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Strong aerosol-cloud interaction in altocumulus during updraft
periods: lidar observations over central Europe
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Leibniz Institute for Tropospheric Research, Leipzig, Germany

Abstract. For the first time, a liquid-water cloud study of
the aerosol-cloud-dynamics relationship, solely based on li-
dar, was conducted. Twenty nine cases of pure liquid-water
altocumulus layers were observed with a novel dual-field-of-
view (dual-FOV) Raman lidar over the polluted central Eu-
ropean site of Leipzig, Germany, between September 2010
and September 2012. By means of the novel Raman lidar
technique cloud properties such as the droplet effective ra-
dius and cloud droplet number concentration (CDNC) in the
lower part of altocumulus layers are obtained. The conven-
tional aerosol Raman lidar technique provides the aerosol
extinction coefficient (used as aerosol proxy) below cloud
base. A collocated Doppler lidar measures the vertical ve-
locity at cloud base and thus updraft and downdraft occur-
rence. Here, we present the key results of our statistical anal-
ysis of the 2010-2012 observations. Besides a clear aerosol
effect on cloud droplet number concentration in the lower
part of the altocumulus layers during updraft periods, turbu-
lent mixing and entrainment of dry air is assumed to be the
main reason for the found weak correlation between aerosol
proxy and CDNC higher up in the cloud. The corresponding
aerosol-cloud interaction (ACI) parameter based on changes
in cloud droplet number concentration with aerosol loading
was found to be close to 0.8 at 30-70 m above cloud base
during updraft periods and below 0.4 when ignoring vertical-
wind information in the analysis. Our findings are exten-
sively compared with literature values and agree well with
airborne observations.

1 Introduction

The indirect aerosol effect on climate results from two cloud-
influencing aspects. Atmospheric aerosol particles act as
cloud condensation nuclei (CCN) in liquid-water droplet for-
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mation and as ice nuclei (IN) in processes of heterogeneous
ice nucleation. There is no doubt that aerosols play a key
role in the evolution of warm (pure liquid-water) and mixed-
phase clouds and in the formation of precipitation and that
anthropogenic and natural aerosols may thus sensitively in-
fluence the atmospheric water cycle as a whole. Aerosol-
cloud interaction (ACI) must be well understood and prop-
erly parameterized in atmospheric circulation models to im-
prove future climate predictions and specifically our un-
derstanding of the indirect aerosol effect on the Earth’s
radiation budget. The models must be able to handle all
natural and man-made aerosol types from the emission over
regional and long-range transport to deposition and the inter-
action of the different aerosols with clouds. However, we are
far away from a good representation of aerosols, aerosol
vertical layering, and the complex role of aerosols in the
climate system in computer models so that the uncertain-
ties in climate predictions remain very high IPCC, 2013;
Schwartz et al., 2014).

Strong efforts of continuous, long-term observations of
aerosols, clouds and meteorological conditions (especially
of the vertical-wind fields) around the globe by means of
active remote sensing with cloud radar, aerosol/cloud lidar,
wind Doppler lidars (Shupe, 2007; Simmel et al., 2015) and
if available, even with wind profilers (Biihl et al., 2015) at
well-equipped super sites are required to obtain a signifi-
cantly improved understanding of the physical processes of
aerosol-cloud interaction. Droplet formation, the evolution
of the ice phase, the development of precipitation, and the
impact of organized vertical motions, turbulence and entrain-
ment processes must be covered by observations. The At-
mospheric Radiation Measurment (ARM) sites in Oklahoma
(Feingold et al., 2006; Ferrare et al., 2006) and tropical Aus-
tralia (Riihimaki et al., 2012) and the ARM Mobile Facility
play and played a pioneering role in this sense. We fur-
ther need well-coordinated ground-based networks such as
CLOUDNET (Illingworth et al., 2007). CLOUDNET may
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be regarded as a prototype network for the development of
ground-based aerosol and cloud monitoring infrastructures.
Continuous detection of all aerosol layers and embedded
warm, mixed-phase, and ice clouds with high vertical and
temporal resolution is required. As mentioned, measure- 130
ments of vertical movements (updrafts, downdrafts, gravity
waves) must be an essential part of field observations because
vertical motions control all cloud processes (Twomey, 1959;
Ghan et al., 1993, 1997, 2011; Morales and Nenes, 2010).
New techniques as well as new combinations of existing 135
techniques and tools such as presented by Biihl et al. (2015)
need to be introduced to improve our ability to study ACI
in the necessary detail and to provide in this way fundamen-
tal, reliable information for the improvement of cloud micro-
physics parameterization schemes in cloud-resolving mod- 140
els.

In the framework of a feasibility study from 2008-—
2012, we investigated the potential of a novel cloud li-
dar (Schmidt et al., 2013; Schmidt, 2014) combined with a
Doppler lidar for vertical wind profiling to provide new in- 1s
sight into the influence of aerosol particles on the evolu-
tion of pure liquid-water altocumulus layers (Schmidt et al.,
2014). These clouds are usually optically thin enough so
that lidar can provide information on cloud optical and
microphysical properties and up- and downdraft character- s
istics throughout the cloud layer from base to top. Li-
dars are used since the 1970ies to monitor clouds and
their evolution, however, preferably cirrus and mixed-
phase clouds (Platt, 1973, 1977; Sassen, 1991). Also our
group contributed to these observations during the last 25 155
years (Ansmann et al., 1993, 2005; Ansmann et al., 2009;
Seifert et al., 2007, 2010, 2015; Kanitz et al., 2011). Ob-
servations are rare in the case of liquid-water clouds be-
cause lidars are not appropriate for clouds with typical
optical depths of 10 and more. Concerning simultaneous 10
aerosol and liquid-water cloud observations, as presented
here, we are not aware of any other aerosol-cloud interac-
tion study in which lidar was used to characterize aerosol
as well as cloud properties.

The novel dual-field-of-view (dual-FOV) Raman lidar al- 1es
lows us to measure aerosol particle extinction coefficients
(used as aerosol proxy) close to cloud base and to retrieve
cloud microphysical properties such as cloud droplet ef-
fective radius r, and cloud droplet number concentration
(CDNC) in the lower part of the cloud. In this way, the i
most direct impact of aerosol particles on cloud micro-
physical properties can be determined. The development
of this novel lidar technique was motivated by numerous pub-
lished ACI studies (see Sect. 4), in which aerosol observa-
tions (at ground or far below cloud base) were correlated with 175
remote-sensing products such as the cloud-column-averaged
effective radius or cloud mean droplet number concentration
to describe the impact of a given aerosol load on the evolu-
tion and microphysical properties of a cloud layer. To our
opinion, such experimental approaches do not allow a proper 1so0
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quantification of ACI because aerosol and cloud dynamics
effects cannot be resolved and separated.

