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Abstract We have extensively evaluated the response of cloud base drizzle rate (Rcb; mmd�1) in
warm clouds to liquid water path (LWP; gm�2) and to cloud condensation nuclei (CCN) number
concentration (NCCN; cm

�3), an aerosol proxy. This evaluation is based on a 19month long data set of
Doppler radar, lidar, microwave radiometers, and aerosol observing systems from the Atmospheric
Radiation Measurement (ARM) Mobile Facility deployments at the Azores and in Germany. Assuming
0.55% supersaturation to calculate NCCN, we found a power law Rcb ¼ 0:0015±0:0009ð Þ�LWP 1:68±0:05ð Þ

N� 0:66±0:08ð Þ
CCN , indicating that Rcb decreases by a factor of 2–3 as NCCN increases from 200 to 1000 cm�3

for fixed LWP. Additionally, the precipitation susceptibility to NCCN ranges between 0.5 and 0.9, in
agreement with values from simulations and aircraft measurements. Surprisingly, the susceptibility of
the probability of precipitation from our analysis is much higher than that from CloudSat estimates
but agrees well with simulations from a multiscale high-resolution aerosol-climate model. Although
scale issues are not completely resolved in the intercomparisons, our results are encouraging,
suggesting that it is possible for multiscale models to accurately simulate the response of LWP to
aerosol perturbations.

1. Introduction

Warm clouds in the boundary layer represent one of the main causes of the intermodel spread in climate
projections, because models disagree substantially on how warm cloud coverage and properties will
change in a warmer world and in turn feedback on surface temperature [Bony et al., 2006; Soden and Vecchi,
2011]. Moreover, aerosols have a strong effect on climate via their potential to modify the properties of
warm clouds; an increase in aerosol loading could reduce drizzle production, modulate the stability of the
boundary layer, and change cloud properties, lifetime, and extent, which is referred to as the second
aerosol indirect effect [Albrecht, 1989; Pincus and Baker, 1994; Lohmann and Feichter, 2005; Feingold et al.,
2010]. Recent studies showed that global models significantly overestimate drizzle frequency [Stephens
et al., 2010], which calls into question the fidelity with which the second aerosol indirect effect is captured
[Quaas et al., 2009].

Numerous modeling studies at a wide range of resolutions have shown drizzle suppression for warm
clouds in polluted environments [e.g., Ackerman et al., 2004; Guo et al., 2011; H. Wang et al., 2011;
M. Wang et al., 2011]. Intensive field campaigns for marine stratocumulus in the northeastern Atlantic
[Albrecht et al., 1995; Wood, 2005], the northeastern Pacific [Stevens et al., 2003; van Zanten et al., 2005;
Lu et al., 2007, 2009], and the southeastern Pacific [Comstock et al., 2004; Bretherton et al., 2010; Wood
et al., 2011] have also found evidence of an aerosol effect on drizzle suppression. These observational
studies characterized the dependence of cloud base drizzle rate (Rcb) on liquid water path (LWP) and
cloud droplet number concentration (Nd, being sensitive to aerosol perturbations), which were well
reproduced with large-eddy simulations [Geoffroy et al., 2008]. However, other metrics such as
susceptibilities of precipitation intensity and probability to aerosol have not shown consistent
agreement among observations and simulations [Sorooshian et al., 2009, 2010; Terai et al., 2012; Feingold
et al., 2013].
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Precipitation susceptibility (SR) is defined as follows:

SR ¼ � ∂ ln Rð Þ
∂ ln αð Þ ; (1)

with fixed LWP, where R is precipitation rate and α is an aerosol proxy that is often Nd or aerosol index
(AI; the product of aerosol optical depth and Ångström exponent). CloudSat observations of precipitating
cumulus show that susceptibility SR to AI monotonically increases with LWP up to 1000 gm�2, similar to
the susceptibility SR to Nd in large-eddy simulations but with different magnitudes due to different choices
of aerosol proxy [Sorooshian et al., 2009]. In contrast, aircraft-based observations have shown a mostly flat
response of SR to Nd for precipitating clouds with LWP up to 300 gm�2, and when incorporating
nonprecipitating clouds, SR decreases with LWP [Terai et al., 2012]. Feingold et al. [2013] suggested that the
time scale available for collision-coalescence processes in cloud systems could explain the different
responses of SR to aerosol proxy among simulations and observations. Other studies also point out that
potential biases in estimates of SR can arise from different choices of minimum R thresholds, spatial
averaging scales, and cloud type among other factors [Duong et al., 2011; McComiskey and Feingold, 2012;
Terai et al., 2012].

