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1 Introduction

The relationship between air pollution, cloud properties, and climate change involves
some of the currently least understood atmospheric processes. It thus attracts in-
creasing concern within the scientific community. Aerosol particles of both natural
and anthropogenic sources have been identified to play an important role for the ra-
diation budget of the Earth atmosphere. On the one hand, aerosol particles have a
direct effect on the radiation budget because they scatter and absorb incoming solar
radiation as well as outgoing terrestrial longwave radiation [ Bohren and Huffman,
1983]. On the other hand, the indirect aerosol effect is related to the influence of
aerosol particles on cloud evolution that affects cloud albedo | Twomey, 1977|, cloud
life time [Albrecht, 1989|, and the formation of precipitation |Pincus and Baker,
1994]. All these processes again have an influence on the radiation budget of the
Earth |Heintzenberg and Charlson, 2009).

To quantify the direct and indirect aerosol effect the vertical and horizontal distri-
bution of aerosol, cloud, and precipitation properties must be characterized. Know-
ing more about aerosols and clouds, as well as their interaction will help to minimize
uncertainties in weather forecast and climate modelling [ Solomon et al., 2007].

Airborne or ground-based in-situ measurements are possible approaches to char-
acterize cloud and aerosol microphysical properties and their relationship. However,
airborne observations (e.g., Miles et al. [2000]) are limited to short time periods
whereas aerosol or cloud properties measured at the ground, e.g., on mountain sta-
tions (e.g., Richardson et al. [2007]), are subject to surface effects that would not
affect clouds in the free atmosphere. An approach to observe aerosol-cloud inter-
action over long time periods are remote-sensing applications. Remote sensing of
cloud and aerosol microphysical properties is a subject to uncertainties, but instru-
ments improve and so the accuracy of the measured parameters. Also combinations
of instruments provide more or additional information |lllingworth et al., 2007].

Based on satellite observations Ackerman et al. |2000] provided evidence that soot
from forest fires can affect cloud formation on a regional scale. Feingold et al. [2003]
were able to identify the cloud albedo effect (Twomey effect) from long-term ground-
based remote sensing measurements. They used cloud radar (Radio Detection and
Ranging) measurement to estimate the cloud-droplet effective radius | Frisch et al.,
1995, 1998] and related this quantity to lidar-derived (Lidar: LIght Detection And
Ranging) aerosol microphysics | Weitkamp, 2005].

In order to investigate cloud and aerosol microphysical properties and their inter-
action, the Leibniz Institute for Tropospheric Research (TROPOS), Leipzig, Ger-
many (51.3° N, 12.4° E, 125 m above sea level) performs measurements of chemical
and physical processes in the atmosphere since 1992. Thereby, TROPOS relies

on both in situ measurements (e.g., Ditas et al. [2012]) and remote sensing (e.g.,



Ansmann et al. [2005]).
Aerosol remote sensing at TROPOS is performed with lidar. Lidars operate

particles is highest. With lidar it is possible to measure vertical profiles of aerosol
distribution, aerosol optical properties, and the vertical motion of aerosol particles
in the free atmosphere.

The radar technique is used to detect vertical profiles of clouds throughout the
troposphere. For this purpose the instrument emits pulses of electromagnetic radi-
ation with a wavelength in the mm- to the cm-range vertically into the atmosphere,
and receives the power backscattered by hydrometeors. Such measurements provide
profiles of the cloud radiative and microphysical properties as well of the vertical
motion of the hydrometeors.

Microwave radiometer measurements at TROPOS are performed as well. The
passive detection technique of the microwave radiation in regions of absorbtion lines
of the microwave spectrum allows the detection of atmospheric state parameters,
such as temperature and humidity, and cloud liquid water path.

The multitude of instruments available at TROPOS allows ground-based detec-
tion of aerosols, clouds, and their interaction at the same time. In the framework
of this master’s thesis, a method for the retrieval of cloud and drizzle microphysi-
cal properties was implemented. The thesis is based on cloud-radar measurements.
Using cloud-radar data the microphysical properties of cloud droplets and drizzle
droplets are determined following the approach presented in Frisch et al. [1995].
Further aspects of the thesis are the determination of the applicability of the im-
plemented Frisch-method and its agreement to similar existing approaches. It will
also be tested if the vertical-velocity measurement of the radar, that is needed for
the retrieval of drizzle microphysics, can be improved by taking Doppler lidar mea-
surements into account.

Chapter 2 gives an introduction to the radar theory. A short overview on the
instruments and their data products used in this thesis as well as a measurement ex-
ample are presented in Chapter 3. In Chapter 4 the theoretical background provided
in Chapter 2 is applied to relate microphysical cloud properties to the corresponding
radar signals. The two methods of Frisch et al. [1995] and O’Connor et al. [2005]
used in this thesis to retrieve cloud and drizzle microphysical properties from radar
measurements are introduced in Chapter 5. In Chapter 6 the cloud and drizzle mi-
crophysics as obtained after Frisch et al. [1995] are presented by means of two case
studies. The results are compared to drizzle microphysics independently derived
after O’Connor et al. [2005|. In Chapter 7 the same calculations are performed for
a data set that was corrected for atmospheric vertical motions which may influence
radar-derived fall velocities of cloud hydrometeors. A summary of the thesis as well

as conclusions are given in Chapter 8.



2 Cloud radar

Radar is an acronym for Radio Detection And Ranging. It is an active remote

sensing technique. By means of this method electromagnetic waves are emitted
into the atmosphere via an antenna. The fraction of the radiation that is scattered
back by particles gives information about hydrometeors in the detected air mass.
From the time delay between emittance of the radiation and the detection of the
backscattered fraction, the range at which the scattering event occurred can be

determined. The following chapter gives the theoretical background of the cloud

radar technique.

2.1 The difference in cloud detection between lidar and radar

Range-resolved remote sensing of clouds can be done with lidar or radar. Even

though the measurement principles of both instruments equal, differences in the
observed atmospheric properties arise from the differences in the wavelength of the
electromagnetic radiation used by the two instruments.

The advantage of cloud detection by radar instead of lidar results from the differ-
ence in the measurement sensitivity of the instruments. Figure 1 shows the backscat-
ter efficiency of a lidar instrument (blue curve) and of a radar instrument (grey and

black curves) as a function of particle diameter. The sensitivity curve of the lidar
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Figure 1: Lidar (blue curve) and radar (black curve) sensitivity in arbitrary units
[a.u.] as a function of particle diameter. The gray curve shows the radar sensitivity

scaled by a factor of 1000 ( Courtesy: U. Gérsdorf).
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shows that the signal is size-dependent up to a particle diameter of 1 um. In this
size region the backscattering efficiency can be described by Rayleigh-scattering
theory when the particle diameter is much smaller than the wavelength, and by
Mie-scattering theory for particles with sizes similar to the wavelength | Hansen and
Travis, 1974]. For particles larger than 1 um the backscatter efficiency is high and
independent of particle size. Particles of that size range thus quickly attenuate the
radiation of a wavelength of 500 nm. In this size range that is much larger than
the wavelength, geometrical-scattering theory must by applied [ Hansen and Travis,
1974].

In contrast to the 500-nm wavelength of the lidar, the sensitivity of the 8-mm
cloud-radar wavelength to detect particles increases in the size range from 1 ym to
approximately 10mm. Signals from particles smaller than 1 mm are rather low.
For this reason the measurement sensitivity for particles smaller than 1 mm was
scaled by a factor of 1000 (see grey line in Figure 1). For droplets with radii lager
than 1 mm sensitivity raises quickly, as shown by the black curve in Figure 1. This
curve also shows that mm-sized precipitation droplets do affect the radar signal as
strong as pm-range particles affect the lidar signal. For the detection of clouds the
wavelength of 8 mm at which the cloud radar operates is well suited.

The difference in the measurement sensitivity of radar and lidar is illustrated
in Figure 2 that shows a measurement performed at TROPOS on 9 September
2011, 1200 to 1600 UTC. Figure 2 (a) displays the lidar measurement that was
performed at a wavelength of 532-nm wavelength. The lidar observation shows that
a well-mixed planetary boundary layer was present between the ground and 1.5-
km height throughout the measurement. Within the boundary layer, convective
clouds, indicated by dark red colours, occur below 1-km height. At heights between
1.5 and 3 km a slowly descending stratus layer was observed. During most of the
measurement time, the lidar beam was attenuated by the liquid water droplets in the
stratus cloud. Only during gaps in the cloud cover higher clouds were detected. The

lidar signal does not provide information about the cloud interior or about cloud or

Leipzig, 09. September 2011, 12:00-16:00 UTC
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Figure 2: a) TROPOS lidar measurement at 532 nm wavelength and b) TROPOS
cloud radar measurement at 8 mm wavelength of 9 September 2011, 1200-1600 UTC.
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aerosol layers present above the cloud. The hydrometeors extinct the transmitted
laser pulses, so that the vertical structure of clouds cannot be determined.

Figure 2 (b) shows the measurement of a cloud radar for the same time period.
In contrast to the lidar the radar measurement captures the vertical structure of
the clouds. At heights above 4 km, where scarce information was obtained with the
lidar, a widespread cirrus cloud occurred. Also we see that the descending stratus
cloud layer, whose base was observed also with the lidar, consisted of several layers.
The radar observation also shows that these cloud layers feature low vertical extents.
The radar measurement also suggests that the aerosol layers at below 1.5-km height
were observed as well. As seen in Figure 1, aerosol particles are too small do be
detected with radar. Instead, the radar detects so-called atmospheric plankton, i.e.,

insects or leaf litter that follow the atmospheric motions | Russell and Wilson, 1996].

2.2 Radar theory for a single-target scattering process

The MIRA-35 cloud radar operated at TROPOS (see Section 3.1) emits pulses of
electromagnetic radiation of a wavelength A = 8 mm with a transmitting power P;.
Cloud hydrometeors and other targets in the atmosphere scatter the radiation.
The radar measurement principle is demonstrated in Figure 3. From the time
shift At between transmittance of the pulse and the detection of the backscattered
power P, the range z at which the scattering event occurred can be calculated, given

a constant propagation speed c of the pulse:

C

= (2.1)

z

In the case of electromagnetic radiation as used by a radar, c is the speed of light.
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Figure 3: Draft of the radar-measurement principle.
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Range z can also transformed into height h by
h = zsin (0) (2.2)

when the elevation angle § is known.
The power P, retrieved from a single target can be calculated with Equation 2.3
[Peters and Gorsdorf, 2010]:

1
P. =0 ) 7(2)% 0 (2.3)

The constant C'; describes the system characteristics that depend on the transmitted

power P, the used wavelength A, and the beam divergence ¢:

B P, \?

Further parameters which influence P, are the range z between radar and scattering
particle, the transmittance 7(r), and the backscattering cross-section o of the target.
7(z) characterizes the extinction of the electromagnetic waves in the atmosphere.
The scattering properties of the target are described by the backscattering cross-
section o |Peters and Gérsdorf, 2010):

™ 2 16

The backscattering cross-section o is determined by the refractive properties of the
m2—1
m2—1

is the complex refractive index. The size of the particle is given by the diameter D.

target which are described by K = | | [Montopoli and Mazano, 2010] where m

2.3 Radar theory for volume-scattering processes

In practice, when radars are applied in meteorology, more than one scatterer con-
tribute to the power P, returned from a scattering volume. The received power then
depends on the sum of all single scattered signals in the volume. So the signal is
a function of the number, the sixth power of the diameter, and the shape of each
scattering particle in a detected volume.

The definition of the scattering volume V' of a radar is illustrated in Figure 4 and
defined in Equation 2.6. ¢ specifies the divergence of the radar beam. The range
resolution Az specifies the depth of the volume V and z is the distance between

instrument and volume:

2
V=m [l;o + ztan ;ﬂ Az (2.6)
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Figure 4: Illustration of a radar scattering volume: Dy is the antenna diameter, ¢
is the beam divergence, z is the distance between radar and scattering volume, and
Az is the range resolution.