To significantly contribute to the field of aerosol-cloud-
interaction research, a large number of observations are re-
quired to produce statistically significant constraints on sub-
grid scale cloud parameterizations used in weather and cli-
mate models. Many of these parameterizations are devel-
oped on the basis of a few cases studies. However, even after
three years of cloud lidar observations, this also remains a
difficult task in our case. We sampled more than 200 stra-
tocumulus and altocumulus layers (liquid and mixed-phase
stratiform cloud layers) within the main observational pe-
riod from September 2010 to September 2012, but only 29
non-drizzeling purely liquid-water cloud layers (mainly al-
tocumulus) remained finally for the statistical analysis pre-
sented in Sect. 3. Only 13 of such cloud cases (out of about
100 cases) were measured with the combined dual FOV and
Doppler lidar facility. Nevertheless, based on this small
aerosol/cloud data set, several clear conclusion can be drawn
and are presented in Sects. 3 and 4. We will continue with our
observations during the next years to improve the statistical
data base significantly.

Schmidt et al. (2014) already presented several case stud-
ies of combined dual-FOV Raman lidar and Doppler lidar
observations in shallow cloud layers occurring over the pol-
luted continental European site of Leipzig, Germany, in the
lower free troposphere between 2.5 and 4 km height. Cases
with clouds in clean and polluted aerosol environments were
contrasted. The importance of Doppler lidar observations
of the updraft and downdraft conditions at cloud base was
highlighted. Here, we extend this discussion and summa-
rize our multi-year observations. We present the main results
of the analysis of the 29 cloud cases. Because lidar profil-
ing through water clouds from bottom to top is only possible
up to cloud optical depths of 3.0 and respective liquid water
paths (LWPs) of up to about 50 gm ™2 our study covers thin
altocumulus clouds only.

We begin with a brief description of the remote sensing
instrumentation in Sect 2. Definitions of well-established
ACI parameters are given in the Sect. 2, too. Section 3 dis-
cusses the experimental findings in terms of ACI statistics,
and Sect. 4 provides an extended comparison of ACI litera-
ture values. A summary and concluding remarks are given in
Sect. 5.

In this context we would like to mention that the
ACI parameters (Sect. 2) were originally introduced to
describes the basic (microphysical) influence of given
aerosol conditions on the evolution of the microphysical
properties (e.g., effective radius, cloud drop number con-
centration) of a liquid-water cloud layer. However, the
term ACI is also used in the literature to describe the
aerosol-induced radiative response of a cloud system (e.g.,
Gettelman et al., 2013; Gettelman, 2015), which is con-
fusing to our opinion. Furthermore, publications deal-
ing with the estimation of the indirect aerosol effect on
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climate partly provide the impression that a close link
between ACI (aerosol effect on microphysical properties
of liquid-water clouds) and the aerosol-related radiative 2ss
cloud response exists (Quaas et al., 2008; Ma et al., 2014).
As we will show in Sect. 3 (lidar results) and Sect. 4 (liter-
ature review), ACI values can vary strongly as a result of
the selected retrieval method, meteorological conditions,
where the cloud observations are taken (in the cloud base, 24
center, or top region) and how they are used (height-
resolved or as integral values over the entire vertical
cloud column) in the ACI computation. It is therefore not
clear which of the different ACI values would be the most
appropriate one to describe the respective overall aerosol- 2
related cloud radiative response. A straightforward way
from the basic physical impact of aerosols (expressed by
ACI, defined in Sect. 2) on cloud microphysical properties
to the aerosol-induced cloud radiation changes does not
exist. So, to our opinion ACI parameters should only be 250
used to guide modeling groups to develop realistic micro-
physical parameterization schemes for the consideration
of aerosol effects in the complex evolution of liquid-water
clouds.

255
2 Lidar instrumentation and ACI parameters

In 2011, the Leipzig Aerosol and Cloud Remote Observa-
tion System (LACROS, 51.3° N, 12.4° E) (Wandinger et al., 20
2012; Schmidt et al., 2014) of the Leibniz Institute for Tro-
pospheric Research (TROPOS), Leipzig, Germany, was
established. The major tools of LACROS are a mul-
tiwavelength Raman/polarization lidar which is part of
EARLINET (European Aerosol Research Lidar Network) s
(Pappalardo et al., 2014), a wind Doppler lidar, a 35 GHz
cloud radar, a microwave radiometer, as well as an
Aerosol Robotic Network (AERONET) sun/sky photometer
(Holben et al., 1998). LACROS belongs to the CLOUDNET
consortium. The Raman lidar was upgraded to perform dual- 27
FOV Raman lidar measurements for the retrieval of cloud
microphysical properties in 2008 (Schmidt et al., 2013). The
laser transmits wavelengths at 355, 532, and 1064 nm.

The novel cloud lidar technique (Schmidt et al., 2013,
2014; Schmidt, 2014) makes use of two receiver FOVs. Ra- 275
man scattered light with a wavelength of 607 nm is detected
with a conventional, circular FOV as well as with an annular,
outer FOV encompassing the inner, circular FOV. The mea-
surement geometry is illustrated in Fig. 1 in Schmidt et al.
(2014). In the case of lidar measurements in clouds, mul- 2s
tiply scattered light is detected in the outer FOV due to
the pronounced forward scattering peak of the phase func-
tion of cloud droplets. The width of the forward scatter-
ing peak and thus the strength of the signal detected by the
outer-FOV channel correlates unambiguously with the size 2ss
of the scattering droplets. To be capable of performing dual-
FOV cloud measurements in an extended altitude range from

1.3 to 6 km height, the receiver of the dual-FOV Raman
lidar is set up in the way that the measurement geometry
can be easily optimized regarding the contrast of the mul-
tiple scattering effects in the two channels by exchanging
the field stop (Schmidt et al., 2013). FOV pairs of 0.28 and
0.78 mrad (for clouds above about 4 km height), of 0.5 and
2.0 mrad (for clouds from about 2.7 to 4 km height) and of
0.78 and 3.8 mrad (for clouds with base <2.7 km) are used
(Schmidt et al., 2013). Due to the small Raman scattering
cross section, the dual-FOV Raman lidar measurements are
restricted to nighttime hours.