For susceptibility (SPOP) of the probability of precipitation (POP), defined as

SPOP ¼ � ∂ ln POPð Þ
∂ ln αð Þ ; (2)

Wang et al. [2012] found that SPOP to AI in satellite observations was insensitive to LWP and 2–5 times smaller
than that in climate models. Although these discrepancies could be partly attributed to the scale differences
(as shown by McComiskey and Feingold [2012] for the aerosol impact on cloud albedo), this calls for more
observational evidence to better understand how precipitation and POP susceptibilities change across a wide
range of LWP.

In this paper, we analyze high temporal resolution observations of aerosols, clouds, and drizzle from the
Atmospheric Radiation Measurement (ARM) Mobile Facility (AMF) deployments in the Black Forest, Germany,
from April to December 2007 and at the Azores from June 2009 to December 2010. Through synergy
between ground-based aerosol observing systems and active and passive remote-sensing instruments, we
can examine aerosol-cloud-drizzle interactions with measurements that are collocated in a way that is
difficult to replicate in satellite studies, and with higher spatiotemporal resolution than satellite and aircraft
studies. In section 2, we outline the ground-based observations andmethods used to perform our analysis. In
section 3, first we provide observational constraints for the response of drizzle properties to aerosol
perturbations in warm clouds, and then we examine whether the response from AMF data agrees with results
from state-of-the-art satellite observations and climate models.

2. Ground-Based Observations at the Azores and the Black Forest

The AMF deployments at the Azores and in the Black Forest provide valuable information on marine and
continental boundary layer clouds, respectively. During the Azores deployment, liquid precipitation, defined
as a significant radar echo below ceilometer cloud base, occurred ~50% of cloudy times and was often in the
form of virga, detailed by Rémillard et al. [2012]. Their study also found the most prevalent types of low clouds
to be cumulus (20%), cumulus under stratocumulus (10–30%), and single-layer stratocumulus (10%). The
dominant aerosol types were likely organic from long-distance continental pollution plumes and sea salt [Pio
et al., 2007; Jefferson, 2010], although sea salt generally contributes mainly to mass rather than to aerosol
number concentration [Blot et al., 2013]. Overall, aerosol amounts at the Azores were low; for a
supersaturation of 0.55%, cloud condensation nuclei (CCN) number concentration (NCCN) mainly ranged from
20 to 900 cm�3 with a peak at 250 cm�3. In contrast, aerosol amounts during the Black Forest deployment
were high and dominated by organic aerosols [Jones et al., 2011]; NCCN ranged mostly from 150 to 2300 cm�3

with a peak at 900 cm�3. The occurrence of single-layer water clouds of interest was about 11% in the Black
Forest [Ebell et al., 2011].

This study focuses on interdependences between NCCN, liquid water path (LWP), and drizzle rate at cloud
base (Rcb). NCCN was acquired from a Droplet Measurement Technologies CCN counter [Roberts and Nenes,
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2005] positioned on a 10m high mast, taking measurements every minute and cycling through seven
supersaturations (S) from 0.1% to 1.2% on a 30min basis. We discarded NCCN measurements made
immediately after the counter changed temperature or supersaturation because the counter is unstable at
these times. As the Azores AMF was located near an airport, we also manually discarded data that were
affected by exhaust during airplane maneuvers. For each 30min cycle, the mean NCCN for each S was
computed and used in the relation NCCN = cSk [Twomey, 1959] to derive fit parameters c and k, after which
NCCN can be calculated for a chosen S. In the following analysis, S was chosen to be 0.55% as a best estimate
to reflect the low vertical velocities in marine boundary layer clouds [Martin et al., 1994; Hudson et al., 2010;
Wood, 2012], and then linearly interpolated down from 30min to 1min resolution. At the Azores, mixing in
the marine boundary layer is generally driven by cloud top longwave cooling, which does not depend
strongly on the diurnal cycle, and so we assume that surface CCN measurements are representative of cloud
base values over the entire diurnal cycle. At the Black Forest, where strong surface cooling at nighttime can
create stable surface layers that prevent mixing of aerosol in the boundary layer, we limited our analysis to
solar zenith angles less than 70°. This increases the likelihood that sufficient surface heating drives boundary
layer mixing, and therefore that surface CCN measurements represent the cloud base values. Note that CCN
data were unavailable at the Azores from January to mid-July 2010 due to an instrument fault.

