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Abstract

Twenty nine cases of layered liquid-water cloud systems were observed with dual-field-
of-view (dual-FOV) Raman lidar over the polluted central European site of Leipzig,
Germany, between September 2010 and September 2012. For the first time, a detailed
lidar-based study of aerosol-cloud-dynamics relationship was conducted. A collocated5

Doppler lidar provided information on vertical velocity and thus on updraft and down-
draft occurrence. The novel dual-FOV lidar permits the retrieval of the particle extinction
coefficient (used as aerosol proxy just below cloud base) and cloud properties such as
droplet effective radius and cloud droplet number concentration in the lower part of op-
tically thin cloud layers. Here, we present the key results of our statistical analysis of the10

2010–2012 observations. Besides a clear aerosol effect on cloud droplet number con-
centration in the lower part of the convectively weak cloud layers during updraft periods,
meteorological effects (turbulent mixing, entrainment of dry air) were found to diminish
the observable aerosol effect higher up in the clouds. The corresponding aerosol-cloud
interaction (ACI) parameter based on changes in cloud droplet number concentration15

with aerosol loading was found to be close to 0.8 at 30–70 m above cloud base during
updraft periods which points to values around 1 at cloud base (0–30 m above cloud
base). Our findings are extensively compared with literature values and agree well with
airborne observations. As a conclusion, ACI studies over continental sites should in-
clude vertical wind observations to avoid a bias (too low values) in the obtained ACI20

results.

1 Introduction

The indirect aerosol effect on climate results from two cloud-influencing aspects. At-
mospheric aerosol particles act as cloud condensation nuclei (CCN) in liquid-water
droplet formation and as ice nuclei (IN) in processes of heterogeneous ice nucleation.25

The same CCN may serve, later on after lifting and cooling of the cloud parcel, as IN
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via the immersion freezing process. 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 for-
mation of precipitation and that anthropogenic and natural aerosols thus sensitively
influence the atmospheric water cycle as a whole. Aerosol-cloud interaction (ACI) at
given meteorological conditions must be well understood and properly parameterized5

in atmospheric circulation models to improve future climate predictions. 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 interaction of the different
aerosols with the radiation field of the Earth’s atmosphere and clouds. However, we are
far away from a good representation of aerosols and their complex role in the climate10

system in computer models, especially with respect to aerosol vertical layering so that
the uncertainties in climate predictions remain very high.

We need strong efforts of continuous, long-term observations of aerosols and clouds
around the globe by means of active remote sensing (cloud radar, aerosol/cloud lidar) in
the framework of well-coordinated ground-based networks and, complementary, also15

from space to overcome this unsatisfactory situation. CLOUDNET (Illingworth et al.,
2007) may be regarded as a prototype network for the development of ground-based
aerosol and cloud monitoring infrastructures. Continuous detection of all aerosol lay-
ers and embedded warm, mixed-phase, and ice clouds with high vertical and tempo-
ral resolution is required. In addition, measurements of vertical movements (updrafts,20

downdrafts, gravity waves) are demanded 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 techniques and tools need to
be introduced to improve our ability to study ACI in the necessary detail and to provide
in this way fundamental, reliable information for the improvement of cloud parameteri-25

zation schemes in cloud-resolving models.
Recently, Schmidt et al. (2013, 2014b) presented a new lidar technique for warm-

cloud ACI studies. The novel dual-field-of-view (dual-FOV) Raman lidar allows us to
measure aerosol particle extinction coefficients (used as aerosol proxy) close to cloud
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base and to retrieve cloud microphysical properties such as cloud droplet effective
radius re and cloud droplet number concentration (CDNC) in the lower part of the
cloud. The development of this novel lidar technique was motivated by numerous pub-
lished ACI studies (see Sect. 4), in which aerosol observations (at ground or far below
cloud base) were correlated with remote-sensing products in terms of cloud-column-5

averaged effective radius or cloud mean droplet number concentration to describe the
impact of a given aerosol load on the evolution and microphysical properties of a cloud
layer. To our opinion, such experimental approaches do not allow an accurate quantifi-
cation of ACI. We will discuss this issue in detail in Sect. 4.