The lidar permits us to characterize warm clouds (no ice
phase) in terms of height profiles of single-scattering droplet
extinction coefficient «, cloud droplet number concentration
N (or CDNC), droplet effective radius r., and liquid wa-
ter content LWC (Schmidt et al., 2013, 2014). Since imple-
mented in a conventional aerosol Raman lidar, detailed infor-
mation of aerosol properties below cloud base are available
in addition. We use the aerosol particle extinction coefficient
oy, measured at 532 nm as aerosol proxy.

Table 1 provides an overview of the vertical and tempo-
ral resolution of the basic lidar measurements with the dual-
FOV Raman lidar. Given are also the typical signal aver-
aging and signal smoothing lengths, and a list of the re-
trieved aerosol and cloud products as well as the typical rela-
tive uncertainties of the retrieved quantities, caused by signal
noise and the input parameters required in the retrieval proce-
dure. The error analysis for the cloud extinction coefficient
« and the cloud droplet effective radius r, is described by
Schmidt et al. (2013). The uncertainty in the cloud droplet
number concentration, CDNC, is obtained from Eq. (4) in
Schmidt et al. (2014) by applying the law of error propaga-
tion. CDNC is a function of o/r;? and thus the uncertainty
of CDNC sensitively depends on the uncertainty in 7.

The Doppler wind lidar WILI of TROPOS operates at a
wavelength of 2022 nm. Vertical and temporal resolutions
are 70 m and 2 s, respectively. The uncertainty in the deter-
mination of the vertical-wind component is of the order of
10 cm/s. The Doppler lidar observations were used in our
study to separate regions with upward and downward mo-
tions at cloud base (first and lowest height bin influenced
by cloud backscatter). Our experience shows that the up-
drafts usually extend from the base to the top of the shallow
stratiform cloud layers. The updraft strength may vary with
height. To remotely sense the same volume with the Doppler
and Raman lidars, both systems were located within a dis-
tance of less than 10 m and both lidars were pointing exactly
to the zenith.

The cloud radar of LACROS is used here only for drizzle
detection and cloud top identification to corroborate the lidar
observations in cases with optically dense clouds. However,
in most cases, periods with reduced clouds optical thick-
ness occurred when the shallow cloud layers crossed the li-
dar site so that cloud top height was usually obtained from
the lidar observations. The HATPRO microwave radiome-
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ter were used to estimate LWP which can be compared with
the column—integrated liquid water content (LWC) obtained
from the dual-FOV Raman lidar observations (as explained
in the next section).

To better quantify the aerosol effect on cloud prop-
erties (in Sect. 3) and to better compare our re-
sults with literature values (in Sect. 4), we com-340
puted two well-established ACI parameters (Feingold et al.,
2001; Garrett et al., 2004; McComiskey and Feingold, 2008;
McComiskey et al., 2009).

The nucleation-efficiency parameter is defined as:

345

ACIy =dIn(N)/dln(ey) (N

with the cloud droplet number concentration N and the

aerosol particle extinction coefficient «,. ACIy describes

the relative change of the droplet number concentration with

a relative change in the aerosol loading. 0
The indirect-effect parameter ACI; is defined as:

ACI, = —0ln(r.)/0In(ayp). )

ACI, describes the relative change of the droplet effective ra-sss
dius 7, with a relative change in the aerosol extinction coeffi-
cient oy, at constant LWP (or LWC) conditions. ACI, is equal
to 1/3 ACIy (for constant LWP) according to the r, oc N ~1/3
relationship. More details can be found in Schmidt et al.
(2014). 360

Figure 1 illustrates how we tried to link aerosol properties
with cloud properties. As aerosol proxy we used the parti-
cle extinction coefficient v, for the layer from 300-1000 m
below the lowermost cloud base height. These 532 nm ex-
tinction coefficients were obtained by means of the Raman s
lidar method. A distance of 300 m to the cloud layer base
was usually sufficient to avoid that particle water-uptake ef-
fects influenced «,. Water uptake occurs when the relative
humidity increases from values below about 60 % towards
100 % at cloud base (see examples in Schmidt et al., 2014). 37
Water-up-take effects show up as sudden and strong in-
creases in lidar return signal strength in the inner-FOV
channel, but not in the outer-FOV channel (cloud chan-
nel) and are thus easiliy detectable. As cloud properties we
selected CDNC and droplet effective radius for distinct lay- a7s
ers from 0-30 m, 30-70 m, and 70-120 m above the lowest
detected cloud base.

To reduce signal noise the basic lidar signal profiles (ob-
tained and stored with 10 s resolution) were averaged over
10-90 minutes, depending on the homogeneity and lifetime sgo
of the observed cloud layers. We selected only cloud lay-
ers with well-defined temporally almost constant cloud base
height and homogeneous cloud backscatter structures for our
study. When averaging lidar signal profiles, the lowermost
cloud base height occurring during the averaging time inter-
val (and not the mean cloud base height) shows up as cloud
base height in the averaged signal profile, as illustrated insss
Fig. 1.

J. Schmidt et al.: Lidar aerosol-cloud-dynamics study

3 Statistical analysis
3.1 Overview of aerosol and cloud properties

During this 2008-2012 feasibility study, the dual-FOV lidar
was run manually (not in an automated mode) to always al-
low a careful alignment of the new lidar receiver setup, es-
pecially an optimum selection of the two FOVs for a given
cloud layer height range. The lidar was operated only when
atmospheric conditions were favorable. The measurements
were typically conducted during the first four hours after sun-
set. This is the main reason for the comparably low number
of cloud cases we sampled during the 2-year period (2010-
2012), after the test phase in 2008-2009.

All in all, we measured 200 stratiform cloud layers with
the Raman lidar, 140 of these cloud layers were simultane-
ously observed with the cloud radar, and 100 of these cloud
cases were simultaneously monitored with the Doppler lidar
WILI. By using the polarization lidar technique (also imple-
mented in the aerosol/cloud Raman lidar) for the identifica-
tion of ice crystals (ice virga below cloud base), we first re-
moved all mixed-phase clouds from the data set. We further
eliminated all cases with strongly varying cloud backscatter
properties including a strongly varying cloud base. Finally,
29 pure liquid-water cloud layers remained, of which 13 were
measured together with Doppler lidar. Thus, to study explic-
itly the impact of updrafts on the strength of aerosol-cloud
interaction, 13 cloud layers are available. Three of the 29
clouds occurred during pure updraft periods, 26 cloud layers
showed updraft as well as downdraft influences.

