the height measured over a certain period of time. An exemplary
backscatter profile is shown in Fig. 14. The laser power used in ceilometers is so
low that the noise of the ambient light exceeds the backscattered signal. Therefore,
the backscattered signals of several laser pulses are summed, and the noise, which
is mostly white noise, partially cancels itself out.

h= (6.2)

—
CLOUD BASE VISION BLOCKED BY CLOUD

PRECIPITATION

SIGNAL STRENGTH

HEIGHT

Figure 14. Exemplary backscatter Profile of a Ceilometer. Behind the cloud
base, visibility for the ceilometer is severely impaired or blocked by the
absorption of the cloud.

The ceilometer data being used in this study originates from two different devices.
Data acquired earlier than the year 2015 were obtained from a CT25K by Vaisala,
more recent data originate from a CHM 15k by Lufft. The cloud layer height
data used in this paper is from an automatic algorithm of the CT25k. Detailed
information on the algorithm’s functionality can be found in [33].
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CHAPTER 7

Virga precipitation

What is virga precipitation? Virga precipitation is precipitation which evaporates
or sublimates before it reaches the ground. This phenomenon is sometimes visible
by eye as an observable shaft of precipitation that descends from the under surface
of a cloud, if that is the case it is called a virga cloud. Virga precipitation can
occur in the form of rain, drizzle, snow or ice, depending on the meteorological
conditions. It is assumed that this phenomenon occurs mainly when the falling
precipitation from a cloud passes through a layer of low humidity causing rapid
evaporation or sublimation. For this reason, virga occur often in deserts and semi-
arid continental regions shown by Wang et al. [36].

On the topic of virga there exist comparatively few publications, and little can
be found in the literature. However, it is important to know what percentage of
precipitation reaches the ground. Studies have shown that the number of virga
precipitation events in deserts and semi-arid continental regions accounts for over
30% of all precipitation events (Wang et al. [36]). And due to global warming,
virga could also occur more often in continental Europe in the near future. The
investigation of virga can also be useful for weather forecasting and climate pre-
diction. Important features of virga like the vertical profiles of precipitation rates
and evaporation rates, are challenging to parametrize for weather and climate
models.

Another phenomenon associated with virga clouds is the dry downburst. A dry
downburst is a strong downdraft creating a small-scale divergent wind field at the
surface. Such a downburst can cause, for example, the crash of a low-flying aircraft
or damage to buildings. It can occur when precipitation falls from a cloud but
evaporates or sublimates before it reaches the ground. Because enthalpy of fusion
is required to melt, sublimate or evaporate the precipitation, the air cools down.
Then the cooler heavy air plunges downward through the warmer lighter air below.
This can create strong downdrafts, which are called micro bursts. More detailed
information on downbursts can be found in Wilson and Wakimoto [37].
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Virga precipitation 1. Search for virga precipitation

7.1 Search for virga precipitation

To start, we had to look for virga events in the data to determine if any were
captured at all. For this purpose, we decided to investigate the MRR data at Bern
between 2008 and 2013, because in those data, compared to those of the following
years, the data processing worked more reliably.

As virga precipitation occurs in different forms, it is not simple to establish cri-
teria for their search, and due to the few publications on virga events, there are
also no uniform standards for doing so. The way we did it was, that we used all
the available instant data (processed by MRR’s own processing methodology) of
those years and searched for events where the MRR measured precipitation rates
but not in the lowest three height gates for at least 5 minutes, which means no
measured precipitation rates between 0 - 300 m.

As one can imagine, this is not a very limiting criterion. It is also fulfilled by other
processes like for example beginning or ending precipitation. This meant that all
the events which met our criterion had to be plotted first and then categorized by
eye to find suitable examples of virga precipitation. In this way, several virga or
virga-like events were found in the MRR data between 2008 and 2013, of which
two selected events are presented in more detail in this work.

It was decided not to make a climatology of the occurrence of virga precipitation
over Bern, because the data are fragmentary and virga precipitation does not occur
sufficiently often that a justifiable statement about its frequency could be derived
from the existing data.

7.2 Selection criteria

We have chosen the following events because they last a long time, that means
they both extend over several hours, which allows us to combine them with the
atmospheric reanalysis data from ERA5, which has a temporal resolution of one
hour. It also allows us to rule out the possibility that a possible virga event is only
precipitation that grazes the radar’s field of view and reaches the ground outside
it.

Furthermore, emphasis was placed on having a temporal constant precipitation
measurement during the events and to avoid breakthroughs in which precipitation
reaches the ground. Because then the virga precipitation was not only local, but
horizontally extended and constant, which makes it more likely to link it with
the atmospheric reanalysis data, which has a quite coarse horizontal resolution of
0.25°. Lastly, we attached importance to the selection that the measured virga
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Virga precipitation 3. Cloud visibility

precipitation would not get near the ground and that the signal would not appear
very weak, the former because we wanted to be sure that really no precipitation
would reach the ground and the latter because we have no knowledge about the
uncertainty of the MRR measurements and we wanted to exclude the possibility
that the events are only noise.