Figure 5 presents a comparison of the scattering volumes of radar and lidar as a
function of height. The initial diameter Dy of the radar pulse for this calculation
is 1.2m which is the antenna diameter. The beam divergence ¢ = 0.5° (8.7 mrad)
and the range resolution Az = 15 m. For the lidar pulse the initial diameter Dy is
0.2m, the beam width ¢ = 0.006° (0.1 mrad) and the range resolution Az = 30 m.
As a result of the beam divergence ¢ the scattering volumes increase with increasing
distance to the instruments. The increase of the radar volume is much larger than
the increase of the lidar volume. In Figure 5 can be seen that the radar detects
about 100,000m? at a range of 4km, whereas the lidar only detects 30 m3. At a
range of 10km the detected radar volume is about 700,000 m®, whereas the one of
a lidar is about 70 m3. This fact needs to be considered when collocated lidar and
radar measurements are compared.

When the volume contains i targets with a corresponding backscatter cross-
section o;, the effective backscatter cross-section o, is defined as the sum of all

o; in that volume:

oy =) 0 (2.7)

The detected radar signal P, is thus a function of the sum of all single backscattered
signals in the measured volume and is thus also proportional to the number of
particles. Assuming that the whole scattering volume is homogeneously filled with

targets, the single-target backscatter cross-section ¢ in Equation 2.3 can be replaced
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Figure 5: Scattering volume of a radar (left) and of a lidar (right) both as a function
of height. The initial diameter Dy of the radar pulse is 1.2m, a beam divergence
¢ = 0.5° (8.7mrad), and the range resolution is 15m. The initial diameter of the

lidar pulse is 0.2m, the beam divergence ¢ = 0.006° (0.1 mrad), and the range
resolution is 30 m.

by the specific scattering cross section n [Peters and Gérsdorf, 2010]:

ov

n= (2.8)

The specific backscatter cross section 7 is proportional to the effective scattering
cross section oy of all particles in the volume. From the introduction of the specific
backscatter cross-section 1 (Equation 2.8) and of the scattering volume that increases
with the square of the range z (see Equation 2.6) a new version of the radar equation
is obtained when the initial antenna diameter Dy is neglected and it is assumed that
tan ¢ ~ ¢ for small angles |Peters and Gaorsdorf, 2010]:

P.=(C, 212 7(2)*n(2) (2.9)

In equation 2.9, (5 is again the range-independent radar constant:

 CiAzmg* BN Az

¢, 4 16 ¢2

(2.10)

Equation 2.10 shows that P, for volume-scattering processes does only depend on
the inverse of the square of the range when atmospheric attenuation 7(z) is neglected
and 7(z) is assumed constant. A wavelength-independent radar constant is obtained

when the relation between beam divergence ¢, wavelength A\, and effective antenna
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Table 1: Reflectivity Z in linear scale and in dBZ (Equation 2.16) as a function
of the droplet diameter when 10 droplets of the same diameter are present in the
scattering volume of 1m™3.

| Droplet diameter | Reflectivity Z [mm°m~?] | Reflectivity Z [dBZ] |

1mm 10 10
100 pm 107 —50
10 pm 1071 —110
1 pym 10717 —170

aperture A, is considered, which is | Peters and Garsdorf, 2010|

1 44,

¢2_ A2

(2.11)

Inserting Equation 2.11 into Equation 2.10 yields the wavelength-independent

version of the radar constant

_ PrmAAz

Cs 1

(2.12)

The backscatter cross-section o for cloud droplets is small in relation to the used
wavelength \. So Rayleigh-theory can be applied to describe the backscatter cross-
section |Gunn and East, 1954|. Because the backscattered signal is the sum of all
backscatter signals of all particles in the sampling volume the scattering cross-section

n can be calculated similar as for single targets (see Equation 2.5) | Gérsdorf, 2009]:
™
n:ﬁ|K| Z (2.13)

In Equation 2.13 Z is the reflectivity factor of the detected hydrometeors, and |K|
describes the mean refraction characteristics of all targets in the sample volume.

Z is a function of the particle size and the number of the detected hydrometeors:

7 = i D} = 7N(D) D%dD (2.14)

=0

Assuming that the targets in the sample volume are spherical liquid water
droplets the refraction characteristics K* can be described with K, o = 0.9 [Mon-
topoli and Mazano, 2010], so that their reflectivity factor can be calculated:

)\4
L= —— 2.15
Table 1 displays the reflectivity for liquid water droplets with a number concen-

tration of 10 m~—3 for four different droplet diameters. The range of the calculated
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reflectivity spans over 18 orders of magnitude as is shown in the second column of
Table 1. To improve the handling of the large range of orders of magnitudes the
reflectivity is usually given in dBZ that is defined as [ Montopoli and Mazano, 2010]

A
0

Equation 2.16 is a scaling function. The measured reflectivity is normalized with
respect to a reference reflectivity of Zy = 1 mm®m=3. The reference reflectivity Z,
corresponds to the reflectivity caused by a single droplet with diameter of 1 mm in a
volume of 1m3. The values of the reflectivity given in dBZ now only run over three
orders of magnitude as the third column in Table 1 shows.

Due to the DS-dependency the reflectivity does not give a direct relation to the
droplet diameter. This fact is illustrated in Figure 6 that shows the droplet number
concentration N as a function of droplet diameter D for three reflectivity values of
—55dBZ (red curve), —20dBZ (black curve), and 0dBZ (blue curve). As can be
seen, a clear relationship between droplet size, droplet number, and reflectivity can
hardly be found, especially for small droplets with diameters of below 0.01 mm. It
is possible to derive one value of reflectivity for various monodisperse droplet size
distributions. The reflectivity Z of —55dBZ for example is obtained for a droplet
number concentration of N = 3,000,000m 3 and a droplet diameter of 10 yum, but

1E14
| |
mE 1E12
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Figure 6: Relation between droplet diameter and droplet number for three values of
reflectivity Z = —55 dBZ (red curve), Z = —20 dBZ (black curve), and Z = 0 dBZ
(blue curve).
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Figure 7: Calculated droplet size distributions of advection fog (red curve) | Shettle,
1990], a cumulus cloud (blue curve) | Deirmendjian, 1969|, and a stratus cloud (green
curve) |Miles et al., 2000]. The reflectivities of the shown distributions were derived
after Equation 2.14.

it is also obtained for a droplet number concentration of 3m 2 at a diameter of
100 pom.

In reality, droplet size distributions are not monodisperse. They are usually de-
scriped by gamma or logarithmic distribution functions | Deirmendjian, 1975, Shet-
tle, 1990, Miles et al., 2000] which is further described in Section 4.2. Examples of
droplet number distributions for three different cloud types are given in Figure 7.
Besides the distribution curves, Figure 7 contains also the calculated reflectivities of
the three cloud types that were calculated after Equation 2.14.

The largest reflectivity is obtained for advection fog (red curve), even though
droplet concentration is much lower as for cumulus and stratus. Due to the D°-
dependence of the reflectivity a value of Z = —9.7dBZ is obtained. The stratus
cloud droplet size distribution (green curve) yields a reflectivity of Z = —20.6 dBZ.
Even though, the cumulus (blue curve) has a droplet size distribution that is similar
to the one of the stratus, it only yields a reflectivity of Z = —34.3dBZ. The size
distribution of the stratus is slightly shifted to larger diameters. A cumulus is a
convective cloud. During convective processes a large number of new droplets is
formed in updraft regions. Small droplets produce small reflectivity values, so the
reflectivity of the cumulus is more than one order of magnitude lower than the one

of the stratus.
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The three example clouds presented in Figure 7 represent approximately the range
of reflectivities produced by ambient clouds that do not contain drizzle droplets.
Newly formed clouds with high numbers of small droplets will extend the reflectivity
range to lower values. Larger reflectivities would occur for aged clouds that already

formed drizzle via droplet coagulation.

2.4 The Doppler velocity

Often radars feature the ability to measure the frequency shift between transmit-
ted radar pulse and backscattered signal. This frequency shift, denoted Doppler
frequency, is caused by moving targets. Using the measurement of the Doppler fre-
quency shift fy, the Doppler velocity vq can be calculated if the wavelength of the

emitted radiation is known |Rinehart, 1997]:

_ JaA

5 (2.17)

Ud

In Equation 2.17 vq denotes the radial velocity of the target, i.e., the motion of
the target along the line of sight of the radar antenna. In the case of a vertically
pointing radar the Doppler velocity vq provides information about the fall speed of
the targets, e.g., hydrometeors. In theory v, is used to determine the size of the
falling hydrometeors assuming that the fall speed of a droplet is proportional to its

mass and so to its diameter.

2.5 The Doppler spectrum

Usually numerous targets are present in the sample volume of the radar. Each of the
individual targets then produces a frequency shift according to its radial velocity.
Measuring the returned power in any interval of the frequency shift allows for the
detection of the Doppler spectrum. This is illustrated in Figure 8 that shows a sketch
of the Doppler spectrum. The frequency axis is already converted to a velocity axis
with Equation 2.17.

From the Doppler spectrum the reflectivity Z can be calculated | Gorsdorf, 2009|:

J = v7aXS(Ud) dUd (218)

Umin

The integral of the spectral power §,, is called the 0-moment of the Doppler
spectrum which equals the reflectivity Z. Further the first moment, Equation 2.19,

and the second moment, Equation 2.20, of the Doppler spectrum can be calculated
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Figure 8: Sketch of a Doppler spectrum. Shown is the spectral power S(vq) as a
function of the Doppler velocity vq. vUmin and vg., denote the minimum and the
maximum velocities, at which S(vg) > 0. dv is the velocity resolution.

|Gorsdorf, 2009]:

1 VUmax
V = E / V4 S(”Ud) d'l)d (219)
1 Umax
Wz = E / (Ud - V)2 S(’Ud) d’Ud (2.20)

The first moment of the Doppler spectrum is the mean Doppler velocity V. It
corresponds to the mean radial velocity in the sample volume.

The second moment is called the Doppler width W?2. It corresponds to the
variance of the Doppler spectrum. The Doppler width basically is a measure of the
width of the spectrum of detected velocities. It also can be a measure of the number
of modes the targets size distribution has. A mono-modal distribution gives a small
spectral width. A distribution that has several modes yields a lager spectral width,
as illustrated in Figure 9. The spectral width is also influenced by turbulent motion
of the targets in the sample volume. With increasing turbulence the spectral width

increases.
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Figure 9: Draft of the Doppler width. It shows the relation between the Doppler
width W2, described by the arrows, and the number of modes of the droplet size
distribution.
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3 Instruments

In this Chapter the instruments are introduced that provided the data used in the
underlying study. The instruments are all operated at TROPOS in the mobile re-
search facility Leipzig Aerosol and Cloud Observations System (LACROS). LACROS
comprises a unique set of active and passive remote-sensing instruments. Most of the
instruments are containerized and available for application in field campaigns. The
whole instrument suite of LACROS is shown in Figure 10 and only briefly described
below.

The essential instrumentation for cloud observations are the 35-GHz cloud radar
MIRA-35 and the microwave radiometer HATPRO. They are installed into a sea
container that is shown in Figure 11. LACROS also comprises the multiwavelength-
Raman-polarization lidar MARTHA (Multiwavelength Tropospheric Raman lidar
for Temperature, Humidity, and Aerosol profiling) [ Mattis et al., 2002|, the portable
high-spectral-resolution lidar BERTHA (Backscatter Extinction Ratio Tempera-
ture, Humidity Lidar), Polly*T (POrtabLe Lidar sYstem) |Althausen et al., 2009], a
ceilometer CHM 15kx, and the Doppler lidar WiLi (Wind Lidar) | Engelmann et al.,
2008|. Passive instrumentation which helps to interpret the active remote measure-
ments consists of an Aerosol Robotic Network (AERONET) Sun photometer | Holben
et al., 1998], the microwave radiometer HATPRO [Rose et al., 2005] that includes

Radio-
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Figure 10: LACROS, Leipzig Aerosol and Cloud Research Observations System, is
the network of the aerosol and cloud remote sensing systems at TROPOS.
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also two infrared radiometers, and an all-sky imager. Meteorological surface data
and radiosondes are available in addition. It is planned to become part of BSRN
(Baseline Surface Radiation Network) | Ohmura et al., 1998] that aims at obtaining
quality-assured surface radiation measurements. For the determination of precipita-
tion properties an optical disdrometer [ Jaffrain et al., 2011| records the velocity and
size distribution of falling hydrometeors in the size range from 0.1 mm to 10 mm at
4m above ground.