Schmidt et al. (2014a) used this new dual-FOV Raman in combination with a co-10

located Doppler lidar to simultaneously monitor aerosol and cloud properties together
with the vertical-wind field. This is a favorable remote-sensing approach for warm-cloud
ACI studies because it allows us to investigate the direct impact of aerosol particles on
cloud droplet nucleation as well as the role of up and downdrafts in warm-cloud ACI
processes, and thus to obtain an improved insight into aerosol-related and dynamics-15

related aspects of warm-cloud processes. Furthermore, the role of entrainment and
downward mixing of air to damp an aerosol signature on cloud microphysical properties
can be investigated. Alternative approaches to Doppler lidar observations of vertical
motions are cloud radar measurements. However, cloud radar observations of vertical
motions are frequently biased by a few large falling drizzle droplets as our three-year20

experience with simultaneous Doppler lidar and Doppler radar observations shows.
Schmidt et al. (2014a) presented several case studies of combined dual-FOV Raman

lidar and Doppler lidar observations of optically thin liquid-water altocumulus clouds.
Key findings of exemplary lidar observations of layered clouds occurring over the pol-
luted continental European site of Leipzig, Germany, in the lower free troposphere25

between 2.5 and 4 km height were discussed. Cases with clouds in clean and polluted
aerosol environments were contrasted.

In this paper, we summarize our multi-year observations. We present the main re-
sults of a statistical analysis of 29 cloud cases observed from September 2010 to

31412
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September 2012. Lidar profiling through water clouds from bottom to top is only pos-
sible up to cloud optical depths of 3.0 and respective liquid water paths (LWPs) of up
to about 50 gm−2. Our statistics thus covers thin altocumulus clouds only. Neverthe-
less, the message of the paper is clear: only during updraft periods an unambiguous
and strong relationship between aerosol burden and cloud microphysical properties is5

observed. This is the main topic of the paper and will be discussed in Sect. 3.
We begin with a brief description of the remote sensing instrumentation in Sect 2.

Definitions of well-established aerosol-cloud interaction parameters are given in the
Sect. 2, too. Section 3 discusses the experimental findings in terms of ACI statistics,
and Sect. 4 provides an extended comparison of ACI literature values. A summary and10

concluding remarks are given in Sect. 5.

2 Lidar instrumentation and ACI parameters

The dual-FOV Raman lidar is described in Schmidt et al. (2013, 2014a, b). It permits
us to characterize warm clouds (no ice phase) in terms of height profiles of single-
scattering droplet extinction coefficient α, cloud droplet number concentration N (or15

CDNC), droplet effective radius re, and liquid water content LWC. The new technique is
implemented in a multiwavelength polarization/Raman lidar so that detailed information
of aerosol properties below cloud base are available in addition. We use the aerosol
particle extinction coefficient αp measured at 532 nm as aerosol proxy. Details on verti-
cal and temporal resolution of the measurements and the uncertainties in the products20

can be found in Schmidt et al. (2014a).
The Doppler lidar provides vertical-wind information at cloud base and within opti-

cally thin cloud layers with vertical resolution of 70 m and a temporal resolution of a few
seconds (Ansmann et al., 2009, 2010). The lidar was originally developed for vertical
aerosol flux observations in the boundary layer (Engelmann et al., 2008).25

Both lidars belong to the Leipzig Aerosol and Cloud Remote Observation System
(LACROS, 51.3◦N, 12.4◦ E) (Wandinger et al., 2012; Bühl et al., 2013) of the Leibniz
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Institute for Tropospheric Research (TROPOS), Leipzig, Germany. Besides the lidars,
further cornerstones of LACROS are a 35 GHz cloud radar and a microwave radiome-
ter (MWR) for the determination of the liquid water path (LWP), which can be compared
with the column-integrated liquid water content, LWC, obtained from the dual-FOV Ra-
man lidar observations. LACROS belongs to the European Aerosol Research Lidar5

Network (EARLINET) and to the CLOUDNET consortium. Leipzig is also an Aerosol
Robotic Network (AERONET) station.