7.3 Cloud visibility

One might wonder whether the signals we observe do not actually originate from
clouds and consequently represent no virga precipitation after all. But clouds
cannot be seen by the MRR, because the MRR is not designed for this purpose.
Therefore the signals coming from clouds are not included in the determination
of the precipitation parameters. Depending on the processing software, different
Doppler bins are used in the raw radar data evaluation, but none uses the first bin
n = 0 and the last bin n = 63 for the calculation of the precipitation parameters
(the bins discarded by METEK can be found in Fig. 4 and the processing method-
ology by Garcia-Benadi et al. discards the bins n = 1 and n = 63). By discarding
the signals of at least the first and the last bin, the signals of targets with veloc-
ities in the range of 0 — dv and the signals with negative velocities in this range,
contributing to the last bin by aliasing, are ignored. Thus, only precipitation par-
ticles moving towards or away from the radar with at least the velocity dv will
be included in the calculations. For liquid precipitation particles, the Gunn and
Kinzer relation (Eq. 2.17) then yields a minimum detectable droplet diameter that
is larger than the maximal cloud droplet diameter of 0.1 mm (for the methodology
of Garcia-Benadi et al. the minimum detectable diameter is Dy, = 0.141 mm
and for METEK Dy, = 0.246 mm). Figures 15 and 16 are two examples of the
MRR being unable to detect clouds. They present measurements taken on the
25th of August 2021 and the 28th of August 2021. Displayed are the measured
reflectivity of the MRR processed with the method of Garcia-Benadi et al., the
distance corrected signal (RCS) of the ceilometer (model CHM 15k) located on
the roof of the ExWi building, and an image of a webcam, also mounted on the
building, taken at 10:00 UTC (12:00 CEST).
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Figure 15. For the 25 August 2021, the ceilometer measurements (RCS - range
corrected signal) clearly show that there existed a cloud cover over the weather
station,indicated by the dark entries at a height of approximately 1 km
throughout the whole period. The webcam image confirms these measurements,
showing a uniform cloud cover stretching over the entire visible sky. No
significant signal can be detected in the MRR reflectivity, this coincides with the
measurements of the ceilometer, on which neither precipitation can be detected.
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Figure 16. The ceilometer measurements (RCS - range corrected signal) from
the 28 August 2021 show that several clouds passed over the weather station at
heights between 0.5 and 4.0 km, and were thus partly within range of the radar.
Furthermore, it is visible in the measurements that there was a precipitation
event between 19:00 and 20:00 UTC, indicated by the increased signal strength
near the ground. The webcam image as well displays many individual clouds, but
no continuous cloud cover. The reflectivity of the MRR also contains only one
event with a strong signal between 19:00 and 20:00 UTC and is thus congruent
with the measurements of the ceilometer, but no signal is apparent from the
clouds themselves.
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7.4 Virga precipitation of 8 April 2008

The first event of virga precipitation that we present in Fig. 17 is from the 8 April
2008. The virga precipitation begins at about 05:30 UTC and ends at the latest
with the onset of ground precipitation at about 13:00 UTC. However, the virga
phase is not continuous, there are several smaller gaps where no precipitations was
detected and therefore no data exists.

LR TRE L

14:20

Figure 17. Radar reflectivity of 8 April 2008 from 05:20 to 15:08 UTC using the
data processing of Garcia-Benadi et al [6]. The red lines mark the selected virga
segment, see Fig. 18. The empty spaces represent missing raw data, presumably
due to the conditional recording. The black dots highlight the cloud base
detected by the ceilometer.

For the sake of clarity, the other precipitation parameters measured by the MRR
are only displayed for a segment of the entire virga event in Fig. 18. In this figure
a mask was applied to the parameters, namely to those measured values whose
precipitation rate was zero and to those whose reflectivity factor was less than -2
dBZ, which is the minimal detectable reflectivity according to METEK [21]. The
displayed segment starts at 07:36 and ends at 08:32 UTC. The reflectivity over
the segment duration is very inhomogeneous and consists of stripes of increased
reflectivity, whereby their maximum value is rather low at slightly below 25 dBZ.
During the period it was possible to measure at times a cloud layer between 1.9 km
and 2.2 km above the ground. For the precipitation rate and the characteristic fall
velocity, a correlating picture to the reflectivity emerges: non-homogeneous and
stripes of increased activity, but no excessive values. Based on the height, the sea-
son and the precipitation classification, precipitation can be assumed to be snowfall
and wet snow because at that time the 0°-isotherm was located at an altitude of
about 1 km, as can be seen in Fig. 19. The maximally occurring precipitation
rates of over 3 mm /h are still considered as moderate precipitation. A bright band
signal cannot be observed because the precipitation does not completely melt into
rain.
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Figure 18. Segment of the virga event that occurred on 8 April 2008. The plots
are all derived from MRR measurements using the data processing of
Garcia-Benadi et al [6]. (a) time-height plot of the reflectivity. (b) time-height
plot of the precipitation rate. (c) time-height plot of the characteristic fall
velocity. (d) time-height plot of the precipitation type. The cloud base detected
by the ceilometer is highlighted by black dots in panel (a).

7.4.1 Meteorological situation

The weather services reported for the 8 April 2008, mild but also humid southwest-
erly winds aloft. In Addition, weak Bise-wind (cold and dry wind) in the region
to which the measuring station belongs. In the Alps, a Fohn-wind (dry and warm
down-slope wind) was registered coming from the south and lasting until about 10
UTC [26],[22],[23].