Table 2 summarized the main aerosol and cloud properties
of the 29 aerosol/cloud cases observed from September 2010
to September 2012. All investigated 29 liquid clouds were
geometrically and optically thin. The derived 532 nm aerosol
particle extinction coefficients below cloud base ranged from
7-130Mm~! with a mean value of 52+34Mm~!. These
aerosol conditions match well with findings of Mattis et al.
(2004) who presented aerosol lidar results for the boundary
layer and lower free troposphere over the EARLINET station
at Leipzig between 2000 and 2003. Base heights and vertical
extend of the observed cloud layers ranged from about 1—
4.5km and 100-300 m, respectively. Most clouds occurred
in the free troposphere around 3+1 km height. Table 3 sum-
maries the cloud products derived from the dual-FOV Raman
lidar observations. Most effective cloud droplet radii were
found in the range from 5-10 um and CDNCs showed typi-
cal values from 50-200 cm 3.

3.2 Lidar-derived ACI, and ACIy without considering
vertical-wind information

Figure 2 shows a first overview of our lidar-based ACI stud-
ies. For the 26 cloud layers (with updraft and downdraft
periods) the correlation between the cloud droplet effective
radius in the cloud layer from 30-70m above cloud base
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and the aerosol particle extinction coefficient cy, below cloud
base is shown. Vertical wind information is not taken into ac-
count in this figure, i.e., the presented findings are based on
lidar signal averages without any sorting of signals to updraft 4s
or downdraft periods.

As can be seen, the computed ACI, values for two groups
of LWC ranges are small. The ACI, values are 0.10+0.17
and —0.01 £0.09 for the lower and higher LWCs cloud
groups, respectively. The overall mean value of ACI; value o
is 0.044-0.09. The coefficients of determination R? from the
linear regression of the ACI, calculation are 0.03 and < 0.01
for the data set with the lower and higher LWC, respectively.

Figure 3 shows the correlation between CDNC and o, for
the 26 dual-FOV Raman lidar measurements. On average, sss
higher CDNCs are found for larger particle extinction co-
efficients. This tendency is expressed in an ACIy value of
0.32+0.19. The coefficient of determination obtained from
the linear regression for the calculation of ACly is low with
0.10. Again, information on upward and downward motions
were not taken into account in the data analysis.

The large scatter in the observational data is a common 4s0
feature in all publications dealing with aerosol-cloud interac-
tion, discussed in section 4, and may partly reflect the techni-
cal/methodological difficulty to determine the true response
of a given cloud layer to a given aerosol particle concentra-
tion. Furthermore, young cloud layers, which just developed 45
and are closely linked to the available aerosol particle con-
centration, as well as aged altocumulus layers, which may
no longer be directly influenced by the found aerosol load,
are typically probed. Uncertainties in the retrieved cloud
properties (effective radius, CDNC, Table 1) and the fact that 47
the particle extinction coefficient o, provides only estimates
for the number concentration of particles which are re-
garded to act as CCN (favorable CCN candidates are
accumulation-mode particles with radii from about 50-
500 nm and the larger, less numerous coarse-mode parti- +7
cles) contribute also to the large scatter in the found corre-
lation between cloud and aerosol parameters in Fig. 3. The
fact that vertical-wind information was not available in the
majority of published studies, is the third important source
for the large scatter in the correlation of aerosol and cloud 4s
properties and correspondingly low ACIy values, as will be
discussed in Sect. 3.3.

Figure 4 presents the cloud-aerosol data sets for the cloud
layer from the lowest occuring cloud base to 30 m above this
lowest cloud base (see Fig. 1Figure 1) and for the layer from 4ss
70-120 m above lowest cloud base. Together with Fig. 3
(cloud layer from 30-70m above cloud base) the results
show the decreasing strength of the observed aerosol-cloud
interaction with height above cloud base. Schmidt et al.
(2013) stated that lidar observations at cloud base have to be 4%
exercised with caution because small variations in the cloud
base height may lead to an inclusion of cloud free air in the
cloud retrievals and may introduce a bias. Disregarding this
potential bias, the aerosol-cloud interaction effect is small-

est in the cloud layer from 70-120 m with ACIxy =0 and
strongest just above cloud base (ACIy = 0.38). Turbulent
vertical mixing and entrainment of cloud-free and drier air
from above probably weakened the aerosol effect on CDNC
in the upper part of the shallow cloud layers. Entrainment
of dry air may lead to a strong reduction of CDNC (evap-
oration of small droplets) and may significantly change the
cloud droplet size distribution by collison and coagulation of
droplets of different sizes in the upper cloud parts, and thus
the droplet effective radii as discussed by Kim et al. (2008).

The dependence of ACIy on height above cloud base
(laser penetration depth) as shown in Figs. 3 and 4 is sum-
marized in Fig. 5 (green bars). The corresponding coeffi-
cients of determination for ACIy are compared in Fig. 6 to
corroborate the statistical significance of our findings. The
coefficients of determination show a strong decrease from
the penetration depth of 30—70 m to 70—120 m.

3.3 AClIy during updraft periods

The main goal of Fig. 5, however, is to demonstrate the ne-
cessity to include vertical-wind information in ACI studies
in layered clouds to obtain the most direct impact of aerosol
particles on cloud microphysical properties. We contrast the
results discussed before with our findings when vertical wind
information, i.e., the knowledge on the occurrence of up-
drafts, is explicitly taken into account in the lidar signal av-
eraging procedures. In the case of the red bars in Fig. 5,
the basic lidar signal average profiles exclusively consider li-
dar returns measured during periods with positive vertical-
wind component (>0 m/s at cloud base). Several exam-
ples showing the strong influence of the vertical air motion
on cloud properties and aerosol-cloud interactions were dis-
cussed in Schmidt et al. (2014). Unfortunately, the number
of co-located dual-FOV and Doppler lidar observations is
about 50 % lower than the number of measured cloud cases
with the dual-FOV Raman lidar alone. 13 cases of combined
dual-FOV and Doppler wind lidar observations could finally
be used for the calculation of the ACI values in Fig. 5 (red
bars). In three out of the 13 cases, clouds occurred during
updraft periods. Downdraft periods were absent during
these three cloud events. .

We performed several t-tests to check the statistical sig-
nificance of our findings and applied them to the small,
remaining data set of 10 well-defined observational cases
for which we have vertical-wind information at cloud
base with both up- and downdraft periods. The t-test con-
firmed that an effect of aerosol extinction on cloud drop
number concentration is indeed visible in these two data
sets with and without including vertical-wind informa-
tion (95% confidence). However, the test also yield that
there is a 20-30% chance that the difference between the
two correlations (when ignoring or considering the up-
draft information) is accidental. It should be mentioned
in this context, that statistical tests are usually not pre-
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sented in ACI publications because of the observed large sso
scatter in the data and the correspondingly low statistical
significance of the results.