To better quantify the aerosol effect on cloud properties (in Sect. 3) and to better com-
pare our results with literature values (in Sect. 4), we computed two well-established
ACI parameters (Feingold et al., 2001; Garrett et al., 2004; McComiskey and Feingold,10

2008; McComiskey et al., 2009).
The nucleation-efficiency parameter is defined as:

ACIN = dln(N)/dln(αp) (1)

with the cloud droplet number concentration N and the aerosol particle extinction coef-
ficient αp. ACIN describes the relative change of the droplet number concentration with15

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

ACIr = −∂ ln(re)/∂ ln(αp) . (2)

ACIr describes the relative change of the droplet effective radius re with a relative
change in the aerosol extinction coefficient αp at constant LWP (or LWC) conditions.20

ACIr is equal to 1/3 ACIN (for constant LWP) according to the re ∝ N
−1/3 relationship.

More details can be found in Schmidt et al. (2014a).

31414
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3 Statistical analysis

3.1 Overview of aerosol and cloud properties

29 dual-FOV Raman lidar cloud measurements are available for statistical analyses.
These measurements were performed during nighttime between September 2010 and
September 2012. All investigated clouds were geometrically and optically thin pure-5

liquid water clouds. Table 1 summarized the main aerosol and cloud properties of the
29 aerosol/cloud cases. The derived 532 nm aerosol particle extinction coefficients be-
low cloud base ranged from 7–130 Mm−1 with a mean value of 52±34 Mm−1. These
aerosol conditions matches well with findings of Mattis et al. (2004) who presented
aerosol lidar results for the boundary layer and lower free troposphere over the EAR-10

LINET station at Leipzig between 2000 and 2003. Base heights and vertical extend of
the observed cloud layers ranged from about 1–4.5 km and 100–300 m, respectively.
Table 2 summaries the cloud products derived from the dual-FOV Raman lidar obser-
vations. Most effective cloud droplet radii were found in the range from 5–10 µm and
CDNCs showed typical values from 50–200 cm−3.15

3.2 Lidar-derived ACIr vs. ACIN

Figure 1 illustrates how we tried to link aerosol properties with cloud properties. As
aerosol proxy we used the particle extinction coefficient αp for the layer from 300–
1000 m below cloud base. These 532 nm extinction coefficients were obtained by
means of the Raman lidar method. A distance of 300 m to the mean cloud layer base20

was usually sufficient to avoid that particle water-uptake effects influenced αp. Wa-
ter uptake occurs when the relative humidity increases from values below about 60 %
towards 100 % at cloud base (see examples in Schmidt et al., 2014a). As cloud prop-
erties we selected CDNC and droplet effective radius for distinct layers from 0–30 m,
30–70 m, and 70–120 m above cloud base.25
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Figure 2 shows a first overview of our lidar-based ACI studies. For 26 cloud cases
the correlation between cloud droplet effective radius in the 30–70 m cloud layer (30–
70 m above cloud base) and aerosol particle extinction coefficient αp below cloud base
is shown. Vertical wind information is not taken into account in this figure, i.e., the
presented findings are based on lidar signal averages without any sorting of signals to5

updraft or downdraft periods. Typical signal averaging periods ranged from 10–90 min.
As can be seen, the computed ACIr values for two groups of LWC ranges are small.