This weather forecast is also reflected in the time series of the ERA5 data over
Bern (Fig. 19), the temperature profile shows warmer high altitude air and also a
clear warming of the temperatures below an altitude of 1 km, which is probably
caused by the Fohn-wind. In addition, the updrafts and downdrafts are presented,
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but they are quite weak during the virga phase with light downdrafts below an
altitude of 0.5 km and light updrafts from an altitude of 2 km upwards. We
assume that they are not relevant for the virga precipitation on this scale. In the
horizonal wind profiles, a pronounced wind shear is clearly recognisable during
the virga phase, especially in the eastward component U. Observing the relative
humidity, a stratification into humid and drier air is visible during the virga phase,
with drier air near the ground and humid air above.
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Figure 19. ERAS5 data at a grid point close to Bern from 7 April 2008 up to and
including 9 April 2008 with a temporal resolution of one hour. (a) time-height
plot of the temperature. (b) time-height plot of the vertical velocity. (c)
time-height plot of northward component of the wind. (d) time-height plot of the
eastward component of the wind. (e) time-height plot of the relative humidity.
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Figure 20 displays ERA5 data from 8 April 2008 at 7 UTC at different altitudes,
which is right after the start of the virga precipitation. At an altitude of 700 m
a.s.l., a medium-strong wind blows from the northeast towards Bern, bringing cold
and medium-humid air with it. At the same time, a weak Fohn-wind blows from
the southeast, bringing warm and dry air. At an altitude of 1150 m a.s.l., the wind
shifts completely to an easterly direction, with warmer air coming from the south
mixing with the cold air from the east, bringing very dry air to the region of Bern.
At an altitude of 2900 m a.s.l., the picture is completely different, with a strong
southwesterly wind bringing mild but also humid air.
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Figure 20. ERA5 weather maps ‘(maiinly Switierlénd) from 8 April 2008 at D

07:00 UTC. Displayed are the relative humidity R, the absolute humidity ), the
temperature 7" and the horizontal wind speeds at different heights (a.s.l.) with a
horizontal resolution of 0.25° x 0.25°. The location of the MRR is marked with a

red star in the center.
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At 11 UTC (Fig. 21), more towards the end of the virga precipitation, at an
it becomes apparent that the wind now blows more from

altitude of 700 m a.s.l.,
a northerly direction, still bringing dry but much warmer air.

At an altitude of

1150 m a.s.l., the wind has decreased a bit and shifted to a slightly southeasterly
direction, carrying less dry air. At 2900 m a.s.l., a strong southwest wind is still
blowing, which has now brought the very humid air over the region of Bern.
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Figure 21. ERA5 weather maps (mainly Switzerland) from 8 April 2008 at
11:00 UTC. Displayed are the relative humidity R, the absolute humidity @), the
temperature 7" and the horizontal wind speeds at different heights (a.s.l.) with a

horizontal resolution of 0.25° x 0.25°.

red star in the center.

The location of the radar is marked with a
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At 14 UTC (Fig. 22), after the end of the virga precipitation and the onset of
ground precipitation, a different picture emerges at an altitude of 700 m a.s.l., the
winds have completely died down in the region of Bern. At the height of 1150 m
a.s.l., the wind shifted to a southerly direction and decreased noticeably. At 2900
m a.s.l., the situation remains unchanged, with southwesterly winds continuing to
bring very humid air, which has now spread over the entire map section.
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Figure 22. ERA5 weather maps (mainly Switzerland) from 8 April 2008 at
14:00 UTC. Displayed are the relative humidity R, the absolute humidity @), the
temperature 7" and the horizontal wind speeds at different heights (a.s.l.) with a
horizontal resolution of 0.25° x 0.25°. The location of the radar is marked with a
red star in the center.
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Figure 23 shows the back trajectories calculated with the HYSPLIT model on 8
April at 9 UTC. The back trajectories were calculated for air parcels over Bern
at altitudes of 700 m, 1150 m and 2900 m a.s.l., which corresponds to altitudes
of 125 m, 575 m and 2325 m above the measuring station (based at 575 m a.s.l.).
In the back trajectories it can be seen that the lower air layers of the atmospheric
column above Bern originate from high altitudes and because of the lapse rate the
descended air is relatively dry. The upper layer of air above Bern, on the other
hand, originates from a lower altitude and has risen on its way, which is why its
relative humidity is higher.
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Figure 23. Back trajectories from the 8 April 2008 at 8 UTC for the heights
700 m, 1150 m and 2900 m above sea level. Calculated with the HYSPLIT model
(lower panel has a reversed time axis).
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Figure 24 shows different precipitation parameters from the ERA5 datasets. These
largely agree with the measurements of the MRR. It can be seen in panel (a) that
there was virga precipitation in the form of snow. Panel (b) additionally shows
that precipitation reaches the ground in the form of rain from 12 UTC on, although
an order of magnitude smaller compared to the snow precipitation. This agrees
with the MRR measurements in that precipitation then reaches the ground, but
the MRR classifies the precipitation as snow and not as rain (compare with Fig.
37). Panel (c) displays precipitation reaching the ground from 12 UTC onwards
which agrees with the MRR measurements.
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Figure 24. ERA5 data at a grid point close to Bern from 7 April 2008 up to
and including 9 April 2008. (a) specific snow water content (SC). (b) specific
rain water content (RC). The specific contents are defined as mass of snow/rain
per kilogram of the total mass of moist air. (c) total precipitation on the earth’s
surface given as depth in mm of water equivalent.
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7.4.2 Summary

The virga precipitation event presented lasted for roughly eight hours, during
which time precipitation in the form of snow or wet snow was measured more or
less continuously by the MRR. The lowest altitudes reached by the precipitation
before it sublimated or evaporated were usually between 1 km and 1.5 km above
the ground. The height at which the precipitation initiated is not known, the MRR
has a maximum range of 3 km, but the measurements show that the precipitation
mostly originated already higher. The precipitation rates recorded are classified
as light to occasionally as moderate with a maximum of 3 mm/h.