The instruments actually used for this study are explained more detailed in the

following Sections 3.1 to 3.4.

3.1 Cloud radar MIRA-35

The cloud radar operated at TROPOS is the 35-GHz MIRA-35 of the Metek com-
pany. The instrument is located outside the TROPOS main building and is installed
into a sea container as Figure 11 shows. The diameter of the radar antenna is 1.2m,
the transmitting power is 30 kW. The antenna has a clutter fence to protect the
antenna from ground clutter echoes. Data is recorded with a temporal resolution of
10s within a height range from 150 m to 15000 m above ground and with a spatial
resolution of 30m. The instrument measures the backscattered power, the radial
velocity along the line of sight of the antenna by means of the Doppler spectrum,
and the depolarization ratio of the backscattered power returned from clouds and
precipitation. The velocity-resolution of the Doppler spectrum is 8 cms ™! and the

first range at which a signal is detected is at 250 m. The depolarization ratio of

Figure 11: The cloud radar Mira-35 and the microwave radiometer HATPRO in-
stalled in a sea container at TROPOS.
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backscattered power is not further discussed in this work.

According to Equation 2.12 the system constant C3 of the cloud radar must be
known in order to derive the equivalent reflectivity of liquid water droplets intro-
duced in Equation 2.15. This absolute calibration was given by the manufacturer of
the radar.

3.2 Doppler-lidar WiLi

The Doppler lidar WilLi (see Figure 12) measures the Doppler shift of light at the
wavelength Ao = 2022 nm to detect the motion of aerosol and cloud particles along
the line of sight of the laser beam |Engelmann, 2009|. For aerosol particles and
small cloud droplets the inertial forces caused by changes in the wind velocity can
be neglected. In this case, the measured particle motions correspond to the actual
atmospheric wind velocity. The transmitter and receiver of WiLi are usually pointed
to the zenith in order to measure the aerosol particle vertical velocity.

The Doppler-velocity resolution of Wili is approximately 6 cms ™. Due to the
optical setup of the Doppler lidar, the measurement of the Doppler velocity is only
possible at heights above approximately 450 m.

3.3 Microwave radiometer HATPRO

The microwave radiometer HATPRO of the Radiometer Physics GmbH (RPG) is a
passive remote sensing instrument. The instrument is located outside the TROPOS
main building and is installed into the same ocean container as the cloud radar
as shown in Figure 11. It detects microwave radiation emitted by liquid water,

oxygen, and water vapour [Rose et al., 2005, Crewell et al., 2010]. Water vapour

T
S LTS
1

Figure 12: The Doppler lidar WiLi installed in a container.
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and oxygen have strong rotational transitions in the size range from 20-50 GHz. The
broadening of the absorption bands is influenced by the atmospheric temperature
and the number density of the molecules. Measurements along the edges of these
absorption bands provide information about temperature that influences the width
of the absorption band, and atmospheric gases that influences the intensity of the
absorption band (e.g., water vapour | Crewell et al., 2010]).

These multi-channel measurements are performed in the range of the absorption
lines of oxygen 22.2-31.4 GHz and water vapour 51.3-58.0 GHz. From these measure-
ments temperature and humidity profiles as well as the liquid water path (LWP)
W, can be determined. The liquid water path is the total atmospheric integrated
liquid water content.

The radiometer can measure the liquid water path directly. It is derived with a
retrieval that correlates the measured brightness temperatures with calculated ones
from a radiation transfer program. An equation for the calculation for the LWP

from data of a two-channel microwave radiometer is shown in | Crewell et al., 2010]:
Wp - b() + b1T24 + b2T31 (321)

With Equation 3.21 the LWP can be determined from the measured brightness
temperatures at 24 GHz and 31 GHz and three calibration factors by, by, and bs.
The factors by, by, and b3 are derived from radiative-transfer calculations that are
based on atmospheric soundings. Various retrieval algorithms for different radiome-
ter systems and atmospheric parameters do exist, a good overview is presented in
[Lohnert and Crewell, 2003|. For the underlying study the retrievals provided by
the manufacturer of the HATPRO are applied.

3.4 Ceilometer

The Jenoptik Ceilometer CHM15kx, shown in Figure 13, is a zenith-pointing com-
mercial backscatter lidar system | Wiegner and Geif$, 2012|. It emits laser pulses
at 1064 nm with a typical pulse energy of 8 uJ and a pulse repetition frequency of
about 6500 Hz. The beam divergence is 0.33 mrad and the field of view is 1.8 mrad.
The temporal resolution of the data is 30s and the range resolution is 15 m. 1064
range gates are detected yielding a maximum range of 15.36 km.

The Ceilometer basically provides cloud base heights. The backscatter coefficient
£ and the extinction coefficient « of aerosols and clouds can be estimated from
the Ceilometer measurements, too. The coefficients 5 and «a determine the optical

properties of the aerosol particles and cloud hydrometeors | Weitkamp, 2005].
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Figure 13: The Jenoptik Ceilometer CHM15kx installed on the roof at TROPOS.

3.5 Measurement example of 27 December 2011

This section aims at the illustration of the theoretical background presented in
Chapter 2 by means of a measurement example. The measurement is introduced in
Figure 14. It presents a radar measurement of a drizzling stratus cloud that was
observed at TROPOS on 27 December 2011 between 1400 and 1700 UTC.

In Figure 14 (a) the intensity of the detected signal-to-noise ratio (SNRg) in
dB is shown. The signal-to-noise ratio corresponds to P, in Equation 2.9. It is a
product of all scatters, including clouds, precipitation, insects, and other plankton.
Overall, the drizzling stratus clouds at altitudes below 1.5km height dominates the
measurement.

Figure 14 (b) shows the corresponding equivalent reflectivity of hydrometeors.
The calculation is based on the assumption that the hydrometeors are spherical lig-
uid water droplets, following Equation 2.9. Contributions of plankton were removed
by the software of the radar manufacturer.

Throughout the measurement period the observed reflectivity is low and rather
constant in the cloud top region. The reflectivity of the hydrometeors varies around
—30 dBZ. According to Figure 7 such values are produced by stratus or cumulus
clouds. This suggests that the actual cloud layer that produced the drizzle is present
in this region. Already within 100 to 200 m distance from cloud top the temporal
and spatial variability of the reflectivity increases. Values vary strongly between
—50 dBZ and 0 dBZ. This is likely caused by drizzle droplets that precipitate out
of the upper cloud layer. According to Figure 6 and Table 1, 0 dBZ already can be
produced by a concentration of 1 droplet of 1 mm diameter in 1 m 3. In turn, only
a very low concentration of precipitating droplets is needed to produce a reflectivity
of —50 dBZ, as it was observed between 1430 and 1530 UTC. It is thus likely that
the drizzle droplets were evaporating during that time period.

More information about the size of the observed droplets may be obtained if their
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fall velocity would be known. With MIRA-35 also the Doppler spectrum of the hy-
drometeors can be measured. In case of a zenith-pointing measurement, the Doppler
velocity corresponds to the terminal fall velocity of the detected target population.
The terminal fall velocity is the equilibrium fall velocity at which gravitational force
and drag force of a particle balance out. All radar measurements used within the
underlying study were zenith-pointing.

The mean Doppler velocity for the example measurement introduced in Figure 14
is shown in Figure 15. The Doppler velocity measurement shows positive velocities
in the cloud top region, i.e., atmospheric updrafts occurred in this part of the cloud
and dominated the terminal fall velocity of the observed droplets. This corroborates

the hypothesis that mostly small cloud droplets were present. 100 to 200 m below

3 0MIF\‘A-35 Signal-to-Noise Ratio on 27 December 2011, 1400-1700 UTC
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Figure 14: Measurement of the cloud radar Mira-35 at TROPOS of 27 December
2011 from 1400 till 1700 UTC. Figure (a) shows the signal to noise ratio SNR, (b)
the calculated reflectivity for water droplets Ze. The colour tables point out the
intensity in dBZ.
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MIRA-35 Doppler (Vertical) Velocity on 27 December 2011, 1400-1700 UTC
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Figure 15: Vertical velocity measured with Mira-35 on 27 December 2011 at TRO-

POS. The observation spans over the same time range as the ones presented in
Figure 14. Negative values correspond to downward motion.

cloud top, velocities are predominantly negative, indicating downward motion of
the observed droplets. Only around 1540 UTC an updraft occurred. At around
1550 UTC, when strongest reflectivities were observed (see Figure 14 (b)), the fall
velocities are highest with values around —3 ms™!.
this region. In the drizzle region between 1430 UTC and 1530 UTC where low

reflectivities were observed, also the fall velocity is rather low. This corroborates

Droplets were thus largest in

that only slowly falling small droplets were present during this time period.

The radar detects the Doppler spectrum at each range gate of a measurement. In
Figure 16 (a) a vertical profile of the Doppler spectrum measured at 15:37:38 UTC
(during the measurement introduced in Figure 14) is shown.

The vertical profile of the Doppler spectrum highlights the variability of the target
terminal velocities with altitude. In the highest 200 m of the vertical profile it can
be seen that the velocity accumulates around 0ms~! and that the signal intensity
is low. As mentioned above, it is likely that only small cloud droplets are present
in this height range. It can be seen in Figure 14 (b) that low reflectivity values are
shown at the top of the stratus. In comparison to the droplet size distributions in
Figure 6 the reflectivity at cloud top relates to those produced by stratus or cumulus
clouds. Higher reflectivities are shown in the region where drizzle is assumed. Also
the observed vertical velocities are indicating that the droplets are small enough to
be moved upward by atmospheric motions.

A more-detailed view on the Doppler spectra is shown in the four subfigures below
the vertical profile of the Doppler spectrum in Figure 16. The spectrum at 1528.98 m
height (Figure 16 (b)) is narrow with a high contribution of positive velocities. This

again corroborates the impression that the cloud droplets in this height range were
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Doppler spectra at 15:37:38 on 27 December 2011
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Figure 16: Doppler spectra measured during the same time periods as shown in
Figures 14 and 15 on 27 December 2011, 15:37:38 UTC. (a) Vertical profile of
the Doppler spectrum. (b)—(e) Doppler spectra measured at 1528 m, 1439.04 m,
1019.32 m, and 689.54 m height, respectively.

small and followed atmospheric motions.

The Doppler spectra at 1439.04 m height (Figure 16 (c)) is wider and shows
increased signal intensities. Overall, the spectrum is shifted to slightly lower veloc-
ities. The increased signal intensities and the lower velocities suggest that droplet
size increases.

Figure 16 (d) shows the Doppler spectrum at 1019 m height. The spectrum shows
a bimodal shape. Thus, the drizzle mode can now be separated from the cloud

mode. This impression is corroborated by the increased fall speed, the negative
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velocity values, and the signal intensity of the left mode. The cloud mode still
shows intensities and positive velocities similar to Figure 16 (b) .

At lower heights of 689 m (see Figure 16 (e)) in the vertical profile of the spectrum
it can be seen that the spectral width of the drizzle mode increases. Also its intensity
increases and the velocity is shifted further forwards negative values. This effect is
most likely caused by the increased size of the drizzle droplets.