Nevertheless, as can be seen, ACly is strongly increased
for the updraft periods at all three height levels within the
lowest 120 m of the altocumulus layers. Obviously a well-
defined flow of accumulation-mode particles into clouds oc-
curs during the updraft periods. A large decrease of ACly issss
found again with increasing height above cloud base in these
stratiform free-tropospheric cloud layers.

We cannot exclude that the observed aerosol-cloud corre-
lation, which decreases with height, is partly linked to the
fact that the Doppler-lidar-derived vertical-wind values at seo
cloud base, used to separate upward and downward regions
throughout the cloud layer, may not adequately represent the
vertical-wind structures higher up in the altocumulus layers,
so that lidar signal averaging (for updraft periods at cloud
base) may include even downward moving cloud parcels, ses
e.g., in the 70-120 m layer. This would partly smooth out
the clear updraft effect in the cloud region from 70-120 m
above cloud base.

However, in the cloud layer from 30-70 m above cloud
base, the ACIy value for updraft regions is 0.78 £ 0.36 and s
thus a factor of two larger than the corresponding ACIy value
derived without consideration of the vertical wind velocity.
The good correlation between the aerosol proxy and CDNC
during updraft periods is corroborated by Fig. 6. The corre-
sponding coefficient of determination reaches almost a value s7s
of 0.3 which is about a factor of three larger than the value
derived without consideration of the vertical wind velocity.
It is interesting to note here that Shinozuka et al. (2015)
recently investigated the relationship between CCN (at
0.3-0.5% supersaturation) and the dry-particle extinction
coefficient at 500 nm wavelength based on airborne and
ground-based observations during nine long-term field
campaigns at very different marine and continental loca- ss
tions and found a mean increase in CCN with dry extinc-
tion coefficient equivalent to an ACI of 0.75+0.25 which
is very close to our mean ACI value (during updrafts pe-
riods) of 0.78. From the study of Shinozuka et al. (2015)
one can conclude that the largest possible ACI value is, sss
on average, close to 0.75 when using a particle optical pa-
rameter as aerosol proxy. This is then equivalent to an
ACI value of about 1 when using, e.g., the accumulation-
mode particle number concentration as aerosol proxy in-
stead the dry extinction coefficient. 590

For the updraft periods, ACly is lower in the lowest 30 m
above cloud base compared to the values for the 30-70 m
cloud layer. Furthermore, the corresponding coefficient of
determination is lower for the lowest 30 m of the cloud than
for the 30-70 m layer. The results for the lowest 30 m of the sss
clouds are probably affected by variations of the cloud base
height (during the updraft periods). As mentioned, the trend
that ACIy decreases with increasing height above cloud base
(30-70 m versus 30—120 m height range) is consistent with
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the hypothsies that downdrafts, turbulent mixing, and en-
trainment processes immediately begin to reduce any clear
aerosol effect on cloud microphysical properties on the way
up through the cloud (Kim et al., 2008).

3.4 Discussion

We found a clear indication that updraft knowledge is im-
portant for a realistic estimation of aerosol-cloud interaction.
For all three defined cloud levels we observed a systematic
increase of ACIy by 0.16-0.36, compared to the ACIy val-
ues when wind information is ignored. For the 30-70 m cloud
layer, the standard deviation decreased from about 0.6 (for 26
cloud cases, green bars in Fig. 5) to 0.45 (for the 13 cloud lay-
ers, red bars). We may conclude that the standard deviation
reduces by roughly a factor of 2 when updraft information
is included in the analysis and the same number of clouds
(e.g., 26) would have been available for statistical compari-
son. It is likely that the importance of updraft information
in ACly studies further increases if our sampled cloud data
set would have been large enough to introduce even vertical-
wind thresholds (not >0 m/s as considered in our study, but
>0.5 m/s or 1 m/s) in the lidar signal averaging procedure.
This aspect is discussed in the Sect. 4.2. A further reduction
of the standard deviation of the found ACIy values (below
30%) is practically impossible because of the always remain-
ing basic uncertainties in the lidar-derived aerosol and cloud
parameters, as discussed above and summarized in Table 1.

4 Literature review

We checked the literature concerning field studies of aerosol-
cloud interactions of warm clouds of the past two decades
for available ACI numbers. Main motivation was to an-
swer the question how well our results are in agreement
with other findings and what are the consequences in the
ACI studies when vertical wind information is not avail-
able or not taken into account. Figure 7 summarizes this
survey and may be regarded as an update of former efforts
of ACI compilations (Twohy et al., 2005; Lu et al., 2008;
McComiskey and Feingold, 2008, 2012). However, such an
extended overview as in Figure 7 has not been presented be-
fore, and permits a clear comparison of the impact of the
different approaches (passive satellite remote sensing vs air-
borne retrievals vs ground-based attempts) on the ACI study
results. In the majority of considered satellite observations
(red bars in Fig. 7) and airborne measurements (blue bars in
Fig. 7), extended fields of stratiform cloud over the oceans
were investigated. With few exceptions, vertical wind infor-
mation was not available or not considered in the measure-
ments and retrievals shown in Fig. 7. The ground-based ob-
servations were performed over continental sites (green bars
and one orange bar for our study). As can be seen, almost
the full range of physically meaningful ACIy values from O
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(no aerosol influence) to 1 (linear increase of CDNC with
aerosol burden) is covered by observations. Even values > 1
are reported. 655

Before we discuss the differences in the ACI values
for the different observational platforms (ground-based,
airborne, spaceborne) in Sect. 4.1-4.3, some general rea-
sons for the large spread of ACI values are given. The
spread reflects first of all the use of different technical sso
approaches and methods (different combinations of in
situ measurements, active remote sensing, and passive
remote sensing). Second, differences in cloud evolution
over the oceans and over continental sites may have also
contributed to the large range of found values. Different ess
conditions regarding aerosol types and mixtures and the
strong contrast in the occurrence frequency, strength and
duration (temporal length) of up- and downdraft features
over oceanic and continental sites are important factors
in this respect. Orographic aspects, the pronounced diur- 7
nal cycle of the planetary boundary layer, and heteroge-
neous heating of the ground have to be taken into account
when studying cloud formation and evolution over land.