The atmospheric reanalysis data from ERA5 reveal that a wind shear prevailed
during the virga precipitation phase. In the lower layers (below 1.5 km a.g.l.),
unsaturated air reached the measuring station, mostly coming from a southeast-
erly or northeasterly direction. The back trajectories reveal that these air masses
descended from high altitudes. Above this, at higher altitudes, winds from a south-
westerly direction carry saturated air over the measuring station from which the
precipitation originates. The back trajectories show that these air masses have
risen continuously from the surface level.

We suspect that the virga precipitation situation is caused by the wind shear in
combination with light precipitation rates. Because unsaturated air is constantly
carried into the lower layers by the winds, the precipitation can continuously evap-
orate or sublimate without the air layer ever becoming saturated. The evaporation
or sublimation rate is even fostered by the fact that the precipitation is in the form
of snow or wet snow, which has a lower fall velocity than liquid precipitation and
thus remains longer in the unsaturated air masses.

Another source for virga precipitation that we could imagine would be strong up-
drafts. However, we consider this to be rather unlikely, because only very weak
updrafts and downdrafts are visible in the atmospheric reanalysis data and lo-
cal strong vertical winds actually mainly occur in convective precipitation events,
which are neither common in this duration nor in this season at the location.
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7.5 Virga precipitation of 17 March 2013

The second virga precipitation event that we present in Fig. 25 is from 17 March
2013. One can observe that the virga precipitation started shortly before midnight
on the previous day and lasted for a rather long time, ending around 21:30 UTC
with the onset of the ground precipitation. But virga precipitation has not been
measured continuously, there exist one major and several minor gaps due to the
lack of activity.
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Figure 25. Radar reflectivity from 23:29 UTC of 16 March 2013 until 10:00
UTC of 18 March 2013 using the data processing of Garcia-Benadi et al [6]. The
red lines mark the selected virga segment, see Fig. 26. The empty spaces
represent missing raw data presumably due to the conditional recording. The
black dots highlight the cloud base detected by the ceilometer.

Due to the presentability, the further precipitation parameters measured by the
MRR are only presented for a segment of the entire virga event in Fig. 26. A mask
was applied to the parameters in this figure, namely to those measured values
whose precipitation rate was zero and to those whose reflectivity factor was less
than -2 dBZ, which is the minimal detectable reflectivity according to METEK [21].
The recording of the shown segment starts at 11:12 and ends at 16:05 UTC. The
reflectivity exhibits varying characteristics, until about 13:30 UTC values above
15 dBz are frequently observed, afterwards the values range generally between
10 and 15 dBz. Over almost the entire period, the ceilometer measured a cloud
layer whose lower limit ranged between 1 km and 2 km above the ground. The
precipitation rates are quite low and rarely exceed 1 mm/h. The characteristic
fall velocities are mostly close to 2 m/s and thus rather in the higher range for
snow. As expected for this season and the altitude of the precipitation, it consists
mostly of snow according to the classification, with the occasional occurrence of
wet snow. As expected, a bright band signal is not present as precipitation only
occurs in the form of snow above the 0°-isotherm.
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Figure 26. Segment of the virga event that occured on 17 March 2013. The
plots are all derived from MRR measurements using the data processing of
Garcia-Benadi et al [6]. (a) time-height plot of the reflectivity. (b) time-height
plot of the precipitation rate. (c) time-height plot of the characteristic fall
velocity. (d) time-height plot of the precipitation type. The cloud base detected
by the ceilometer is highlighted by black dots in panel (a).

7.5.1 Meteorological situation

On 17 March 2013, the weather service reported stormy Fohn-wind (dry and warm
down-slope wind) over the Alps and clouds at higher altitudes approaching from
a southwesterly direction [24],[25].

Let’s look at the time series of the ERA5 data over Bern (Fig. 27). The tempera-
ture profile shows at an altitude below 1 km an increased temperatures during the
virga phase, which is probably due to the Fohn-wind. The updrafts and down-
drafts are not very pronounced during the virga phase. Below an altitude of 1 km
weak downdrafts can be observed, which probably originate from the precipitation.
But near the ground there are then again very weak updrafts and from an altitude
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Virga precipitation 5. Virga precipitation of 17 March 2013

of 1.5 km on, light updrafts can be found again. In the horizontal wind profiles a
wind shear is visible in the eastward component U during the virga phase, where
the shear line is located at an altitude of around 1.5 km. The relative humidity
profile shows that during the entire virga phase the air below an altitude of 1 km

was quite dry, whereas the air above was very humid.
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Figure 27. ERA5 data at a grid point close to Bern from 16 March 2013 up to
and including 18 March 2013 with a temporal resolution of one hour. (a)
time-height plot of the temperature. (b) time-height plot of the vertical velocity.
(c) time-height plot of northward component of the wind. (d) time-height plot of
the eastward component of the wind. (e) time-height plot of the relative
humidity.
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Virga precipitation

5. Virga precipitation of 17 March 2013

Figure 28 shows ERA5 data from the 16 March 2013 at 23 UTC on different
altitudes, which is just before the MRR started registering virga precipitation. At
an altitude of 700 m a.s.l., the Féhn-wind coming from the southeast is visible,
which moves over the region of Bern, taking warm and dry air with it. A little
higher, at 1150 m a.s.l., the wind blows a little bit more from the south and at a
faster speed, but it carries equally warm and dry air. At 2900 m a.s.l., a strong
wind coming from the southwest is blowing over the region of Bern, bringing humid

air with it.
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Figure 28. ERA5 weather maps (mainly Switzerland) from 16 March 2013 at