The measurement example demonstrates that the Doppler spectra contain infor-
mation about the droplet number concentration and the droplet size. However, in
order to derive a quantitative estimate of droplet size and droplet size distribution
a relation between the Doppler velocity and droplet size is required. A solution of

this problem is described in the following Chapter 4.
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4 Simulation of radar signals

In Section 2.2 and 2.3 it was shown that the equivalent radar reflectivity is a func-
tion of the particle size and number. For a given droplet size distribution, the
corresponding reflectivity can directly be calculated. However, a radar measures the
reflectivity as a function of Doppler velocity. To relate the spectral power of the
Doppler spectrum to the spectral power of the size distribution it is necessary to
find a relation between the fall velocity and the size of the hydrometeors. Under the
assumption, that the observed Doppler velocity equals the fall speed of the cloud
hydrometeors, the Doppler spectrum can then be directly converted into the size
distribution.

From the size distribution further cloud microphysical properties are determined

from the droplet size distribution, e.g., the cloud liquid water content

oo

4
0 = PH.O / §7TN(T)?“3 dr (4.22)
0
or the effective droplet radius
OON(’F)TSdT
Te = = (4.23)
[ N(r)mr2dr
0

The effective radius, which is the ratio of the total volume to the total area of a
particle size distribution, is an important parameter in radiative transfer calculations
[Hansen and Travis, 1974].

An approach to relate the Doppler spectrum to the droplet size distribution is
presented in Section 4.2. In Section 4.3.1 and 4.3.2 the approach is applied to

selected cases by means of simulations.

4.1 Relation between droplet size distribution and Doppler
spectra

The reflectivity Z can be calculated from a given droplet size distribution by apply-

ing Equation 2.14. Tt can as well be calculated from the Doppler spectrum (Equa-

tion 2.18) assuming that the Doppler velocity vy equals the droplet fall velocity vy
which is in this Chapter donated v:

OON(D) D%dD = 7 = / S(v) dv (4.24)
/ /

Umin
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For a zenith-pointing radar and the assumption of absence of air motion, the

Doppler-spectral power S(v) can be expressed as a function of D:

¢ 9D(v)

S(0) = S(D(v)) = N(D(v) D) *=-

(4.25)

Vice versa, the size-related spectral power S(D) can be transformed into the

Doppler-spectral power |Atlas et al., 1973|:

6 OD(v(D))

S((D)) = N((D) D(e(D) =5 78

(4.26)
The Doppler spectrum now can be calculated for a given droplet size distribution.
The final equation for the reflectivity Z is derived by inserting Equation 4.25 into

Equation 2.18:

7z = / N(D(v)) D(v)® agiv)dv (4.27)

In order to implement the substitution of v by D(v) and vice versa a relation
between droplet diameter and the corresponding fall velocity must be known. Vari-
ous parametrisations exist and two of the parametrisations are shown in Figure 17
graphically. The one provided from Beard [1985] is a complex parametrization that
can be pressure corrected and is valid for a large droplet radius size range. The
second parametrization is simpler linear one and just valid from 45 pm to 400 pm.
This parametrization is used in the by Frisch et al. [1995] provided method for
the determination of microphysical properties of drizzle droplets. For this simula-
tion studies the parametrization from Beard [1985] is used because it is valid for a
large size range. The parametrization provided by Beard |1985| gives a power-law

relationship between v and D:

0.373+0.025D
v =1 <p0> (4.28)
p

In Equation 4.28 p is the reference density of 1.194kgm ™3, p is the density of the
air surrounding the droplet, and vy is an empirically-derived reference fall velocity
that is defined as

vy = 5.984 + 0.85151In(D) + 0.15541n*(D) + 0.032741n*(D). (4.29)

The parametrization is valid for small droplet radii starting from about 1 ym. Be-
cause the density of the air surrounding the droplet is accounted for, the parametriza-
tion is a function of height when it is applied to atmospheric conditions.

In Figure 17 the relationship between fall velocity and droplet diameter is il-

lustrated. The fall velocity for droplets with radius r = 10 pm is small with
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Figure 17: Relationship between droplet radius and fall velocity calculated for a
density p = 1000 hPa (see Equation 4.29)

L are reached for a drop radius

v = 0.02 ms~!. Higher fall velocities of about 1ms~
of around 1 mm.
The variables D(v) and ag—gj) in Equation 4.25 that are needed for the substitution

of S(v) can be derived from Equation 4.28.

4.2 Setup of the simulation

In this Section the setup of the simulation of Doppler spectra from given droplet size
distributions is introduced. The results of the simulation give an impression on the
shape of Doppler spectra produced by natural size distributions of cloud droplets and
precipitation. For this purpose the spectral power distributions will be calculated
for both S(D) and S(v) = S(D(v)) to also get an impression on differences in the
shapes of the two different spectra.

First, droplet number size distributions N (D) must be obtained from which the
spectral powers S(D) and S(v) = S(D(v)) can be derived after Equations 2.14 and
4.25, respectively. Various parameterizations of droplet number size distributions
are available in the literature. For this study, droplet size distribution for clouds
were obtained from publications of Deirmendjian [1975] and Miles et al. [2000].
Both studies derived parameterizations of the size distributions from airborne in-
situ measurements of clouds. The parameterizations were obtained by fitting the
measurement to modified gamma functions.

The function used by Deirmendjian [1975] is

N(r) = Ayr® exp {—BWTFW} (4.30)
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where r is the droplet radius, A,, By, and «, are scaling factors, and I'y, is the

Gamma function.
The function used by Miles et al. [2000] is

L -

where D is the droplet diameter, N is the total number concentration per unit
volume, D, is the nonphysical scaling diameter, v is the shape parameter, and I'(v)
is the Gamma function.

Drizzle droplet size distributions were not provided in the abovementioned pub-
lications. In order to enable the investigation of the effect of a drizzle mode on the
Doppler spectra, a parameterization of Van Zanten et al. |2005] was implemented
into the simulation. This parameterization is based on a fit of airborne in-situ

measurements of drizzling stratus clouds to a logarithmic normal distribution:

No p{_(lnp_mw}

= ex
Dy/27In® (o) 21n* (o)

In Equation 4.32 D is also the droplet diameter, Ny again the total number concen-

N(D) (4.32)

tration per unit volume, and o, is the geometric standard deviation of the logarith-
mic normal distribution.

For the simulation the droplet size distributions N(D) were calculated for
1 pm < D < 1000 pm in intervals of AD = 1um.

From N (D) the spectral power S(D) and thus the power spectrum as a function
of N(D) can be calculated directly after Equation 2.14. The calculation of the
Doppler spectrum S(v) requires the relationship between v and D, represented as
oD

5c in Equation 4.25. This relation was obtained numerically from Equation 4.28.

4.3 Simulation results

In this Section the results of the simulation of Doppler spectra from given droplet
size distributions is provided. The first result, presented in Section 4.3.1, illustrates
the simulated Doppler spectrum of a stratus cloud. A stratus cloud formation is
frequently based on temperature inversion conditions | Kraus, 2000|. The shape of
a stratus cloud droplet size distribution is narrow but in general the mean radius is
lager than in cumulus clouds (see Figure 7).

In contrast to stratus clouds, cumulus clouds are formed during convective pro-
cesses. This leads to the production of a large number of small droplets | Kraus, 2000]
by activation of aerosol particles acting as cloud condensation nuclei. During the
cumulus cloud formation process the droplets grow by coagulation and coalescence.

For this reason the droplet size distribution is wider than the one of a stratus cloud.



4.3 Simulation results 31

Table 2: Parameters used for the parameterization of a stratus cloud after Equation
4.32. Data taken from Miles et al. |2000].
| Reference in Miles et al.: Hayasaka et al. [1995] | No [em™] | v | D, [pm] |

’ Stratus cloud droplet size distribution ‘ 148 ‘ 17.3 ‘ 1.0 ‘

Because of the large number of small droplets the mean radius of cumulus clouds is
smaller than the mean radius of the stratus clouds. However, under the convective
conditions present in cumulus clouds a fraction of the droplet population may grow
to precipitation-sized droplets. To get an impression of the impact of precipitation
on the Doppler spectrum the simulation of a drizzling cumulus cloud is presented in
Section 4.3.2

4.3.1 Simulation of a stratus cloud

The cloud droplet size distribution of the stratus cloud was derived from the
parametrization of Miles et al. [2000] that is given in Equation 4.31. Parameters
that are used to calculate the droplet size distribution of the stratus that is used in
this study are based on measurements of Hayasaka et al. [1995]. They are given in
Table 2.

In Figure 18 the black curve illustrates the calculated droplet number concen-
tration of the stratus cloud. The droplet size distribution is mono modal with a
maximum at about 8 pum radius. The droplet radius ranges from 1 ym to 30 um and
the effective radius of the stratus droplets is 9.65 um. With Equation 4.22 the liquid
water content of the droplet size distribution can be calculated. The LWC of this
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Figure 18: Simulated droplet size distribution (black curve) and power spectrum
(red curve) of a stratus cloud as a function of the droplet radius.
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Figure 19: Simulated droplet size distribution (black curve) and Doppler spectrum
(red curve) of a stratus cloud as a function of the Doppler velocity.

stratus cloud case is 0.474 gm 3.

In Figure 18 the spectral power S(R) derived from Equation 4.24 is illustrated
by the red curve. The spectral shape is mono modal, too. However, the maximum
of S(R) = —25 dBZ um™! is calculated for a droplet radius of about 11 pm. The
overall shape of the power spectrum is more narrow than the one of the droplet
size distribution. The peak of S(R) is shifted to larger droplet radii compared to
N(R). These two facts show that a smaller number of droplets with large droplet
radii have a larger influence on the spectral power than a large number of droplets
with small droplet radii. This relates to the D°-relationship of the radar signal that
is described in Section 2.3 and already introduced in Equations 2.14 and 4.24. With
the integral of the power spectrum over the whole radius size range of the droplet
size distribution the reflectivity of the stratus is calculated as Z = —20.595 dBZ.

In Figure 19 the results of the Doppler spectrum calculated from the given droplet
size distribution are illustrated. The droplet number concentration N(v(D)) as a
function of velocity v(D) in Figure 19 is illustrated by the black curve. The droplet-
velocity distribution is again mono modal. The droplet size range of approximately

!, whereby negative

1 to 30 um scales on a velocity range of 0 ms~! to —0.08 ms~
velocity values correspond to falling droplets.

The red curve in Figure 19 illustrates the Doppler spectrum of the stratus cloud.
The Doppler spectrum is calculated with Equation 4.25. As can be seen in Fig-
ure 19 the shape of the Doppler spectrum is more narrow than the droplet-velocity
distribution. The spectral power S(v) of the Doppler spectrum is dominated by
velocities in the range between 0 ms~! and —0.065 ms™!, i.e., by faster and thus

larger droplets, with a maximum at about —0.04 ms~!.



4.3 Simulation results 33

In Section 3.1 it was mentioned that the Doppler-velocity resolution of MIRA-

35 is 8 cms L.

As can be seen from Figure 19, the whole spectrum produced by
the stratus cloud droplet distribution spans over a velocity range of roughly 7 cm.
Thus, a radar observation of a cloud featuring the presented droplet size distribution
would, under absence of any turbulence, measure only a single peak in the Doppler

spectrum.

4.3.2 Simulation of a drizzling cumulus cloud

The cloud droplet size distribution of the cumulus cloud was derived from the
parametrization of Deirmendjian [1969| that is given in Equation 4.30. The param-
eters used for the simulation of the droplet size distribution are listed in Table 3. A
precipitation mode was added to the droplet size distribution of the cumulus | Van
Zanten et al., 2005]. The precipitation mode is calculated with Equation 4.32 for
the parameters listed in Table 3.

In Figure 20 the simulated droplet size distribution of the cumulus cloud and
the added precipitation mode are illustrated (the black curve). The shape of the
droplet size distribution is bimodal with the first maximum at a droplet radius of
about 4 ym and a second maximum at a droplet radius of about 35 pm. The droplet
radius ranges from 1 pum to about 300 pum. The effective radius of the cumulus cloud
droplet distribution without the precipitation mode is 6.0 ym. The cumulus cloud is
represented by the first mode of the distribution, the drizzle droplets by the second
mode. The drizzle droplet concentration is approximately five orders of magnitude
lower and much wider than the one of the cloud mode.