The ACIr 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 ACIr value is 0.04±0.09. The coeffi-
cients of determination R2 from the linear regression of the ACIr calculation are 0.0310

and < 0.01 for the data set with the lower and higher LWC, respectively.
Figure 3 shows the correlation between CDNC and αp for the 26 dual-FOV Raman

lidar measurements. On average, higher CDNCs are found for larger particle extinction
coefficients. This tendency is expressed in an ACIN value of 0.32±0.19. The coefficient
of determination obtained from the linear regression for the calculation of ACIN is low15

with 0.10. Again, upward and downward motions were not taken into account in the
data analysis.

The large scatter in the observational data reflects the impact of atmospheric variabil-
ity (varying meteorological conditions), uncertainties in the retrieved cloud properties
(50–100 % relative error), and also that the particle extinction coefficient αp is not the20

optimum aerosol proxy. The CCN concentration (aerosol particles with radii of roughly
50 nm and larger) would be the optimum aerosol parameter. Based on our long-term
Aerosol Robotic Network (AERONET) photometer measurements of column-integrated
aerosol optical thickness (AOT at 500 nm) and corresponding particle size distribution
at Leipzig we observed that the CCN concentration can vary within an order of magni-25

tude for a given extinction coefficient.
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3.3 ACIN: damping effect by mixing and entrainment

Figure 4 presents the cloud-aerosol data sets with cloud properties measured within
the cloud layer from cloud base to 30 m above cloud base and for the layer from 70–
120 m above cloud base. Together with Fig. 3 (cloud layer from 30–70 m above cloud
base) the results show the decreasing strength of the observed aerosol-cloud interac-5

tion with height above cloud base. Schmidt et al. (2013) stated that lidar observations
at cloud base have to be 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 smallest in the cloud layer from 70–120 m with ACIN = 0 and strongest just above10

cloud base (ACIN = 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 (evaporation of small droplets) and may significantly change the cloud droplet
size distribution by collison and coagulation of droplets of different sizes in the upper15

cloud parts, and thus the droplet effective radii as discussed by Kim et al. (2008).
The dependence of ACIN on height above cloud base (laser penetration depth) as

shown in Figs. 3 and 4 is summarized in Fig. 5 (green bars). The corresponding coef-
ficients of determination for ACIN are compared in Fig. 6 to corroborate the statistical
significance of our findings. The coefficients of determination show a strong decrease20

from the penetration depth of 30–70 m to 70–120 m.

3.4 ACIN during updraft periods

The main goal of Fig. 5, however, is to demonstrate the necessity to include vertical-
wind information in ACI studies in layered clouds over a continental site. We contrast
the results discussed before with our findings when vertical wind information, i.e., the25

knowledge on the occurrence of updrafts, is explicitly taken into account in the lidar
signal averaging procedures. In the case of the red bars in Fig. 5, the basic lidar signal
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average profiles exclusively consider lidar returns measured during periods with pos-
itive vertical wind component. Several examples showing the strong influence of the
vertical air motion on cloud properties and aerosol-cloud interactions were discussed in
Schmidt et al. (2014a). Unfortunately, the number of co-located dual-FOV and Doppler
lidar observations is about 50 % lower than the number of measured cloud cases with5

dual-FOV lidar alone. 13 cases of combined dual-FOV Raman lidar and Doppler wind
lidar observations could finally be used for the calculation of the ACI values in Fig. 5
(red bars).

As can be seen, ACIN is strongly increased for the updraft periods. Obviously a well-
defined flow of CCN into clouds occurs during the updraft periods. A large decrease10

of ACIN is found again with increasing cloud penetration depth from 30–70 m to 70–
120 m. This cloud penetration-depth effect may be especially large in our case of free-
tropospheric cloud layers (over land) which develop at comparably stable environmen-
tal conditions.