23:00 UTC. Displayed are the relative humidity R, the absolute humidity @, the
temperature 7" and the horizontal wind speeds at different heights (a.s.l.) with a
horizontal resolution of 0.25° x 0.25°. The location of the MRR is marked with a

red star in the center.
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At 12 UTC the next day (Fig. 29), the Fohn wind is still blowing from a southern
direction, but in the region of Bern it has come to a complete standstill at 700 m
a.s.l. Above this at a height of 1150 m a.s.l. the wind has lost some of its strength,
but it still keeps the relative humidity low at this altitude by bringing in dry air
from the south. At 2900 m a.s.l., a southwesterly wind is still blowing, but the
humid air tends to pass north of Bern, nevertheless the air in this region is also
already more humid.
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Figure 29. ERA5 weather maps (mainly Switzerland) from 17 March 2013 at
12:00 UTC. Displayed are the relative humidity R, the absolute humidity @), the
temperature 7" and the horizontal wind speeds at different heights (a.s.l.) with a
horizontal resolution of 0.25° x 0.25°. The location of the MRR is marked with a
red star in the center.
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At 23 UTC on 17 March, shortly after the first precipitation reached the ground,
at an altitude of 700 m a.s.l., it can be seen that the wind at this altitude has
now also turned in a southwesterly direction, bringing moist air with it. At 1150
m a.s.l., the picture is similar, the southerly wind has almost completely broken
down and a humid wind from the southwest is now blowing into the region of
Bern. Aloft at 2900 m a.s.l., the wind has lost some of its strength, but it still
blows quite strongly and continues to carry moisture with it.
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Figure 30. ERA5 weather maps (mainly Switzerland) from 17 March 2013 at

23:00 UTC. Displayed are the relative humidity R, the absolute humidity @, the
temperature 7" and the horizontal wind speeds at different heights (a.s.l.) with a
horizontal resolution of 0.25° x 0.25°. The location of the MRR is marked with a
red star in the center.
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Figure 31 shows the back trajectories calculated with the HYSPLIT model on 17
March at 13 UTC. The back trajectories were calculated for air parcels over Bern at
altitudes of 700 m, 1150 m and 2900 m a.s.l., which corresponds to altitudes of 125
m, 575 m and 2325 m above the measuring station (based at 575 m a.s.l.). It can
be seen that the lower air layers of the atmospheric column above Bern originate
from northern Europe. They first crossed the Alps in a southerly direction at high
altitude, before descending to ground level. They then crossed the Alps again in
a northerly direction, but at ground level, arriving in the region of Bern as a dry
warm Fohn-wind. The upper air layer above Bern is humid air originating from
the Mediterranean region that is in the process of rising. On its way to the region
of Bern, it did not pass directly over the Alps but only over their extensions.
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Figure 31. Back trajectories from the 17 March 2013 at 13 UTC for the heights
700 m, 1150 m and 2900 m above sea level. Calculated with the HYSPLIT model
(lower panel has a reversed time axis).
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Virga precipitation 5. Virga precipitation of 17 March 2013

Figure 32 shows different precipitation parameters from the ERA5 datasets. These
are only partially consistent with the MRR measurements. Panel (a) shows that
there was virga precipitation in the form of snow, which reaches the ground at
about 23 UTC. However, the MRR measurements showed that the precipitation
reached the ground somewhat earlier at 21:30 UTC (compare with Fig. 25). In
panel (b) it can be seen that from 14 UTC onwards precipitation reached the
ground in the form of rain. This is not consistent with the measurements of the
MRR, which neither recorded ground precipitation at these times nor precipitation
in the form of rain. Panel (c) displays the precipitation reaching the ground,
striking are the precipitation rates at around 6 UTC, which neither match the
values in panel (b) nor the MRR measurements.

03.17 03.18

4000 SC [g/kgl
= 3000 0.225 0.0225
= 000 0175 0.0175
= 0125 0.0125
= 1000
£ a) 0.075 0.0075
£ 0 0.025 0.0025

1000

300 '| b]l RC [g/kg]
0
2300 0100 0300 0500 0700 09:00 1100 1300 1500 17:00 19.00 2100 23:00 0100 0300 0500 07.00 09:.00

=

= &

E 08 &

£ c) N N

- s 4

Z 06 1

o 3

= A A

g 041 . N s *

= 'y A

Bz & A

a - A a a 4 4

§ 0.0 Ls 4 4 a4 4 4 & 4 4 a

o

a
23:00 01.00 03:00 05.00 07.00 09.00 11:00 13:00 15.00 17:00 19:00 21.00 23.00 01.00 03.00 05.00 07.00 09.00

Figure 32. ERA5 data at a grid point close to Bern from 16 March 2013 up to
and including 18 March 2013. (a) specific snow water content (SC). (b) specific
rain water content (RC). The specific contents are defined as mass of snow/rain
per kilogram of the total mass of moist air. (c) total precipitation on the earth’s
surface given as depth in mm of water equivalent.
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7.5.2 Summary

The virga precipitation event shown lasted for about twenty-two hours, during
which more or less continuous precipitation was measured by the MRR. The pre-
cipitation measured occurred mainly in the form of snow and partly as wet snow.
The lowest altitudes reached by the precipitation varied between 300 m and 1500
m before it evaporated or sublimated completely. The measurements do not reveal
the maximum height at which altitude the precipitation set in, meaning that most
of it started above the maximum height of 3 km which can be resolved by the
radar. Most of the precipitation rates recorded were below 1 mm/h and therefore
classified as light precipitation but when the precipitation became more intense
at times, the precipitation rates were more around 1.5 mm/h, which can still be
classified as moderate.