The spectral power (red curve) is as well illustrated in Figure 20. It is seen
that the spectral power is represented by two separated modes. The first mode
is produced by the cloud droplets of the size distribution and has its maximum
at a droplet radius of about 8 um. The second mode, two orders of magnitude
larger than the first one, is produced by the drizzle droplet size distribution and has
its maximum at about 110 pum droplet radius. The five-orders-of-magnitude larger
maximum in the cloud droplet size distribution of the cumulus mode produce a much
lower maximum in the power spectrum of about —40 dBZ ym™!, whereas the one

produced by the peak concentration of the drizzle droplets is —25 dBZ ym™!. This

Table 3: Parameters for the calculation of a droplet size distribution of a cumulus
cloud |Deirmendgian, 1969| after Equation 4.30, and of the droplet size distribution
for a precipitation mode | Van Zanten et al., 2005] after Equation 4.32.

| Deirmendgjian, 1969| Ay | ay | By |pm™ | Ty
Cumulus cloud droplet size distribution | 2.373 | 6 1.50 1
| Van Zanten et al., 2005| No Og Dyg|pm]
Droplet size distribution for precipitation | 0.033 | 1.55 86
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Figure 20: Simulated droplet size distribution (black curve) and power spectrum
(red curve) of a drizzling cumulus cloud as a function of the droplet radius.

is again due to the D®-dependency of the reflectivity (Equation 2.14) which is also
the reason for the shifts of the maxima of the power spectrum to larger droplet radii
compared to the one of the droplet size distribution. The total calculated reflectivity
of the size distribution is —3.727 dBZ and the calculated liquid water content of the
total droplet size distribution is 0.089 gm 3.

The simulated Doppler spectrum (red curve) and the droplet number concentra-
tion (black curve) for the drizzling cumulus cloud are illustrated in Figure 21. The
mean Doppler velocity of the spectrum is —0.184 ms~! and was calculated from the
Doppler spectrum with Equation 2.19.

The Doppler spectrum shows two maxima as expected from theory in Chapter
2.5 and the measurement example in Chapter 3.5. Seen is that the drizzle droplet
mode dominates the spectrum. The first maximum derived for the cloud droplet
mode at about —0.02 ms~!is 20 dBZm™'s lower than the second maximum of the
drizzle mode at about —0.25 ms~!. It can be seen again that the velocity range of
the Doppler spectrum is wider than the droplet size distribution and ranges from
0 ms~! to about —1.1 ms~1.

As for the stratus-cloud case presented in the previous section, the actual spec-
trum of the cloud-mode of the drizzling cumulus would be detected as a single peak
in the Doppler spectrum of MTRA-35. This is due to the Doppler-velocity resolution

of MIRA-35 which is 8 cms~!.
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Figure 21: Simulated droplet size distribution (black curve) and Doppler spectrum
(red curve) of a drizzling cumulus cloud as a function of the Doppler velocity.
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5 Determinitation of microphysical properties of

drizzle and clouds

So far this thesis dealt with the theoretical relationship between radar signal and
cloud or drizzle microphysical properties. In the following Chapter it is shown how
the background given in the previous chapters can be applied to remote sensing
measurements.

Existing schemes for the retrieval of cloud and drizzle microphysical properties
have in common that the goal is to determine the parameters that are needed to
describe analytical droplet size distributions. In the scope of this thesis, one of
such retrieval schemes, based on Frisch et al. [1995], was implemented at TROPOS.
The method of Frisch et al. [1995], in the following denoted Frisch-method, allows
for the retrieval of both drizzle and cloud droplet microphysical properties. It is
based solely on radar measurements of the Doppler velocity, Doppler spectral width,
and reflectivity. The Frisch-based concepts for the retrieval of drizzle microphysical
properties and of cloud droplet microphysical properties are presented in Section 5.1
and Section 5.2, respectively.

In Section 5.3 an independent approach of O’Connor et al. [2005] for the de-
termination of drizzle droplet microphysical properties is presented. Herein, it will
only be used for comparison with the results obtained with the Frisch-method. The
retrieval of O’Connor et al. [2005] differs from the one of Frisch et al. [1995] because
it does not rely on the radar measurement of the Doppler velocity. Instead, it uses

Ceilometer measurements of cloud optical extinction as an additional constraint.

5.1 Determination of drizzle microphysical properties with

radar

In this Section the method provided by Frisch et al. [1995] to determine micro-
physical properties of drizzle droplets is introduced. The Frisch-method is based
on the determination of parameters that are needed to solve a logarithmic normal
distribution n(z) [Davidson et al., 1984|

n(z) = UX]\\/[%exp {—(‘7”;;;0)2} (5.33)

that describes the number size distribution of either drizzle droplets or cloud
droplets. In Equation 5.33, N is the total droplet number concentration per unit
volume, oy the logarithmic width of the distribution, zq = In (rg) describes the mean
droplet radius 79 in pm, and = = In (r) is the logarithm of the droplet radius.

To calculate the microphysical droplet properties Frisch used the moments of the
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logarithmic normal distribution

o0

<rk> =Nt /rkn(r)dr =7k - exp {k220X} (5.34)

0

where <’I“k> is the kth moment of the logarithmic normal distribution n(r) that now
depends directly on the radius after setting r = e*. To determine microphysical
droplet properties using radar-data the three parameters that solve the logarithmic
normal distribution (79, oy, and N) must be obtained.

The reflectivity Z (see Equation 2.14) can derived from the logarithmic normal

distribution using Equation 5.34:
7Z =2°N <'r6> = 2°Nrlexp {180)2(} (5.35)

For the calculations in Frisch et al. [1995| the reflectivity Z is expressed in units of

mm6
m3

As shown by Frisch et al. [1995] the Doppler-velocity spectrum <V’€>D can also

m? instead of

that is usually provided from radar measurements.
be derived from the moments of the logarithmic normal distribution:

i ro [Ve(r))*
<v >D = <<T6>> (5.36)

In Equation 5.36 (r®) is the sixth moment of the logarithmic normal distribution
and V;(r) the radius-dependent fall velocity of the droplet.

To derive the Doppler spectrum, Frisch et al. [1995] used a fall-velocity approxi-
mation because fall velocity Vi(r) depends on the droplet size. The approximation

relates the droplet fall velocity linear to the droplet radius | Gossard et al., 1990]:
r=aVi(r)+b (5.37)

In Equation 5.37 a = 1.2-107%*s and b = 1 - 10> m. The approximation is only

valid for droplets with a radius between 45 pum and 400 pm and a fall velocity Vi (r)

1 1

between 0.3 ms™ and 3.0 ms~". Thus all droplets with » > 45 um are declared

as cloud droplets and droplets with r < 400 pm are declared as rain droplets. The
parametrisation is illustrated in Figure 22. In comparison to the one presented
in Equation 4.28 of Section 4.2 (illustrated in Figure 17) the range of validity for
both the radius and the velocity is smaller. However, the parametrized fall velocities
used in the Frisch-method are larger than the ones obtained with Equation 4.28. For
r =45 um and r = 400 um, Equation 5.37 yields, v = 0.3 ms~! and v = 3.0 ms!,
respectively. For the same two readii, Equation 4.28 yields, v = 0.09 ms~! and

1

v = 0.5 ms™ ", respectively. The discrepancies between the two parametrisations are
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Figure 22: Relationship between droplet radius and fall velocity after Gossard et al.
[1990] as applied in Frisch et al. [1995] and described by Equation 5.37.

remarkable. They are probably a result of the different approaches of Beard [1985]
and Gossard et al. [1990] to establish the parametrisations. In the scope of this
thesis the discrepancies were not studied in detail.

Frisch used the velocity approximation in Equation 5.37 to derive the mean

Doppler velocity (V') from the first moment of Equation 5.36.

1302
a (V) +b=rg-exp { QUX} (5.38)

In Equation 5.38 the radar-measured Doppler velocity is a function of the mean
radius ry and of the logarithmic width o, of the logarithmic normal distribution.
Frisch derives the Doppler width o, from the logarithmic normal distribution as

shown in Equation 2.20:

7= (V) — () = () exp {1302} [exp {02} —1]  (539)

In Equation 5.39 the measured Doppler width o, is again a function of the mean
droplet radius ry and the logarithmic width of the logarithmic normal distribution.
The combination of Equation 5.38 and Equation 5.39 yields an equation for the

logarithmic width o, that depends only on radar-measured parameters:

NI

2
oy oy

(Vp+2)°)] Vo

a

(5.40)

ox = |log | 1+

In Equation 5.40 only the radar-measured Doppler width o, the Doppler velocity

(V)p. as well as the constants a and b are needed to calculate the logarithmic
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width. Inserting Equation 5.40 into Equation 5.37 allows to calculate the mean

droplet radius ry from radar data.

ro = [a(V)p + b exp {— 1320’2(} (5.41)

The combination of the transformed Equations 5.35, 5.40, and 5.41 yields an
equation for the total droplet number concentration N that then also depends only

on parameters measured with radar.

B A
2678 exp {1802}

(5.42)

The set of Equations 5.40, 5.41, and 5.42 is the key to convert the radar-measured
parameters oy, (V)p, and Z to the input parameters oy, ro, and N of the logarithmic
normal distribution.

Another microphysical droplet property Frisch et al. [1995] derived from the

logarithmic normal distribution is the liquid water content ¢.

2

4 4 9
@ =37 pulN (r*) = 3w NI exp {g"} (5.43)

5.2 Determination of cloud microphysical properties with

radar and microwave radiometer

In the same paper Frisch et al. [1995] provided an approach to calculate the liquid
water content of cloud droplets. Replacing the mean radius ry in Equation 5.35 with
the one from the transformed Equation 5.43 yields

m 9, 11

Q= exp{—ax}prQN2. (5.44)

6 2
With Equation 5.44 the liquid water content of cloud droplets can be calculated
from the measured reflectivity and Doppler width. The total number of the cloud
droplets N needs to be varied in such a way that a known value of ¢ is obtained. In

the paper the value of the logarithmic width o is thus set constant to 0.35 [Frisch

et al., 1995]. So the equation can be given as:
@ =0.30p,ZiN= (5.45)

To get an impression about the accuracy of the liquid water content, Equation
5.45 was tested against values of ¢ provided by Miles et al. [2000]. From the droplet
size distribution given in Miles et al. [2000] the reflectivity is calculated with Equa-
tion 4.24. The calculated reflectivity Z as well as the total number concentration

N of the droplets are then applied to derive ¢ with Equation 5.44. Table 4 displays
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Table 4: Test of the validity of the assumption that o, = 0.35 in Equation 5.45 by

comparing the calculated liquid water content ¢! to the reference value ¢*' from

Miles et al. |2000]. Reflectivity Z and droplet number concentration N needed to

solve Equation 5.45 were taken from Miles et al. [2000]. Ag is the discrepancy
ref

between ¢t and ¢, o™ is the logarithmic width obtained from Equation 5.44 for

N, Z, and ¢ from Miles et al. [2000].
’ Reference in paper ‘ N [em™3) ‘ Z |dBZ] ‘ @ [gm™I] ‘ ¢ [gm™I] ‘ Aq ‘ oref ‘

[Martin et al., 1994] 160 -42.640 0.03 0.028 7% |0.33
[Hayasaka et al., 1995] 148 -20.595 0.40 0.34 15% | 0.34
[Slingo et al., 1982] 680 -42.650 0.08 0.058 27% | 0.22

the measured liquid water content ¢! of Miles et al. [2000] and the calculated lig-
uid water content (gi™!) after Equation 5.43 in the fourth and in the fifth column,
respectively. Overall, the ¢ calculated after Equation 5.44 with o, = 0.35 is lower
than the measured ones. Discrepancies Ag = % -100 range from 7-28%. The
column Ufff shows the logarithmic width calc11la’€ed with Equation 5.44 for Z, N,
and ¢ taken from Miles et al. [2000].