Furthermore, Reutter et al. (2009) defined aerosol- and
updraft-limited regimes of cloud droplet formation which s7s
may partly explain the low and high ACI value in Fig. 7.
In the case of an aerosol-limited regime, updrafts are
strong, water vapor supersaturation usually >0.5% and
CDNC is directly proportional to the aerosol particle
number concentration, so that ACI is high (and close s
to 1). In the case of an updraft-limited regime, up-
draft strength is low, water vapor supersaturation usu-
ally <0.2% and the respective ACI values may be as low
as 0.2-0.5 according to the simulations of Reutter et al.
(2009). However, Shinozuka et al. (2015) investigated the ess
relationship between CCN and the 500 nm dry-particle
extinction coefficient during nine field campaigns in pris-
tine marine as well as highly polluted environments and
did not find significant differences in terms of ACI (as a
function of CCN and dry particle extinction coefficient). sw
All campaign mean values accumulate from 0.7-0.8. Dif-
ferent aerosol conditions over the oceans and continents
thus seem to be less responsible for the large ACI range
in Fig. 7.

695

4.1 ACIy from satellite remote sensing

As discussed in detail by McComiskey and Feingold (2012),
the main reason for the relatively low ACIy values obtained
from satellite passive remote sensing is probably that the 70
analysis scale is in strong disagreement with the process
scale. Aerosols influence cloud properties at the microphys-
ical scale (process scale), but observations are most made
of bulk properties over a wide range of resolutions (analysis
scales). The most accurate representation of a process re- 7os
sults from an analysis in which the process scale and anal-
ysis scale are the same. Typical cloud scales of variabil-

ity (process scales, 100—-1000 m) are much smaller than the
scales of variability in the aerosol properties (10-100 km).
Considering scales that drive convection, spatial scales of 10
to 100m adequately capture bulk cloud properties. These
small scales of variability may be observable from in situ and
ground-based measurements but typically not from space,
McComiskey and Feingold (2012) concluded.

In the case of satellite remote sensing with horizontal res-
olutions of kilometers so that updraft and downdraft regions
cannot be resolved, ACIy must be generally interpreted with
care. Even if the horizontal resolution would be high (a few
100 m) in satellite retrievals, the fact that most cloud infor-
mation is related to cloud top areas and that vertical wind
observations directly below the cloud are not available in the
case of satellite remote sensing, will generally prohibit an
accurate determination of ACIy from space.

Furthermore, radiation scattered by cloud edges can
brighten the aerosol fields around clouds and can in this way
systematically disturb the retrieval of aerosol optical depth
and cloud properties used in satellite-based passive remote
sensing ACI studies. Particle water-uptake in the aerosol
layers around the clouds and lofted aerosol layers above the
clouds (Painemal et al., 2014) are further sources of errors in
the ACI studies from space. Aerosols detected and quantified
around the cloud fields may not represent the desired aerosol
conditions below cloud base.

Ma et al. (2014) recently reassessed the satellite data anal-
ysis presented in Quaas et al. (2008) (both papers are con-
sidered in Fig. 7) and included a longer time period. As
a global average for cloud fields over the oceans, they found
an ACly value close to 0.4 from their state-of-the-art satel-
lite observations. The study of Ma et al. (2014) offers the
opportunity to discuss differences between ACI studies over
continents (as our study) and oceans (most studies in Fig. 7)
in some more detail. In contrast to the global mean ACIy
value close to 0.4 over the oceans, they derived a global av-
erage ACIy value in the range of 0.1-0.15 over the conti-
nents (not shown in Fig. 7). The reason for the strong con-
trast between the ACly values for clouds over land and sea
is not clear, but may be related to the fact that the observed
cloud fields over oceans form at comparably simple mete-
orological and aerosol conditions. The studied short-lived
cumuli fields or aged stratocumulus layers mostly develop
within a well-mixed, undisturbed marine boundary layer at
almost adiabatic-like stratification of the water content re-
sulting in an height-independent CDNC from cloud base to
top (Painemal and Zuidema, 2013). Effects of vertical mo-
tions (updrafts, turbulent mixing, and entrainment of drier air
into the clouds) may then be comparably weak (Twohy et al.,
2005; Terai et al., 2012; Werner et al., 2014). In contrast,
over land much more complex aerosol and meteorological
conditions occur, as mentioned above. Complex aerosol lay-
ering, strong spatial and temporal variability in aerosol com-
position, size distributions, and mixtures of different aerosol
types are typical over continental sites. Furthermore, the
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daily development of the boundary layer and nocturnal evo-
lution of the residual layer lead to permanent changes in the
updraft/downdraft characteristics (strengths, spatial distribu-
tion) in the lower troposphere up to several kilometers height.
Orographic effects continuously disturb the air flow and may 7es
trigger gravity waves (and thus vertical motions) which influ-
ence cloud formation and microphysical properties in a com-
plicated way. Over continents, vertical motions may thus
play a much stronger role in cloud processes and may lead
to a much stronger bias in the ACI characterization if not 7o
considered. The occurrence of ice crystals and related bi-
ases in ACI studies must be kept in mind when the cloud top
temperatures reaches freezing temperatures. All these effects
may considerably diminish any observable aerosol effects on
cloud evolution in the upper part of a cloud layer, predomi- 775
nantly remotely sensed from satellites.

4.2 ACIy from airborne observations

In strong contrast to the findings from spaceborne remote 4,
sensing, the majority of airborne observations lead to ACIy
values of mostly > 0.6, as can be seen in Fig. 7. Most
of these studies deal with shallow marine boundary-layer
clouds (stratocumulus fields, convective cumuli) and con-
sider the accumulation mode particle number concentration, ;g5
i.e., aerosol particles with diameters larger than 80—100 nm,
which best represent the favorable CCN fraction. Cloud mi-
crophysical information from cloud base to top was used in
most ACI analyses. Vertical motion was usually not taken
into consideration. 790
However, several attempts are available in which the sen-
sitivity of the ACI values on vertical motion was illumi-
nated. McComiskey et al. (2009) investigated coastal strat-
iform clouds in California and found an increase of the mean
ACly value from 0.48 to 0.58 (for updraft periods with ver-7es
tical winds > 0.5ms~1) and 0.69 (for periods with vertical
winds > 1ms~'). McFarquhar and Heymsfield (2001) in-
vestigated aerosol-cloud relationships over the Indian Ocean
and found only a slight increase in the mean ACIy values
from 0.63 to 0.67 and 0.7 for data sets, considering only g
data for which the vertical winds were < 0.5, > 0.5-2, and
>2ms ™! in tropical cloud layers, respectively. Werner et al.
(2014) found that updraft velocity variations from 0.5 to
4 ms~! caused variations in the derived ACI, values by 0.02,
or in terms of ACIy by 0.06. They concluded that up-gs
draft velocity strength is of minor importance in aerosol-
cloud interaction studies of short-lived tropical trade wind
cumuli over the tropical Atlantic. However, it is also in-
teresting to note that Lu et al. (2008) found that better re-
gression between maritime cloud and aerosol parameters is
obtained when CDNC, accumulation mode particle number s1o
concentration NV, and vertical velocity is considered in the
regression study. The CDNC/N,. ratio increased by about
30 % for updraft speeds around 2m s~! compared to the
CDNC/ N, ratio for a vertical velocity of 0.5 m s~ L