In the cloud layer from 30–70 m above cloud base, the ACIN value for updraft regions15

is 0.78±0.36 and thus a factor of two larger than the corresponding ACIN value de-
rived 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 cor-
responding coefficient of determination reaches almost a value of 0.3 which is about
a factor of three larger than the value derived without consideration of the vertical wind20

velocity.
For the updraft periods, ACIN 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. Obvi-
ously, the results in the lowest 30 m of the clouds are affected by retrieval inaccuracies25

due to variations of the cloud base height (during the updraft periods) as discussed
above. From the trend that ACIN decreases with increasing cloud penetration depth
(within the 30–120 m height range) we may conclude that ACIN is close to 1.0 at cloud
base during updraft periods. In agreement with Kim et al. (2008), we may also con-
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clude from our studies that downdrafts, turbulent mixing, and entrainment processes
immediately begin to reduce any clear aerosol effect on cloud microphysical properties
on the way up through the cloud layer.

4 Literature review

We checked the literature concerning field studies of aerosol-cloud interactions of warm5

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 available
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;10

McComiskey and Feingold, 2008, 2012). In the majority of considered satellite obser-
vations (red bars in Fig. 7) and airborne measurements (blue bars in Fig. 7), maritime
layered clouds were investigated. With few exceptions, vertical wind information was
not available or not considered. As can be seen, almost the full range of physically
meaningful ACIN values from 0 (no aerosol influence) to 1 (linear increase of CDNC15

with aerosol burden) is covered by observations. Even values > 1 are reported.

4.1 ACIN from satellite remote sensing

The wide spread of derived ACI values reflects first of all the use of different platforms
(ground-based, airborne, spaceborne) and methods (different combinations of in situ
measurements, active remote sensing, and passive remote sensing). As discussed in20

detail by McComiskey and Feingold (2012), the main reason for the relatively low ACIN
values obtained from satellite passive remote sensing is that the analysis scale is in
strong disagreement with the process scale. Aerosols influence cloud properties at the
microphysical scale (process scale), but observations are most made of bulk properties
over a wide range of resolutions (analysis scales). The most accurate representation25
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of a process results from an analysis in which the process scale and analysis scale are
the same. Typical cloud scales of variability (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 100 m adequately capture bulk
cloud properties. These small scales of variability may be observable from in situ and5

ground-based measurements but typically not from space, McComiskey and Feingold
(2012) concluded.

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 stud-10

ies. 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 analysis presented in Quaas15

et al. (2008) (both papers are considered in Fig. 7) and included a longer time period.
As a global average for cloud fields over the oceans, they found an ACIN value close
to 0.4 from their state-of-the-art satellite 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 contrast to the global mean ACIN20

value close to 0.4 over the oceans, they derived a global average ACIN value in the
range of 0.1–0.15 over the continents (not shown in Fig. 7). The reason for the strong
contrast between the ACIN values for clouds over land and sea may be related to the
fact that the observed cloud fields over oceans form at comparably simple meteorologi-
cal and aerosol conditions. The studied short-lived cumuli fields or aged stratocumulus25

layers mostly develop within a well-mixed, undisturbed marine boundary layer at al-
most adiabatic-like stratification of the water content resulting 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) were found
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to have a comparably low impact on airborne ACI studies over maritime sites (Twohy
et al., 2005; Terai et al., 2012; Werner et al., 2014).

In contrast, over land much more complex aerosol conditions (layering, spatial and
temporal variability, composition, size distributions, mixtures of different aerosol types)
prevail. Furthermore, the daily development of the boundary layer and nocturnal evo-5

lution of the residual layer lead to permanent changes in the updraft/downdraft charac-
teristics (strengths, spatial distribution) in the lower troposphere up to several kilome-
ters height. Orographic effects continuously disturb the air flow and may trigger gravity
waves (and thus vertical motions) which influence cloud formation and microphysical
properties in a complicated way. Over continents, vertical motions play a much stronger10

role in cloud processes and thus presumably lead to a much stronger bias in the ACI
characterization if not considered.