A look at the atmospheric reanalysis data from ERAD5 reveals that a wind shear
existed throughout the entire duration of the virga precipitation, with the shear
line mostly at an altitude of approximately 1.5 km. Below the shear line, the
prevailing Fohn-wind carried unsaturated air from a southeasterly direction into
the region of Bern. Meanwhile, above the shear line, there was a pronounced wind
coming from the southwest, bringing with it both moist and saturated air. The
back trajectories show that the air masses in the higher layers above Bern have
risen from ground level and have a high humidity. In contrast, the air in the lower
layers originates from the north and has fallen from high altitudes and has a low
humidity:.

Similarly to the first presented virga precipitation event, we suspect that the virga
precipitation situation was caused by the combination of a wind shear with low
precipitation rates. The wind shear leads to dry air in the lower layers above Bern,
guaranteeing the continuous and complete evaporation or sublimation of precip-
itation from the upper layers above Bern. This is supported by the observation
that the precipitation reaches the ground as soon as the southeasterly coming wind
breaks off and thereby ends the wind shear.

Also in this event, the updrafts are not pronounced enough for us to assume that
they could have a sufficiently strong influence on the precipitation to prevent it
from reaching the ground or to significantly extend its fall time.
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CHAPTER 8

Conclusions

This study employs vertically aligned K-band Doppler radar observations to iden-
tify virga precipitation events in Bern, Switzerland. A new radar data processing
by Garcia-Benardi et al. was implemented which allows the detection of snow virga
precipitation. Among these, two events were selected, presented and reviewed us-
ing atmospheric reanalysis data from ERA5 and atmospheric back trajectories
generated by HYSPLIT.

Virga precipitation can occur in a variety of forms and circumstances, however
the two cases studied here are alike in many respects. During both events, the
MRR was able to record virga precipitation with minor interruptions over several
hours, whereby this was composed of snow or wet snow. Both occurred during the
meteorological spring and we would like to note that snowfall is not uncommon at
this season [27]. Precipitation rates could always be classified as light or moderate
at most.

For both events, we assume that the virga precipitation was caused by a prevailing
wind shear, whereby moisture-saturated air was carried over the measuring station
in the upper air layers while a Fohn-wind or Bise-wind blew in the lower air layers,
which continuously carried unsaturated air with it.

Comparable virga precipitation events have been observed and studied by Jullien
et al. [13] at Dumont d’Urville station, East Antarctica. Their composite analysis
revealed that virga precipitation occurs when precipitating clouds are coming from
the sea and simultaneously a low-level katabatic wind (dry fall wind) is blowing
from the inland. This also leads to a wind shear, where air with low relative hu-
midity is carried into the lower air layers.

Further evidence for our assumption that virga precipitation can be caused by
low-level dry winds is that in the example events discussed it is visible that the
wind shear dissipated when the precipitation reached the ground.

During our studies we also found further virga precipitation events, which are not
presented in this paper because they were only of short duration and therefore we
could not compare them with the reanalysis data and the back trajectories because
their spatial and temporal resolution is too coarse. It would be exciting to inves-
tigate these cases further, but this would require better resolved reanalysis data,
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own numerical atmospheric simulations or supporting equipment for future cases.
Such a study would allow one to investigate a possible correlation between strong
updrafts and virga precipitation, which is often related to convective precipitation,
but which occurs only for a short time in a small region. Furthermore, the relation
of virga precipitation and microbursts could be studied.

Other interesting studies would include the frequency and severity of virga pre-
cipitation, for which a complete time series of measurements would be required or
the micro-physical characteristics which require the uncertainties on the measured
parameters to be known, but which we are not aware of.

These further studies could provide deeper insights into the mechanisms and effects
of virga precipitation on the radiative transfer and the hydrologic cycle. Moreover,
their prediction could become of importance to aviation, because the associated
micro-bursts represent a not inconsiderable source of danger for it.
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Appendix

The appendix is mainly intended for people who will be working on virga precipi-
tation at the IAP in the future. On the one hand, it contains a further evaluation
of precipitation events measured by the MRR and other virga precipitation events
that were not investigated further.

Event duration

Figure 33 shows the duration and the precipitation amounts of the identified events
n for the years 2008, 2009 and 2010, measured by the MRR at an altitude of 0
- 100m. A precipitation event was defined on the basis of precipitation intensity
and separation time as follows: The precipitation intensities must be greater than
0 mm/h at an altitude of 0 - 300 m for each time step considered, and the precip-
itation sum must be greater than 0.1 mm over the duration of the corresponding
event, in addition the total duration must be greater than 1 min. Precipitation
events with a threshold value of more than 20 minutes without precipitation were
separated.
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Figure 33. Duration and precipitation amounts of identified events
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Figure 34 shows the precipitation sum as a function of event duration over the
years 2008, 2009 and 2010.
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Figure 34. Precipitation sum of events as a function of their duration
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Figure 35 shows the duration and the precipitation amounts of the identified events
n for the years 2008, 2009 and 2010, measured by the MRR at an altitude of 0
- 100m (a) and by the tipping bucket located at the Bollwerk (b). Although the
tipping bucket on the ExWi building would have been more suitable for compar-
ison, the MRR data were compared with the data from the tipping bucket on
the Bollwerk, as the data from the ExWi tipping bucket show a gap of roughly 4
months.
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Figure 35. Precipitation sum of the events as a function of their duration,
based on the data of the MRR (a) and the tipping bucket at Bollwerk (b)

In order to be able to compare the data records of the two measuring devices,
the MRR data for the Figure 35 was averaged over 10 minutes. In addition, an
event for Figure 35 was defined differently than in Figure 33 to take account of
the different measuring methods. A precipitation event was defined on the basis of

65



Appendix

precipitation intensity and separation time as follows: The precipitation intensities
must be greater than 0.1 mm/h for each time step considered, and the precipitation
sum must be greater than 0.2 mm over the duration of the corresponding event,
in addition precipitation events with a threshold value of more than 30 minutes
without precipitation were separated.