From Equation 5.44 it can be seen that ¢ must be known in order to derive the
cloud droplet number concentration from the measured reflectivity. According to
Frisch et al. [1995] this fact can be overcome by taking the microwave-radiometer
measurements of the LWP into account. Assuming that N is constant at all heights

in a cloud layer, the layer-integral of ¢ should yield the measured LWP W,

Htop HtOP
W, = / q(h)dh = 0.30p, N7 / Z(h)dh (5.46)
Hpase Hpase

Equation 5.46 can be rearranged to obtain N:

2

Wp
Htop 1
0.30py [ Z(h)2dh

Hpase

N =

(5.47)

Even though this thesis concentrates on the retrieval of drizzle microphysical
properties, the applicability of Equation 5.47 is briefly checked in the following
paragraph by means of a case study. In Figure 23 a cloud-radar measurement of
12 May 2012, 1315-1345 UTC, is illustrated. From the equivalent reflectivity of
hydrometeors (Figure 23 (a)) it can be seen that cloud layers were present at around
2.0-km height throughout the observation time. The Doppler velocity observed in
the cloud layers (see Figure 23 (b)) alternates between up- and downdrafts over a

1

range from —1 to +2 ms™. The small cloud droplets are driven by atmospheric

turbulent motions that dominate the droplet terminal velocity. Thus, a relationship
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TROPOS Leipzig on 12 May 2012, 1315-1345 UTC.
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Figure 23: Measurement of a cumulus cloud field on 12 May 2012, 1315-1345 UTC,
at TROPOS. (a) and (b) show observations of the equivalent reflectivity of hydrom-
eteors and the Doppler velocity, respectively, performed with MIRA-35. In (c) the
LWP measured with HATPRO is illustrated, and in (d) the cloud droplet number
concentration obtained after Equation 5.47 is presented.

between the size and the fall velocity of the droplets cannot be applied to estimate
the cloud droplet size. This is the reason, in addition to the too-low Doppler-velocity
resolution of MIRA-35 (see Section 3.1), why the approach of Frisch et al. [1995] to
derive drizzle microphysical properties cannot be used to study cloud droplets.
Figure 23 (c¢) shows the LWP measured with HATPRO (see Section 3.3). The
gaps in the measurement are caused by interruptions of the measurement of the

microwave radiometer during calibration periods or elevation scans.
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Table 5: Droplet number concentration N calculated after Equation 5.47 from the
LWP W, measured with HATPRO and the reflectivity Z measured with MIRA-35
for selected times of the measurement performed on 12 May 2012 that is introduced
in Figure 23.

| Time [UTC| | LWP [kgm ™| | Z dBZe | N [em™?] |

13:34:14 0.062 -37.40 9500
13:34:44 0.12 -40.14 46000
13:35:14 0.13 -37.91 6190
13:35:45 0.20 -37.36 16700
13:36:15 0.28 -37.21 26200
13:36:45 0.37 -37.00 37500
13:37:15 0.49 -35.29 61750
13:37:44 0.72 -34.56 32100

In Figure 23 (d) the droplet number concentration N obtained after Equation 5.47
is presented. In Table 5 some calculated droplet number concentrations are shown,
too. The derived values of N vary strongly over several orders of magnitude. In

3

most cases droplet number concentrations larger than 10000 cm ~ were calculated.

According to Miles et al. [2000] typical values of N are in the order of 100 to 500
cm 3.

In conclusion, the approach of Frisch et al. [1995] for the estimation of the cloud
droplet number concentration does not seem to be applicable to ambient clouds. The
assumptions of a fixed logarithmic width o, and a height-constant droplet number

concentration N are probably large sources of uncertainties.

5.3 Determination of drizzle microphysical properties with

radar and lidar

To allow for the estimation of the applicability of the Frisch-method a second ap-
proach of O’Connor et al. [2005] for the detection of drizzle microphysical properties
is presented in the following Section.

The method of O’Connor et al. [2005] is based on combined measurements of
lidar and cloud radar. Already Intrieri et al. [1993| showed, that the ratio between
lidar-backscattered power and radar-backscattered power is a sensitive function of
the mean droplet size.

The approach of O’Connor et al. |2005| is based on three prerequisites. First,

the drizzle droplet distribution follows a normalized gamma distribution:

6 36T+t D\ (—(367T+mD
D) = Nw g ozi T+ a) <Do> eXp{ Dy } (5.48)

Equation 5.48 is parametrized via the normalized total droplet number concentration
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Ny, the shape parameter p, and the median equivolumetric diameter Dy.
Second, the drizzle droplets must be much larger than the wavelength at witch
the lidar is operated. In that case the lidar-measured optical extinction « can be

expressed by
o= g/n(D) D?dD = S,8. (5.49)
0
With Equation 5.49 the relationship between o and backscatter coefficient S can be

described by the lidar ratio .S).
Third, the radar reflectivity Z can be expressed by

_|Ka| 7
| Kol

Z n(D) D°~(D)dD (5.50)

where | K| is the dielectric factor of water at a temperature 7', | Ky| is the dielectric
factor of liquid water at 0 °C, and v(D) is the Mie/Rayleigh backscatter ratio. The
backscattered radar signal has a small contribution of Mie-scattered signal so (D)
had to be considered in Equation 5.50.
In order to get rid of the dependence on n(D) O’Connor et al. [2005] calculate
the ratio between Equations 5.50 and 5.49:
Z 277+ ) S(Do, 1)y (Do, 11) 14

o " xTB4n  BoT+pr D0 (5:51)

This ratio is the base for the calculation of the mean diameter Dy. For the calculation
of Dy the dependency of the lidar ratio S(Dy, ) and the Mie/Rayleigh backscatter
ratio 7' (Do, 1) on the shape of the distribution y and on Dy need to be known. These
relationships are given by Van de Hulst |1957| for the Mie/Rayleigh backscattering
ratio, and by O’Connor et al. [2005] for the lidar ratio.

To derive o and Dy from Equation 5.51, an iterative approach is applied. The
first guess of the mean radius Dy can by found by assuming the shape parameter
of the distribution = 0. To get the right shape parameter for the distribution the

measured spectral width is compared to the respective one calculated after

o—g

(v(D) —V)*n(D) D®~(D)dD
= : (5.52)
n(D) DSdD

o3

Equation 5.52 is similar to Equations 2.20 and 4.24 but O’Connor et al. [2005]
use an extended version that accounts for Mie-scattering by means of ~(Dg, i). In
Equation 5.52 v(D) is the terminal velocity of a droplet with diameter D and V is
the mean Doppler velocity.

Iteratively the mean diameter Dy is fitted using Equations 5.51 and 5.52. Once D,
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and p are found, the third parameter Ny is derived from the observed reflectivity
Z. Now the size distribution (Equation 5.48) can be calculated with the derived
parameters. The calculated size distribution is used, e.g., to calculate the drizzle

liquid water content gq4:

da = Pu /n(D) D*dD (5.53)
0

o

In Chapter 6.1 the drizzle microphysical properties derived after O’Connor et al.
[2005] will be put into context with the values obtained with the Frisch-method.
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6 Calculation of microphysical drizzle properties

In this Chapter the determination of microphysical properties of drizzle droplets
are illustrated. The results were produced by the method that was provided in
Frisch et al. [1995|. This is done by means of two case studies that are presented in
Sections 6.2 and 6.3. First, the preprocessing scheme for the radar data is introduced
in Section 6.1 It is explained how the original data products of the cloud radar are
processed in order to obtain only data points that can be attributed to drizzle
droplets. Section 6.2 then presents a case study of a single short-lived precipitation

cell whereas Section 6.3 presents one of a drizzling stratus cloud.

6.1 Preprocessing of data

The applicability of the Frisch-method is based on four basic requirements:
1. Only warm-rain processes are involved in the precipitation formation.
2. Large rain drops are absent.

3. The range of validity of the diameter-velocity relationship (Equation 5.38)
used by Frisch et al. [1995] must be hold.

4. The contribution of cloud droplets to the measured reflectivities and Doppler

spectra are negligible.

The reflectivity Z of hydrometeors can only be accurately determined for spherical
liquid water droplets. When non-spherical ice crystals are present, Equation 2.15 is
not valid anymore. Item 1 of the list above was thus ensured by checking the studied
clouds for their minimum temperatures. For this purpose, temperature profiles of
numerical weather models for the model gridpoint nearest to TROPOS were used.
When the minimum temperature of the cloud was above 0 °C, ice cannot be formed.
It is well known that even so-called supercooled cloud layers with temperatures
between 0°C and —40 °C may form ice-free precipitation (e.g., Seifert et al. [2010]).
When precipitation falling out of such supercooled cloud layers passes the height level
where T = 0°C, the radar measurement of the reflectivity and of the depolarization
ratio may be used for the identification of the phase state of the precipitation.
Melting ice crystals produce the so-called radar bright-band | Szyrmer and Zawadzki,
1999] that is characterized by increased reflectivity and high depolarization ratio.
When a bright band is absent, the precipitation is pure liquid. In the case of
precipitation that only occurs at temperatures below 0 °C, radar alone cannot be
used straight-forward to determine the phase state of the precipitation.

Item 2 of the list of requirements is important because the approach of Frisch does

not take the attenuation of the radar signal by Mie scattering into account. Hence,
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the observed droplets must be small in order to stay in the range of validity of the
Rayleigh approximation. In the scope ot this thesis only clouds were analysed that
did not produce detectable amounts of precipitation at the ground. The precipitation
droplets observed during the case studies are thus assumed to be small enough to
evaporate before they could reach the ground.

Item 3 must be accounted for because the range of validity of the diameter-
velocity relationship introduced in Equation 5.36 spans only from —0.3 to —3 ms™!.
Data points showing smaller or larger fall velocities must be excluded before the
determination of drizzle droplet microphysical properties.

Item 4 is based on the fact that in real clouds atmospheric motions superimpose
the fall velocity of the cloud and precipitation droplets. When atmospheric down-
drafts are present, even small cloud droplets may show apparent fall velocities that
are in the range of validity after Item 3 above. To remove false-positive misclassi-
fication of cloud droplets as drizzle droplets a reflectivity threshold was applied in
addition. Hence, only data points that produced reflectivities of above —15 dBZ
were used for analysis. As was shown in Figure 7 and in Chapter 4, clouds usu-
ally produce reflectivities that are below —20 dBZ. Higher reflectivities can only be
produced by larger drizzle-sized droplets.

In Figure 24 it is illustrated in a case study how the data are filtered before the
microphysical properties of drizzle droplets are calculated with the Frisch-method.
Figure 24 (a) presents a time-height cross section of the reflectivity observed be-
tween 0615 and 0635 UTC on 14 August 2011. The cloud extends from close to the
ground to approximately 1.4 km. The reflectivity ranges between —40 and 5 dBZ.
Temperatures on that day were above 0°C up to heights of 4 km. Thus, the oc-
currence of ice can be excluded. According to ground-based measurements of rain
gauge and optical disdrometer no rain reached the ground. Large rain drops were
such likely to be absent during the measurement.

Figure 24 (b) presents an additional filtering step during which all profiles were
removed from the data set for which no microwave-radiometer observation of the
liquid water path was available. Such gaps occur when the microwave radiometer
performs auto-calibrations.

Figure 24 (c¢) shows the measured Doppler velocity of the hydrometeors. It can
be seen that the velocity is in part larger than —0.3 ms~!. Such data points as well
as the ones that showed reflectivities of below —15 dBZ were removed from the full
data set.

The resulting data set that contains only valid data points for the application of
the Frisch-method is shown in Figure 24 (d).
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Figure 24: Demonstration of preprocessing of reflectivity Z. and Doppler velocity
before the Frisch-method can be applied. Shown is a measurement of 14th August
2011, 0615-0635 UTC. Figure (a) shows the effective reflectivity Ze of water droplets
measured with MIRA-35, (b) shows only the data points where LWP of HATPRO
were available, (c¢) shows the Doppler velocity of all hydrometeors measured with
MIRA-35, and (d) shows the reflectivity for the data points that remained after the
preprocessing.