Case A in Fig. 7 (orange bar A) supports this hypothesis. In our simplified approach
we assumed a CDNC profile up to 120 m above cloud base as derived from the dual-
FOV Raman lidar observations and that CDNC is height-independent (and equal to the15

value at 120 m) for the rest of the cloud up to cloud top. The corresponding vertically
integrated cloud values of CDNC were then combined with the lidar-derived aerosol
particle extinction coefficients to determine the ACIN value. Case A may oversimplify
the usually complex cloud features over polluted continental sites, but the low ACIN
value of 0.11 points to the right direction and is rather close to the global mean value20

obtained by Ma et al. (2014) of 0.1–0.15 over the continents. By means of satellite
remote sensing the impact of vertical motions (strengthening of ACI during updraft
periods, diminishing during downdraft periods) can not be resolved so that a strong
underestimation of ACI is not surprizing.

4.2 ACIN from airborne observations25

In strong contrast to the findings from spaceborne remote sensing, the majority of
airborne observations lead to ACIN values of mostly > 0.6, as can be seen in Fig. 7.
Most of these studies deal with shallow marine boundary-layer clouds (stratocumulus
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fields, convective cumuli), are based on directly (in situ) measured aerosol particle
number concentrations below cloud base, and consider the accumulation mode particle
fraction only, i.e., particles with diameters larger than 80–100 nm, which best represent
the CCN fraction. Cloud microphysical information from cloud base to top was used in
most ACI analyses. Most studies did not consider vertical motion.5

However, several attempts are available in which the sensitivity of the ACI values on
vertical motion was illuminated. McComiskey et al. (2009) investigated coastal strati-
form clouds in California and found an increase of the mean ACIN value from 0.48 to
0.58 (for updraft periods with vertical winds > 0.5 ms−1) and 0.69 (for periods with ver-
tical winds > 1 ms−1). McFarquhar and Heymsfield (2001) investigated aerosol-cloud10

relationships over the Indian Ocean and found only a slight increase in the mean ACIN
values from 0.63, to 0.67 and 0.7 for data sets, considering only data for which the verti-
cal winds were < 0.5, from > 0.5–2, and > 2 ms−1 in tropical cloud layers, respectively.
Werner et al. (2014) found that updraft velocity variations from 0.5 to 4 ms−1 caused
variations in the derived ACIr values by 0.02, or in terms of ACIN by 0.06. They con-15

cluded that updraft 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 interesting to note that Lu et al. (2008) found that better regression between
maritime cloud and aerosol parameters is obtained when CDNC, accumulation mode
particle number concentration Nacc, and vertical velocity is considered in the regres-20

sion study. The CDNC/Nacc ratio increased by about 30 % for updraft speeds around
2 m s−1 compared to the CDNC/Nacc ratio for a vertical velocity of 0.5 m s−1.

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
measurements of Nacc below the cloud with cloud optical depth and liquid water path25

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 corre-
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sponding height-independent CDNC profile, but may not work over continents with the
mentioned complex cloud processes and aerosol conditions.

The maximum values of ACIN 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 were5

attached on top of each other to a helicopter by means of a 160 m long rope to perform
in situ measurements within and collocated radiation 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 15–20 ms−1. The observed clouds had horizontal extensions from 300–3000 m. The10

aerosol information for the ACI studies was taken from measurements in the subcloud
layer (from the surface up to 400 m height). As aerosol proxy they used the aerosol
particles number concentrations considering particles with diameter > 80 nm only. Daily
mean cloud effective radii (from the radiation measurements above the cloud) were
combined with daily mean aerosol concentrations, measured in November 2010 and15

April 2011. Werner et al. (2014) found high ACIr around 0.35 (i.e., ACIN 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
outside of clouds was compared with the aerosol particle number concentrations inside20

the cloud layer. The difference between the two aerosol number concentrations was
then interpreted as the activated particle number concentration (and taken as a proxy
for CDNC) in the ACI studies. This approach is corroborated by a study of Zheng et al.
(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.25