J. Schmidt et al.: Lidar aerosol-cloud-dynamics study

An interesting approach (leading to a high study-mean
ACI of 0.86) is presented by Painemal and Zuidema (2013).
They combined airborne fast (1 Hz sampling) in situ mea-
surements of V,.. below the cloud with cloud optical depth
and liquid water path values obtained from simultaneous
observations (also at 1 Hz resolution) with upward-looking
broadband irradiance and narrow field-of-view millimeter-
wave radiometers. The authors argued that this approach
works well over the oceans (in the boundary layer) when
the cloud structure is well described by adiabatic conditions
and a correspondingly height-independent CDNC profile, but
may not work over continents with the mentioned complex
cloud processes, aerosol mixtures, and varying vertical-wind
conditions.

The maximum values of ACIy close to 1.05 in
Fig. 7 are obtained from helicopter-borne observations of
tropical, short-lived trade-wind cumuli around Barbados
(Werner et al., 2014; Ditas, 2014). Werner et al. (2014) used
two stacked payloads which were attached on top of each
other to a helicopter by means of a 160m long rope to
perform in situ measurements within and collocated radia-
tion measurements above clouds, 140 m above the in-situ
aerosol and cloud observational platform which was attached
to the end of the rope. The helicopter was moving with
a comparably low horizontal speed of 15-20ms~!. The ob-
served clouds had horizontal extensions from 300-3000 m.
The aerosol information for the ACI studies was taken from
measurements in the subcloud layer (from the surface up
to 400 m height), before the cloud observations were per-
formed. As aerosol proxy they used the aerosol particles
number concentrations considering particles with diameter
> 80nm only. Daily mean cloud effective radii (from the
radiation measurements above the cloud) were combined
with daily mean aerosol concentrations, measured in Novem-
ber 2010 and April 2011. Werner et al. (2014) found high
ACI, around 0.35 (i.e., ACIy around 1.05) from these aerosol
and cloud observations.

Ditas (2014) used the same cloud cases, but an alternative
approach to study ACI. Only updraft periods were used in
these ACI studies. The aerosol particle concentration out-
side of clouds was compared with the aerosol particle num-
ber concentrations inside the cloud layer. The difference be-
tween the two aerosol number concentrations was then in-
terpreted as the activated particle number concentration (and
taken as a proxy for CDNC) in the ACI studies. This ap-
proach is corroborated by a study of Zhengetal. (2011)
in which a clear and strong dependence between measured
CCN (for a relative humidity of 100.2 %) and CDNC was
observed over the Pacific west of Chile.

4.3 ACly from ground-based observations
Figure 7 also includes ACIy values (from 0.25 to 0.5) ob-

tained from ground-based observations (green bars in Fig. 7)
when combining aerosol data measured at the surface or at
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low heights with mostly column-integrated cloud properties
which were retrieved from radiometer observations or from sss
combined cloud radar and radiometer observations. These
studies include clouds (convective and stratiform clouds) de-
veloping over land. The combination of surface aerosol in-
formation and remotely sensed cloud properties (mean val-
ues from base to top) is obviously only a rough approach (atsn
least over land) to identify an impact of given aerosol condi-
tions on cloud evolution and resulting properties for the rea-
sons discussed above. Furthermore, ACIy values in Fig. 7
reported by Feingold et al. (2003) and McComiskey et al.
(2009) are based on total aerosol particle number concentra- s7s
tion, which include size ranges that are below the activation
diameter for cloud droplets (Werner et al., 2014). This fact
also reduces the calculated ACI values.

Finally, we include our own observations (orange bar in
Fig. 7). The ACI value is taken from Fig. 5 (red bar forsso
the 30-70 m layer) and considers the detailed information
on particle extinction below cloud base, CDNC just above
cloud base, and updraft periods in the data analysis. Our
observations (over land) fit well with the airborne retrievals
which were performed over the oceans and the study of sss
Shinozuka et al. (2015) which indicates that the use of an
optical aerosol proxy leads to maximum observable ACI
values around 0.75 (and not of 1.0) .

4.4 Literatur review: conclusions 890

In summary, we may conclude from Fig. 7 (especially
from the airborne observations) that all accumulation-
mode and coarse-mode particles become activated at
cloud base when injected into the cloud from be- .
low, and correspondingly that ACIy is around 1.0 at
cloud base (when using the accumulation-mode parti-
cle number concentration as aerosol proxy), disregard-
ing whether the clouds are over the ocean or over con-
tinents. This statement is in agreement with the study s
of Shinozuka et al. (2015). In agreement with the ex-
tended discussion in the literature, it seems to be obvious
that satellite observations, focusing on ACI (with values
mainly below 0.4), may not provide us with a realistic
view on the aerosol effect on the microphysical proper-
ties of liquid-water clouds so that it remains also an open
question how reliable satellite-based estimates of the in-sos
direct aerosol effect on global climate are (Quaas et al.,
2009; Ban-Weiss et al., 2014; Ma et al., 2014).

. 910
5 Conclusions

Twenty nine cases of liquid-water cloud systems were ob-
served with a novel dual-FOV Raman lidar over the polluted
central European site of Leipzig, Germany, between Septem- 4,5
ber 2010 and September 2012. A collocated Doppler lidar
was employed to provide measurements of up and downward

motions at cloud base. The key results of the statistical anal-
ysis were presented and showed a clear aerosol signature on
cloud evolution and CDNC in the lowest part of altocumulus
layers during updraft periods with ACIy. The comparison
of the retrieved ACIy values showed good agreement with
published aircraft observations of ACI, but also that passive
satellite remote sensing delivers much lower ACly values in
comparison to our lidar and the airborne observations.