6.2 Single precipitating cloud cell on 14 August 2011

In this Section the results of the Frisch-method for a single precipitating cloud cell
that was observed at TROPOS on 14 August 2011, 0615 to 0635 UTC, is presented.
The mean droplet radius ry was calculated with Equation 5.41, the total droplet
number concentration N with Equation 5.42, and the liquid water content (LWC)
q with Equation 5.44.

In Figure 25 the results of the microphysical property calculations are illustrated.
In Figure 25 (a) the filtered reflectivity data in dBZ are shown. The vertical lines
highlight the three time points for which profiles of droplet number concentration,
droplet radius and liquid water content are shown in Figure 25 (b), (c), and (d),
respectively. In the graphs, the white line corresponds to the position of the black
line in Figure 25 (a).

In Figure 25 (b) the profiles of calculated droplet number concentration for the

three time points are shown. The droplet number concentrations run over two orders

of magnitude from 20 m~3 to 4000 m~2. The slope of the three profiles is similar.
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Figure 25: Drizzle microphysical properties of a single precipitating cloud cell on
14 August 2011, 0615-0635 UTC, as calculated with the Frisch-method. Fig-
ure (a) shows the preprocessed reflectivity. The vertical lines mark the three
profiles (06:22:15 UTC: white, respectively black curve; 06:23:45UTC: red curve;
06:25:45 UTC: green curve) for which results are shown in (b)-(d). (b) shows the
calculated droplet number concentration, (c) shows the mean radius, and (d) the
liquid water content.

All show a maxima between heights of 500 m and 750 m. The height of the maxima
as well as the maximum droplet number concentration decrease with increasing time
from 3800 m~2 at 600 m height at 06:22:15 UTC to values of below 2000 m 2 at
around 550 m height at 06:23:45 and 06:25:45 UTC.

The mean droplet radius shown in Figure 25 (c¢) does only vary from 60 pum
to 230 pm. The slope of the profiles of the mean radius is not correlated to the
respective one of the droplet size distributions. The lowest radii are however found
closer to the ground where also the droplet size distribution was found to be low.

The liquid water content of the drizzle illustrated in Figure 25 (d) is a function of
the droplet size distribution and the mean radius. It is highest when the mean radius
is large and the droplet number concentration is high. The liquid water content
varies within one order of magnitude, reaching values between 7- 107" kgm™ to
1-107% kgm™3.

Overall, the calculated radii fit well to the radii range of the simulated droplet

size distribution of drizzle in Chapter 4.3.2 that was shown in Figure 20.
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At heights below 1 km all retrieved parameters show a rather conclusive picture
of the scenario. Probably an updraft in the actual cloud layer at above 1 km height
initialized the formation of a drizzle cell. With time, the drizzle descends toward
the ground. This is suggested by the slow descend of the maximum in the droplet
number concentration shown in Figure 25 (b).

At heights above 1 km, the retrieved microphysical parameters vary strongly from
profile to profile. Here, probably the radar measurement is already affected by the
presence of small cloud droplets. Also, the measured reflectivity and velocity were
low in the upper part of the drizzle cell. Atmospheric motion have a strong influence
on the terminal velocity when the actual fall speed of the droplets is already low.
The case study in the next Section 4.1 considers the cloud base measured with
Ceilometer. The effect of atmospheric vertical motions on the retrieved drizzle

microphysical properties is discussed in a case study in Chapter 7.

6.3 Drizzling stratus cloud on 10 September 2011

In this Section a second precipitation case is shown. The event was observed on 10
September 2011 from 0350 UTC to 0510 UTC. The microphysical properties were
also calculated with the Frisch-method. In addition, the results are compared with
the ones obtained after O’Connor et al. [2005].

In contrast to the case presented in Section 6.2, a long-lasting drizzle event is
presented in this section. The observation is introduced in Figure 26. From 0350 to
0510 UTC continuously precipitation was observed with MIRA-35. The top of the
precipitating cloud layer was at around 1800-m height, as the measurement of the
reflectivity in Figure 26 (a) shows. Throughout the measurement, the reflectivity
decreases with decreasing distance to the ground. This indicates that the precipi-
tation did evaporate before it could reach the surface. This was also confirmed by
the absence of precipitation in the measurements of the rain gauge and the optical
disdrometer at TROPOS (not shown here).

The vertical velocity observed with MIRA-35 (see Figure 26 (b)) was predomi-
nantly negative during the measurement. Only at cloud top positive velocities were
occasionally observed which indicates that cloud droplets driven by atmospheric
motions dominated backscattering.

Figure 26 (c) presents the collocated measurement of the ceilometer. Shown is the
so-called attenuated backscatter which is the calibrated raw signal measured with
a lidar | Weitkamp, 2005|. The ceilometer measurement shows a different picture of
the scenario. Most of the precipitation observed with MIRA-35 was also detected
with the ceilometer. However, the signal was attenuated quickly at heights around
1200 m due to the presence of small cloud droplets. This is similar to the effects

discussed in the case study presented in Section 2.1. The base of the actual cloud



6.3 Drizzling stratus cloud on 10 September 2011 52

0 TROPQS Leipzig on 10 September 2011, 0350-0510 pTC

— — 0
€ o
=, S, -10
g g -20
5 B -30
2 & .40
-50
7 4
— S
£ = 2
5 8
@ S 0
£ =
5 8 2
= 5
> 4
2.0 e T - = = = 10°
c Ceilomgter CHM15kx _ . L
— 0 1y 1 -~ 1
= 10
£ 1.5 Jimeling Y 5
E b I3 107
| =
%1 04 § 108
— X
£ 2 10*
0.5 & @
. 4. N = 10
04:00 04:30 05:00
Time [UTC]

Figure 26: Radar and Ceilometer measurement of 10 September 2011, 0350
0510 UTC at TROPOS. a) show the with MIRA-35 measured reflectivity, b) dis-
plays the with MIRA-35 measured Doppler velocity, and c) illustrates attenuated
backscatter which is the calibrated raw signal measured by the Ceilometer.

layer thus was located at heights of around 1200 m.

In Figure 27 (a) the reflectivity of water drops is illustrated after the data was
preprocessed according to the scheme provided in Section 6.1. The four vertical lines
highlight the four time points for which the profiles of microphysical properties are
calculated. Figure 27 the profiles for 04:07:44 UTC, 04:18:45 UTC, 04:38:45 UTC,
and 04:57:45 UTC are shown in black (white), red, blue, and green, respectively.

Figure 27 (b) shows the profiles of the drizzle droplet number concentration for
the four times indicated in Figure 27 (a). The profiles are correlated well. In
the upper part of the drizzling region above 1.25 km height, the variability of the
drizzle droplet number concentration increases, similar as for the case presented
in Section 4.1. Values of above 10° m™ were calculated with the Frisch-method.
Such values (corresponding to 1 droplet per cm —3) are already in the range of cloud
droplet number concentrations that were observed to be as low as 50 cm ~3 [Miles
et al., 2000]. As indicated in the Ceilometer measurement shown in Figure 26 (c), the
backscatter signal increased strongly already at heights of above 1100 m indicating

the presence of the cloud base. The drizzle droplet number concentration at the
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Figure 27: Drizzle microphysical properties of a drizzling stratus cloud observed
on 10 September 2011, 0350-0510 UTC, as calculated with the Frisch-method.
Figure (a) shows the preprocessed reflectivity. The vertical lines mark the four
profiles (04:07:44 UTC: white, respectively black curve; 04:18:45UTC: red curve;
04:38:45 UTC: green curve; 04:57:45 UTC: blue curve ) for which results are shown
in (b). (b) shows the calculated droplet number concentration.

bottom of the profiles, in turn, tends to very low values of less than 100 m ~3. This
confirms that the drizzle actually evaporated with decreasing distance to the ground.

Figure 28 presents the remaining microphysical parameters of the droplet mean
radius and liquid water content as derived with the Frisch-method and the method
of O’Connor et al. [2005].

The results for the liquid-water-content calculations of Frisch et al. [1995| and
O’Connor et al. [2005] are presented in Figure 28 (a) and (b), respectively. Even
though the profiles of the liquid water content have similar shapes, the results of
the method of O’Connor (see Figure 28 (b)) are one order of magnitude larger than
the results calculated with the Frisch-method (shown in Figure 28 (a)). The liquid

3 at

water content calculated with the O’Connor-method ranges between 0.01gm ™~
the bottom and 0.03gm ™2 at the top. In the black profile, at 04:07:44 UTC, the
highest LWC with a maximum of 0.095 gm~3 is given at a height of 840 m.

The maximum LWC retrieved after Frisch is 0.01 gm 3.

It can be seen that
the LWC increases with height, especially at heights above the Ceilometer-detected
mean cloud base. In this region the radar measurements of reflectivity and fall
velocity are obviously dominated by cloud droplets and atmospheric motions that
produce an apparently higher liquid water content.

In Figure 28 (c¢) and (d) the mean-droplet-radius profiles obtained with the meth-
ods of Frisch and O’Connor, respectively, are illustrated. Again the mean radius
varies strongly in the top region of the profiles calculated with the Frisch-method.
This is again caused by the contribution of cloud droplets and atmospheric motions
to the radar measurement. At heights below cloud base as indicated in the pro-
files of O’Connor, the mean radius is rather constant for both methods. However,

quantitatively both methods yield mean radii that differ by a factor of about two to
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Figure 28: Comparison of microphysical drizzle properties obtained with the
Frisch-method and the O’Connor-method for four time points during the obser-
vation of a drizzling stratus cloud on 10 September 2011 introduced in Figure 26.
(a) and (b) show the liquid water content obtained with the Frisch-method and the
O’Connor-method, respectively. (c¢) and (d) show the mean droplet radius obtained
with the Frisch-method and the O’Connor-method, respectively.

four. Between 250 m and 1000 m above ground the mean radius retrieved with the
Frisch-method ranges between 100 pum and 250 pum whereas the radii derived after
O’Connor et al. |2004] range between 30 pum and 70 pm.

To summarize the results of the retrieval methods of Frisch and O’Connor, it
can be concluded that the profiles of LWC and mean radius basically show similar
vertical structures. The liquid water content obtained with the O’Connor-method
is constantly larger than the respective values obtained with the Frisch-method.
The opposite is the case for the mean radius that is larger for the Frisch-method.
As a consequence of the Ceilometer- and radar-based approach of O’Connor, no
drizzle microphysical properties are derived from within cloud layers. Nevertheless,
drizzle formation starts already within the cloud layer. Processes leading to drizzle
formation can therefore not be studies with the O’Connor-method. The dependence
of the Frisch-method on the assumption that the radar-measured terminal velocity
of the drizzle droplets is also their fall velocity is a flaw of that method. Frequently,
vertical air motions occur within clouds, affecting the measurement of droplet fall
velocity and thus the determination of the drizzle droplet radius after Equation 5.37

The following Chapter 7 addresses this issue more detailed.
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7 Correction of drizzle terminal velocity for

vertical air motions

In Chapters 4 and 5 it was already discussed that a direct relationship between mea-
sured Doppler spectrum and the corresponding droplet size distribution can only be
established when atmospheric air motions are absent. All applications of the Frisch-
method in the previous Chapter 6 rely on that assumption. As it can be seen in
the various case studies presented in this work (e.g., Section 3.5), convective vertical
air motions continuously occur in all observed clouds. Otherwise Doppler spectra
of drizzling clouds would look similar to the theoretical one shown in Section 4.3.2.
As is however obvious from the case study presented in Section 3.5, also upward
motions are observed within clouds and even within precipitation. The actual fall
velocity v¢ is the residual of the vertical velocity of air v,;, substracted from the

measured Doppler velocity vq:

Ut = U4 — Vair (7.54)

Thus, Equation 7.54 shows that if a downdraft occurs (v, < 0), the Doppler
velocity, i.e., the terminal velocity, increases and vice versa. Please note that also
the fall velocity vy is negative in case of a downward motion.