4.3 ACIN from ground-based observations

Figure 7 also includes ACIN values (from 0.25 to 0.5) obtained from ground-based ob-
servations (green bars in Fig. 7) when combining aerosol data measured at the surface
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or at low heights with mostly column-integrated cloud properties which were retrieved
from radiometer observations or from combined cloud radar and radiometer observa-
tions. These studies include clouds (convective and stratiform clouds) developing over
land. The combination of surface aerosol information and remotely sensed cloud prop-
erties (mean values from base to top) is obviously only a rough approach (at least over5

land) to identify an impact of given aerosol conditions on cloud evolution and result-
ing properties for the reasons discussed above. Furthermore, ACIN values in Fig. 7
reported by Feingold et al. (2003) and McComiskey et al. (2009) are based on total
aerosol particle number concentration, which include size ranges that are below the
activation diameter for cloud droplets (Werner et al., 2014). This fact also reduces the10

calculated ACI values.
Finally, we include our own observations (case B in Fig. 7). Case B is simply taken

from Fig. 5 (red bar for 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. As mentioned, we concluded from our studies that ACIN probably15

approaches values around at 1.0 at cloud base during updraft periods.

4.4 Literatur review: conclusions

In summary, we may conclude from Fig. 7 that all CCN become activated at cloud base
when injected into the cloud from below, and correspondingly that ACIN is close to 1.0
at cloud base, disregarding whether the clouds are over the ocean or over continents.20

We can further conclude that the consideration of vertical motions in the ACI studies
may not be relevant in cases of cloud layers which develop in the boundary layer over
the oceans, but must be kept in consideration in aerosol-cloud studies over continents.
Finally, we can conclude that observations (and data analysis methods) yielding ACIN
numbers far below 1, i.e. < 0.5, must at least be interpreted with care. In agreement25

with the extended discussion in the literature, it is obvious that satellite observations,
focusing on ACI (with values mainly below 0.4), may not be appropriate to guide climate
modelling activities (Quaas et al., 2009; Ban-Weiss et al., 2014; Ma et al., 2014).
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5 Conclusions

Twenty nine cases of liquid-water cloud systems were observed with a novel dual-FOV
Raman lidar over the polluted central European site of Leipzig, Germany, between
September 2010 and September 2012. A collocated Doppler lidar was employed to
provide measurements of up and downward motions at cloud base. The key results of5

the statistical analysis were presented and showed a clear aerosol signature on cloud
evolution and CDNC in the lowest part of convectively weak cloud layers during updraft
periods with ACIN approaching most probably 1.0 at cloud base. A strong impact of
meteorological effects (turbulent mixing, entrainment of dry air) towards a weakening
of the aerosol effect at heights higher up in the cloud layer was also revealed in the10

stratiform cloud layers.
The comparison of the retrieved ACIN values showed good agreement with published

aircraft observations of ACI, but also that passive satellite remote sensing delivers
much lower ACIN values in comparison to our lidar and the airborne observations.
Satellite-derived values of the indirect aerosol effect (warm clouds, albedo effect) may15

not provide a representative picture of the true impact of aerosols on the microphysical
properties of liquid clouds.

Because of the complex and combined influences of meteorological and aerosol-
related processes on cloud evolution and lifetime, especially of vertical motions, strong
efforts regarding field observations (in networks, in the framework of extended field20

campaigns) of aerosol and cloud properties and vertical velocity are requested espe-
cially over the continents, covering all cloud types (convective and stratiform cloud sys-
tems) from the tropics to the poles, in order to improve our knowledge on the impact of
man-made aerosols on cloud formation in the atmospheric system. In the second step,
climate models equipped with sophisticated cloud-process-resolving modules must be25

able to reproduce these observations, especially the injection of aerosol particles into
the lowest part of the cloud layer and the consequences in the evolution of the cloud
layer. All meteorological and aerosol aspects must be properly simulated. In the third
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step, the so-called cloud albedo effect (Twomey, 1974, 1977) may then be computed.
But one should keep in mind that this effect is just one of numerous aerosol effects on
climate.
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Table 1. 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 (gm2) 5.4–64 19±4
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Table 2. Statistics of cloud extinction coefficients (532 nm), droplet effective radii, LWCs, and
CDNCs, derived from the dual-FOV Raman lidar observations. Range of values (minumum to
maximum), mean values, and standard deviations (SD) are presented.