Bright Band

The melting layer is the height interval in which the hydrometeors of precipitation
change from the solid to the liquid phase, it begins at about the height of the
isothermal 0 °C layer. The vertical extent of the melting layer can reach several
hundred meters, depending on the parameters influencing the phase transition,
such as the lapse rate, the humidity and the precipitation rate. In radar measure-
ments, the melting layer is perfectly visible due to an acceleration of the falling
hydrometeors and a higher reflectivity, which is why it is visible on measurements
as a bright band. The increased reflectivity can be explained by the observation
that when ice crystals pass through the layers with temperatures from -5 to 0 °C,
they continue to grow due to the aggregation of other crystals, resulting in larger
particles. As these ice crystals sink into the isothermal 0 °C layer, they warm up
and become wet. Initially, the ice surface of the crystals will be covered with a thin
layer of melted water. However, water reflects the radar signals much more than
ice. But the crystals remain the same size as before, which means that they will
have a much larger effective area. As the melting crystals continue to fall down-
ward, they continue to melt until the wet crystals become pure rain. Raindrops
are smaller and also fall faster, so not only the size of the drops is reduced, but also
their concentration. The reflectivity is therefore reduced below the bright band.
The presence of a bright band is an indicator that precipitation is stratiform, since
strong convective currents in active showers and thunderstorms destroy the hor-
izontal stratification, which is however necessary for the formation of the bright
band.
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Figure 36. Rain event from 17 May 2008, in (a) the bright band is clearly
visible as a continuously increased reflectivity at a height of about 2 km. In (b),
a strong increase in velocity is recognisable at the height of the bright band,
which can be attributed to the higher fall velocity of liquid precipitation
compared to the fall velocity of ice crystals.
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Complete Events

Figures 37 and 38 display the complete precipitation parameters measured by the
MRR for the virga precipitation events of 8 April 2008 and 17 March 2013. In
comparison to the shorter segments of the events shown in sections 7.4 and 7.5,
no masks were applied to these figures.

3000 m TUER W [m/s]
E 2500 '|||‘ ! \'.l' { |' . | || l' 1"" I, \|.|| ||| J.J | 1 | J| \U | ||i" |‘ I 1 4
= 2000 l M .Il | 1|!a 1'| W i ”i| IH ] 1 l'I? I:|II|I|'II1| ?EI' jr‘1|| ”|||4|! L II-ll I\'” :
= 1500 fif : |J|| A "I 'I e i |""'|ii l ﬁ il 2
£ 1000 .‘:;"'I.'ll AR e 1§ ip 3 I' ¥ !l I "||'|F | I:""‘_ '||“ L ' I' i iy ! .T'I" | ,'H' it : I'r' lit Ly 1
£ 50(; l'.lul:!rﬁ:ﬁl::ll : Lli:l.l:.ll' :-!;-:'.'i Al .. I':."- il "“'r ‘Wl :I Ui .|h|-|. r[,I J |I!rl Hllll'ﬂ i h} gl l I ; 'Jml ,‘ il Ill i ; r:'F, il ?1
06:20 07:20 08:20 09:20 10:20 11:20 12:20 13:‘20 14:‘20

ETVIR 1 R T TR WP TR
E 2500 .l' IiI | I I o lu |II / '| 14 I|I |H | I| L {4 . Unknown
— 2000 {PRAN |IERE 'l 1 (4 TR / i Rain
5 1500 h i 'T!I ) i l lk l o ik W |I I|| | i illl gl I ||I | it A TR ' L | Drizzle
£ 1000 { i ; | okl G i | | : A . oz
g ] T e i it ‘ i hat k! ixe
o gl EHS |~.‘EH;.'.£‘ L ...ZN N, |

06:20 07:20 08: 20 09:20 10:20 11: 20 1z 20 13:20 14:20

Figure 37. Complete virga event that occurred on 8 April 2008. The plots are
all derived from MRR measurements using the data processing of Garcia-Benadi
et al [6]. (a) time-height plot of the precipitation rate. (b) time-height plot of
the characteristic fall velocity. (c) time-height plot of the precipitation type. The
cloud base detected by the ceilometer is highlighted by black dots.
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Figure 38. Complete virga event that occurred on 8 April 2008. The plots are
all derived from MRR measurements using the data processing of Garcia-Benadi
et al [6]. (a) time-height plot of the precipitation rate. (b) time-height plot of
the characteristic fall velocity. (c) time-height plot of the precipitation type. The
cloud base detected by the ceilometer is highlighted by black dots.

Additional virga precipitation events

Two additional virga precipitation events are presented in this section. However,
these were not investigated further because they are both relatively short compared
to those presented in the main work. The short duration makes the comparison
with the reanalysis data from ERAS difficult, as these have a temporal resolution
of one hour, which is why short-term changes are not apparent.