Because of the complex and combined influences of me-
teorological and aerosol-related aspects on cloud evolution
and lifetime, strong efforts regarding field observations (in
networks and in the framework of extended field campaigns)
of aerosol and cloud properties and vertical velocity are re-
quested. Measurements over the continents in polluted as
well as pristine environments, covering all cloud types (con-
vective and stratiform cloud systems) are required in order to
improve our knowledge on the impact of man-made aerosols
on cloud formation.

With respect to our own lidar approach we may conclude
that the feasibilty study was successful and bears an exciting
potential for cloud studies. However, to sample a necessary
huge amount of cloud layers, the dual-FOV lidar must be
upgraded in that way that automated observations around the
clock are possible. We may thus think about to built a small
compact automated lidar only with the dual-FOV option (two
607 Raman channels) and two polarization-sensitive 532 nm
elastic-backscatter channels (to identify mixed-phase clouds)
and to run this lidar together with an automated smart wind
Doppler lidar over years.
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Fig. 1. Sketch to illustrate our lidar-based approach to investigate
aerosol-cloud interactions (ACI) in case of pure liquid-water clouds
(blue lines indicate cloud bottom and top). The particle extinc-
tion coefficient measured with the Raman lidar in the height range
from 300-1000 m below the lowest cloud base height (at 0 m in
the sketch) is used as aerosol proxy (dashed lines indicate base and
top of the considered aerosol layer). From the dual-FOV Raman
lidar observations we determine the cloud droplet number concen-
tration (CDNC) and the effective radius for cloud layers from the
lowest occuring cloud base to 30 m above lowest cloud base, from
30-70 m, and from 70-120 m above the lowest cloud base. A collo-
cated Doppler lidar measures the vertical wind component and thus
periods with updraft and downdraft motions.
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Table 1. Lidar parameters, signal sampling resolution and typical signal averaging periods (used in the retrieval of cloud products), the
retrieved aerosol and cloud products, and respective uncertainties in the products. Absolute uncertainty in wind observation is 5-15 cm/s.
Typical errors are given. Doppler lidar and dual-FOV Raman lidar were located within a distance of less than 10m and both lidars were

pointing exactly to the zenith.

Lidar Signal, vertical ~ Product, vertical ~ Product Rel. uncertainty  Rel. uncertainty,
and temporal and temporal (signal noise) (retrieval)
resolution resolution
Doppler lidar 25,70 m 105,70 m Vertical wind 10-20% 10-20%
Dual-FOV Raman lidar 10s, 15 m 10-90 min, Aerosol extinction coefficient 5-10% 10-20%
30-50 m Cloud extinction coefficient 5-10% 5-10%
Cloud droplet effective radius 10-15% 15-25%
Cloud droplet number conc. 25-75%

Table 2. Aerosol and cloud properties of 29 studied aerosol-cloud
scenarios. The range of observed aerosol extinction coefficients and
cloud optical thicknesses and the corresponding mean values and
standard deviations (SD) are given for 532 nm wavelength.

Range Mean (+SD)
Aerosol extinct. coef. (Mm™1) 7-130 52+34
Cloud base height (m) 1100-4400 2900+910
Cloud vertical extent (m) 95-300 190+£50
Cloud optical thickness 1.5-5.9 3.6£1.3
LWP (gm?) 5.4-64 19+4

Table 3. Statistics of cloud extinction coefficients (532 nm), droplet
effective radii, LWCs, and CDNCs, derived from the dual-FOV Ra-
man lidar observations. Range of values (minumum to maximum),
mean values, and standard deviations (SD) are presented.

Height range above cloud base

0-30m 30-70m 70-120m
Cloud Min (km ™) 2.6 3.9 5.1
extinction ~ Max (km™1) 28.3 36.3 444
coefficient Mean (km™1) 11.5 19.4 25.5
SD (km™1) 5.7 7.0 11.4
Droplet Min (um) 2.7 3.0 29
effective Max (um) 11.0 14.5 13.8
radius Mean (um) 5.8 9.0 10
SD (um) 1.9 3.0 2.6
Min (gm ™ °) 0.010 0.012 0.020
LWC Max (gm™3) 0.213 0.243 0.391
Mean (gm™%)  0.049 0.124 0.188
SD (gm™?) 0.041 0.063 0.102
Min (cm ™~ 3) 10 12 13
CDNC Max (cm™?) 460 545 496
Mean (cm™?) 112 92 72

SD (cm™®) 102 110 88
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Fig. 2. Cloud droplet effective radius (mean value for the height
range from 30-70 m above cloud base) vs. aerosol particle extinc-
tion coefficient (mean value for the layer from 300-1000 m below
cloud base). 26 cloud cases are considered. The corresponding
ACI, values (negative slopes of the green and blue lines) are given
as numbers together with the standard deviations. The overall mean
ACI,; value is 0.0440.09. Vertical wind information is not consid-
ered in this analysis. Error bars show the uncertainties in the re-
trieved aerosol and cloud parameters. An error discussion is given
in Schmidt et al. (2014).
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Fig. 3. Cloud droplet number concentration (CDNC, for the 30—
70 m layer above cloud base) vs. aerosol particle extinction coeffi-
cient (mean value for the layer from 300—1000 m below cloud base)
for 26 dual-FOV Raman lidar probings. The linear regression of the
data yields ACIn = 0.32£0.19 (slope of the black line). Informa-
tion of up- and downdraft periods is not considered in this analysis.
Error bars show the retrieval uncertainties.
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Fig. 4. Same as Fig. 3, except for cloud layers from (a) cloud base
to 30 m above cloud base and (b) for the 70-120m layer above
cloud base. The corresponding mean ACIy value and SD are given
as numbers.
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Fig. 5. ACIn for updraft periods only (red, 13 cases) and when
vertical wind information is not taken into account in the lidar data
analysis and ACI retrieval (green, 26 cases). Error bars show the
overall variability caused by atmospheric variability and retrieval
uncertainties.
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Fig. 6. Coefficient of determination R? in the case of linear re-
gression of aerosol proxy and CDNC to obtain ACIx as shown in
Figs. 3 and 4. The green bars show R? when vertical wind infor-
mation is ignored. The red bars are obtained when data only for
updraft periods are considered in the linear regression.
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Fig. 7. ACIx values as published in the literature (see references to
the right). Different methods (in situ measurements, remote sens-
ing) and observational platforms (aircraft, satellite, ground-based)
are used. The orange bar (this study) is taken from Fig. 5 (red bar,
30-70 m above cloud base).