Height range above cloud base
0–30 m 30–70 m 70–120 m

Cloud Min (km−1) 2.6 3.9 5.1
extinction Max (km−1) 28.3 36.3 44.4
coefficient Mean (km−1) 11.5 19.4 25.5

SD (km−1) 5.7 7.0 11.4

Droplet Min (µm) 2.7 3.0 2.9
effective Max (µm) 11.0 14.5 13.8
radius Mean (µm) 5.8 9.0 10

SD (µm) 1.9 3.0 2.6

Min (gm−3) 0.010 0.012 0.020
LWC Max (gm−3) 0.213 0.243 0.391

Mean (gm−3) 0.049 0.124 0.188
SD (gm−3) 0.041 0.063 0.102

Min (cm−3) 10 12 13
CDNC Max (cm−3) 460 545 496

Mean (cm−3) 112 92 72
SD (cm−3) 102 110 88
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Cloud layer: CDNC, droplet effective radius

Aerosol layer: particle extinction coefficient

Cloud base

Updraft Downdraft

Figure 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
extinction coefficient measured with the Raman lidar in the height range from 300–1000 m
below mean cloud base 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 concentration (CDNC) and the effective radius for cloud layers from cloud
base to 30 m above mean cloud base, from 30–70 m, and from 70–120 m above mean cloud
base. A co-located Doppler lidar measures the vertical wind component and thus periods with
updraft and downdraft motions.
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Figure 2. Cloud droplet effective radius (mean value for the height range from 30–70 m above
cloud base) vs. aerosol particle extinction coefficient (mean value for the layer from 300–1000 m
below cloud base). 26 cloud cases are considered. The corresponding ACIr values (negative
slopes of the green and blue lines) are given as numbers together with the standard deviations.
The overall mean ACIr value is 0.04±0.09. Vertical wind information is not considered in this
analysis. Error bars show the uncertainties in the retrieved aerosol and cloud parameters. An
error discussion is given in Schmidt et al. (2014a).
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Figure 3. Cloud droplet number concentration (CDNC, for the 30–70 m layer above cloud base)
vs. aerosol particle extinction coefficient (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). Information of up- and downdraft periods is not
considered in this analysis. Error bars show the retrieval uncertainties.
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Figure 4. Same as Fig. 3, except for cloud layers from (a) cloud base to 30 m above cloud base
and (b) for the 70–120 m layer above cloud base. The corresponding mean ACIN value and SD
are given as numbers.
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Figure 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). As aerosol
proxy the layer mean particle extinction coefficient for the layer from 300 to 1000 m below cloud
base is considered in the ACI retrieval. Penetration depth denotes height range above cloud
base. Error bars show the overall variability caused by atmospheric variability and retrieval
uncertainties.
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Figure 6. Coefficient of determination R2 in the case of linear regression of aerosol proxy
and CDNC to obtain ACIN as shown in Figs. 3 and 4. The green bars show R2 when vertical
wind information is ignored. The red bars are obtained when data only for updraft periods are
considered in the linear regression.
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Figure 7. ACIN values as published in the literature (see references to the right). Different
methods (in situ measurements, remote sensing) and observational platforms (aircraft, satel-
lite, ground-based) are used. Case A (this study) makes use of the found aerosol and cloud
properties (below the cloud, 0–30, 30–70, and 70–120 m layers above cloud base) for each
cloud event and assumes that the cloud properties for the 70–120 m layer also hold for the
rest of the cloud up to cloud top. Case B (this study) is from Fig. 5 (red bar, 30–70 m cloud
penetration depth).
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