Virga precipitation of 14 August 2008

The analysis of the event (see Fig. 39) starts on 19:33 and ends on 19:48 UTC.
The event is quite short with a weak reflectivity of maximally 25 dBz. During the
entire duration, a cloud layer was measured by the ceilometer, at an altitude of
about 1 km. As a result of the rather weak reflectivity, it is not surprising that
fairly low precipitation intensities of mostly less than 1.5 mm/h were observed.
Between 19:36 and 19:40 UTC, a faint bright band can be seen at about 2.3 km
height in the reflectivity, indicating a stratiform event. In the characteristic fall
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velocity, the bright band is clearly visible, while the fall velocities above it fluctuate
around 2 m/s, the fall velocities below it double up to 4 m/s. The bright band can
also be seen quite clearly in the precipitation type classification, above a height of
2.5 km the precipitation is predominantly in the form of ice crystals, at the height
of the bright band the precipitation melts and a mix of snow and rain forms, below
this the precipitation is present in the form of rain, as one would also expect at
this season.
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Figure 39. Case study of a precipitation event that occurred on 14 August
2008. The plots are all derived from MRR measurements using the data
processing of Garcia-Benadi et al [6]. (a) time-height plot of the reflectivity. (b)
time-height plot of the precipitation rate. (c) time-height plot of the
characteristic fall velocity. (d) time-height plot of the precipitation type. The
cloud base detected by the ceilometer is highlighted by black dots.

Observing the longer time series (Fig. 40), it is seen that the selected event
is a pre-precipitation virga. Thereafter (around 20:15UTC), moderate to heavy
precipitation begins, which lasts for at least 6 hours. The continuous bright band
at a height between 2 and 2.3 km indicates that the precipitation is stratiform
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throughout. Towards the end (starts at about 2:24UTC) there is a phase of very
weak precipitation lasting about an hour, which however is not virga.
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Figure 40. Radar reflectivity from 19:24 UTC on 14 August 2008 until 03:40
UTC on 15 August 2008. The red lines mark the selected virga event, see Fig. 39.
The empty spaces represent missing raw data due to the conditional recording.

Observing the time series of the ERASH data over Bern Fig. 41, a wind shear in
the northward wind component (c¢) can be noticed during the virga precipitation
phase. However, the wind shear is not only present during the virga phase but
throughout the entire precipitation period, albeit slightly less pronounced. In the
vertical velocity component (b), also an updraft can be seen during the virga phase
at an altitude between 500 - 3000 m above the ground, but it is rather weak.
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Figure 41. ERA5 data at grid point close to Bern from 13 August 2008 up to
and including 15 August 2008 with a temporal resolution of one hour. (a)
time-height plot of the temperature. (b) time-height plot of the vertical velocity.
(c) time-height plot of northward component of the wind. (d) time-height plot of
the eastward component of the wind. (e) time-height plot of the relative
humidity.
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Appendix

Virga precipitation of 28 October 2008

The analysis of the event (see Fig. 42) starts on 08:13 and ends on 09:28 UTC.
The reflectivity is rather low until about 08:48 UTC, at that time the activity
increases, which then also leads to precipitation that reaches the ground at about
09:22 UTC. The ceilometer measured a cloud layer until 08:48 UTC, at a height
between 1.5 and 1.6 km, afterwards the ceilometer could no longer determine a
cloud layer, presumably due to the increasing precipitation. The precipitation
rates are also rather low during the virga period, mostly below 1 mm/h, until
the time of increased activity in which the precipitation rates exceed 4 mm/h.
Based on the classification, precipitation can be assumed to be snow, which is also
consistent with the values of the characteristic fall velocity, which are mostly in a
range between 1 and 2 m/s.
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Figure 42. Case study of a precipitation event that occurred on 28 October
2008. The plots are all derived from MRR measurements using the data
processing of Garcia-Benadi et al [6]. (a) time-height plot of the reflectivity. (b)
time-height plot of the precipitation rate. (c) time-height plot of the
characteristic fall velocity. (d) time-height plot of the precipitation type. The
cloud base detected by the ceilometer is highlighted by black dots.
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In the larger time section (Fig. 43) it can be seen that there was ground precip-
itation both before and after the selected virga event. The precipitation before
the Virga event is rather inhomogeneous, with alternating short phases of precip-
itation, but a bright band, albeit weak, is always visible. Between 04:00 UTC
and 06:00 UTC the bright band starts to decrease from a height of 1.5 km to 1.1
km, in the next precipitation event starting at 09:30 UTC it is then at a height
of slightly above 0.5 km, from which it can be concluded that the temperature
has decreased during this period. Between these two ground precipitation events,
the virga phase occurs, with a data gap at 07:00 UTC and precipitation measured
near the ground at around 07:30, although very weak.
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Figure 43. Radar reflectivity of 28 October 2008 from 01:00 to 18:00 UTC. The
red lines mark the selected virga event, see Fig. 42. The empty spaces represent
missing raw data due to the conditional recording.

In the time series of the ERA5 data over Bern Fig. 44 we can see that a weak wind
shear is visible in the northward wind component (c), which was present before,
during and after the virga phase. However, if we also look at the relative humidity
profile (e), we see that the air was saturated at all altitudes, which means that
saturated air was also carried over Bern near the ground.
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Figure 44. ERA5 data at grid point close to Bern from 27 October 2008 up to
and including 29 October 2008 with a temporal resolution of one hour. (a)
time-height plot of the temperature. (b) time-height plot of the vertical velocity.
(c) time-height plot of northward component of the wind. (d) time-height plot of
the eastward component of the wind. (e) time-height plot of the relative
humidity.
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