An approach to overcome the uncertainty caused by air motions would be to
measure v,;; in order to derive the actual fall velocity v¢ after Equation 7.54. This
could be possible from Doppler lidar measurements. In Section 5.3 and also in the
description of Figure 2 it was explained that lidar is much more sensitive to a large
number of small droplets than to a small number of large droplets. As was also
shown, the opposite is the case for radar. Thus even within precipitation, Doppler
lidar can be able to measure the motion of the much larger number of aerosol
particles or cloud droplets. The movement of these targets is determined by the air
motion.

In Section 7.1 the case study that was already introduced in Section 6.3 is ex-
tended by Doppler lidar measurements and a first attempt to check for the applica-

bility of a correction method for drizzle fall speed is presented.

7.1 Vertical-velocity correction for a drizzling cloud

Figure 29 shows the vertical-velocity measurements of the TROPOS Doppler lidar
Wili (Figure 29 (a)) and of MIRA-35 (Figure 29 (c)) for the same time period as
for the radar measurement presented in Section 6.3. It can be seen that the WiLi-
measurement only detected the vertical velocity at the base of the actual cloud

layer, as a comparison with the ceilometer measurement in Figure 26 shows. Up-
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Figure 29: Scheme of the vertical-velocity correction for the drizzling stratus case
observed on 10 September 2011 that was introduced in Section 6.3. (a) shows the
Doppler velocity observed with WiLi, (b) shows the extrapolated vertical velocities
of Wili used for the velocity correction, (¢) shows the Doppler velocity measured
with MIRA-35 before the vertical-velocity correction, and (d) shows Doppler velocity
of MIRA-35 after the correction.

and downdrafts occurred alternatingly in a range of v,;, from —1 ms™! to +1 ms™—!.
Assuming that Equation 7.54 is valid, i.e., v is the difference between vq—wv,;,, a large
impact on the retrieved drizzle microphysics is likely when the velocity-correction is
applied to the Frisch-method.

In order to apply the velocity correction it is assumed that v,;, measured at the
cloud base is valid over a specific vertical range. In that case it was assumed that
this range is between 700 m and 1400 m. The velocity value of every profile that was
used was the second one above cloud base. In the first velocity gate at cloud base, the
signal detected with Wil.i is subject to measurement noise. In addition, the vertical
velocity must be smoothed to the temporal resolution of the radar measurement of
30 s. By this method the effect of small-scale turbulences on the WiLi-measurement
is removed. Small-scale turbulences are not captured with MIRA-35, because the
sample volume is too large (see Figure 5 and, e.g., a discussion in O’Connor et al.
[2004]).

The time-height cross-section of v,;, that was used for the correction of vy is
shown in Figure 29 (b). Again the alternating up- and downdrafts can be seen. The
original radar measurement of vq is shown in Figure 29 (c¢) and the corrected fall

velocity vf can be seen in Figure 29 (d).
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7.2 Microphysical properties of a drizzling stratus after

vertical-velocity correction

With the corrected values of the fall velocity the microphysical properties of driz-
zle droplets are calculated again with the Frisch-method. The remaining radar-
measured input parameters o4 and Z that determine the microphysical drizzle prop-
erties were not corrected and are the same as in Section 6.3.

The mean radius, liquid water content, and the droplet number concentration for
the corrected fall velocity were calculated for the height range from 700 to 1400 m.
Figure 30 shows the results of the calculation. First, in Figure 30 (a) the prepro-
cessed vertical velocity is shown. The coloured curves in Figure 30 display droplet
number concentration, droplet mean radius, and liquid water content, respectively
for the same four time points as the ones in Figures 27.

The radar-measured vertical velocity vq at the four time points was corrected by
Vair = +0.13 ms™! for the black profile (4:07:44 UTC), by va, = —0.44 ms™? for the
red profile (4:18:45 UTC), by v, = —0.07 ms™! for the green one (4:38:45 UTC),

v, =+0.13 ms’’
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Figure 30: Microphysical drizzle properties obtained with the Frisch-method with
corrected vertical velocities for four time points during the observation of a drizzling
stratus cloud on 10 September 2011 that was introduced in Figure 26. (a) shows
the corrected and preprocessed Doppler velocity measured with MIRA-35 (b) shows
the droplet number concentration, (¢) shows the mean droplet radius, and (d) shows
the liquid water content.



7.2 Microphysical properties of a drizzling stratus after vertical-velocity
correction o8

and by v, = +0.29 ms™! for the blue profile (4:57:45 UTC). A correction for a

U increases v (i.e., the droplet falls slower), a correction

downdraft v,;, < 0 ms~
with an updraft the decreases v¢ (i.e., the droplet falls faster).

In Figure 30 (b) the droplet number concentration is illustrated. It can be seen
that the profiles span over a wider range of droplet number as the uncorrected
profiles in Figure 27 (b). After correction with v,, < 0 ms™! (downdrafts) the
droplet number concentration increases. For vy, > 0 ms™! (updrafts) the number
concentration decreases, respectively.

The profiles of the mean droplet radius are illustrated in Figure 30 (¢). In compar-
ison to the velocity-uncorrected profiles of the mean droplet radius in Figure 27 (a)
it can be seen that the velocity-corrected profiles span also over a larger range.
The profiles that were corrected for downdrafts are shifted to smaller droplet radii
and the ones that were corrected for updrafts show larger mean droplet radii. In
comparison to the mean-radius profiles obtained with the O’Connor-method (Fig-
ure 27 (b)) it can be seen that the ones that were corrected for an updraft (black
and blue curves) agree better to the respective ones of O’Connor et al. |2005].

In Figure 30 (d) the liquid water content is illustrated. Compared to the velocity-
uncorrected profiles in Figure 27 (c¢) it can be seen that the downdraft-correction
increases the LWC. The updraft-correction leads to lower liquid water contents. The
LWC-profiles that were corrected for downdrafts fit better to the results obtained
after O’Connor et al. [2005] shown in Figure 27 (d).

In conclusion it must be stated that the effect of the vertical-velocity correction
is inconclusive. In comparison to the method of O’Connor et al. [2005] no improve-
ments were derived. Whereas the mean radius agreed better after correction for
atmospheric updrafts, the opposite was the case for the retrieval of the drizzle liquid
water content. Further remarks on possible improvements of the vertical-velocity

correction are given in the conclusions presented in the following Chapter 8.
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8 Summary and conclusions

In the scope of this thesis measurements of a vertically pointing cloud radar were
used to derive microphysical properties of drizzle. The data analysis was based on
the measurement of the fraction and the Doppler shift of radiation that is backscat-
tered to the radar by clouds and drizzle droplets. In Chapter 2 the theoretical
background of the cloud-radar principle was given that explained the relationship
between a droplet size distribution and the radar signal. It was described that the
detected radar signal is a function of the droplet number and the sixth power of
the droplet diameter. Further it was shown that measuring the Doppler spectra is
necessary for the determination of a droplet size distribution.

The Doppler velocity is related to the droplet radius. In a measurement example
of 27 December 2011 illustrated in Figure 16 it was demonstrated that it is possible
to derive information about the droplet size distribution from the Doppler spectrum.
The shape, the size range, and the expected number of modes of the droplet size
distribution can be assumed from the measurement.

Simulation studies have shown that the Doppler spectrum can be calculated from
a given droplet size distribution by an approximation of the relationship between
radius and fall velocity of the hydrometeors. The simulations illustrate the shape of
the Doppler spectrum and its relationship to the assumed droplet size distribution.

To determine microphysical properties of drizzle droplets in this study two meth-
ods were used. The first method was provided by Frisch et al. [1995]. The determi-
nation of microphysical properties of drizzle and cloud droplets is based on solving
a logarithmic normal distribution. The three unknown parameters of total number
concentration, logarithmic width, and mean radius needed to describe the size dis-
tribution of the drizzle droplets can be calculated from the radar data. The only
assumption that needs to be made is an approximation of the relationship between
fall velocity and droplet radius. The velocity range of this approximation is valid
for the drizzle droplet size range. Large discrepancies were found between different
parametrizations of the relationship between droplet radius and fall velocity. The
separation of cloud and drizzle droplets was additionally done by setting a threshold
for the radar-measured reflectivity. So the data had to be preprocessed before the
microphysical properties of the drizzle droplets could be calculated.

Case studies of the microphysical property determination of drizzle droplets were
presented in Sections 6.2 and 6.3. In the scope of the second case study the results
were compared to the ones of a method provided by O’Connor et al. [2005]. This
method is based on combined measurements of lidar and cloud radar to calculate
parameters that solve a normalized Gamma-distribution. In turn, no information
on the Doppler velocity and thus no assumption of a relationship between droplet

radius and fall velocity must be made. In comparison to the Frisch-method the
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O’Connor-method separates drizzle from cloud droplets via the lidar-detected sig-
nal. The backscatter efficiency of the lidar increases rapidly when cloud droplets
are present. The relationship between droplet size and backscatter efficiency for
typical wavelengths used by cloud radar and lidar was explained in Section 2.1 and
illustrated in Figure 1.

The results of the methods of Frisch and O’Connor were found to differ signifi-
cantly (see Figure 28). Mean droplet radii determined with the Frisch-method were
one to two orders of magnitude lower than the ones obtained with the method of
O’Connor et al. [2005]. In turn, the Frisch-method yielded liquid water contents
that are about a factor of two to four larger than the corresponding ones derived
after O’Connor et al. [2005].

The Frisch-method is based on the assumption that the observed Doppler velocity
is a direct measure of the fall velocity of the droplets. It was however shown that
the Doppler velocity is the sum of the fall velocity and the vertical air motion. To
estimate the influence of vertical air motions on the calculated microphysical drizzle
droplet properties the Doppler velocity measured with radar was corrected for the
vertical air motion measured with a Doppler lidar.

Recalculation of the microphysical drizzle properties with the velocity-corrected
data show large differences in comparison to the results without velocity correction
(see Figure 29). When the velocity is corrected for an updraft the mean droplet ra-
dius increases, whereas liquid water content and the droplet number concentration
decreases. For a downdraft-correction the opposite behaviour was observed. The
results correspond to the assumed results because the Doppler spectral width was
not corrected for the recalculation. A comparison to the results obtained with the
method of O’Connor et al. [2005] showed that agreement between the two methods
did not improve after the vertical-velocity correction. Profiles that were corrected
for downdrafts yield a better agreement between the retrieved drizzle liquid wa-
ter content. In turn, the agreement between the derived mean droplet radii was
improved for the profiles that were corrected for updrafts.

Frisch et al. [1995] also provide an approach to derive microphysical properties
of cloud droplets. In an example it was however illustrated that this method does
not seem to be applicable to ambient clouds.

In future more case studies need to be done in order to estimate the accuracy of
the methods provided by Frisch et al. [1995] and by O’Connor et al. [2004] as well as
the determination of microphysical drizzle properties after velocity correction. Due
to the lack of validating in-situ measurements no conclusion can to date be drawn
about the accuracy of every single method.

Further, the correction of the radar-measured Doppler spectrum by observations
of the Doppler lidar should be investigated more detailed. The width of the Doppler

spectrum is influenced by atmospheric turbulence. The spectral width increases
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when turbulence in the sample volume of the radar is large. Doppler lidars feature
fast measurement times on the order of 1 s and a much smaller sample volume. This
may allow to use such measurements to correct the Doppler spectrum measured
with radar.

The Doppler spectrum could also be used to separate drizzle from cloud droplets
in the Frisch-method. As it was shown in the measurement example in Figure 16
the cloud mode and the drizzle mode can be identified in the Doppler spectra. After
such a separation, the Frisch-method may provide more-accurate results of drizzle
properties from within clouds. This would be an advantage of the Frisch-method
in comparison to the O’Connor-method which does not allow the determination of

drizzle microphysical properties within clouds.
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