LWP retrievals are available in the ARM Archive with an uncertainty of 20–30 gm�2 using the method of
Turner et al. [2007]. The retrieval method optimizes LWP estimates by blending microwave radiometer
measurements at 20 s resolution with radiosonde observations and radiative transfer calculations. This
physically based method significantly reduces clear-sky bias, a common problem in earlier LWP retrievals. For
our analysis, we excluded periods when the window of the microwave radiometer was wet as the resulting
LWP retrievals were unreliable, and the period frommid-July to mid-August 2010 was also excluded due to an
instrument fault. Finally, LWP was averaged to 1min resolution, and any mean values below 20 gm�2

were discarded.

Drizzle rate below cloud, provided by Cloudnet [Illingworth et al., 2007] with 30 s temporal and 43m vertical
resolution, is based on a synergy between 94GHz Doppler radar and 524 nm backscatter lidar. The retrieval
method exploits the fact that the ratio of radar to lidar backscatter power is proportional to the fourth power
of mean drop size to characterize the drizzle drop size distribution, along with shape information from
Doppler spectral width [O’Connor et al., 2005]. The drizzle rate can then be estimated, given the drop size
distribution and calculated drop terminal velocities, with an overall uncertainty of about 20%. Cloud base
height from lidar, provided by Cloudnet, was used to select the cloud base drizzle rate Rcb, which was then
averaged to 1min resolution. Note that the radar was down for 23 days in September 2010 during the
Azores deployment.

To ensure the representativeness of derived interdependences between LWP and drizzle rate, the LWP must
correspond only to the lowest cloud layer and its associated drizzle detected by radar and lidar. Since the
microwave radiometer is sensitive to the liquid water in all clouds in the profile, for cases with multiple liquid
water cloud layers, the LWP is likely to be biased high for a given drizzle rate at lowest cloud base. Therefore,
we restrict our analysis to single-layer warm clouds with bases above 170m and tops lower than 3 km—similar
to the criteria applied in Rémillard et al. [2012]—and geometrical thicknesses less than 1.5 km. The threshold of
1.5 km was chosen to minimize cases of multilayer precipitating clouds that are hard to separate by radar
reflectivity alone and could be erroneously identified as a single-layer cloud. However, we include single-layer
warm clouds with overlying cirrus at a height above the�40°C isotherm, as these cirrus clouds will not contain
liquid water and so will not bias LWP in our analysis.

Figure 1 shows an example of measurements from AMF Azores for a single-layer stratocumulus cloud. The
radar and lidar returns show clouds capped at around 2 km, and cloud geometric thickness deepened
gradually from 0.3 km to 1 km during the period. During this deepening, LWP increased from below
100 gm�2 to above 300 gm�2 with a drizzle rate at cloud base of 0.5–1mmd�1; Rcb correlated well with LWP.
For aerosol, NCCN fluctuated between 200 and 350 cm�3, representing a typical clean environment during the
Azores campaign.

To minimize the influence of meteorological variability on the response of precipitation to aerosol
perturbations, we stratified data by LWP. Ideally, if measurements in each bin are collected at time intervals
sufficiently long to be independent, the sample mean is an unbiased estimate of the true mean with an
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uncertainty of the standard error. When measurements are collected at time intervals too short to be
independent, the uncertainty increases as the total independent sample size reduces. To take account for the
autocorrelation between samples in meteorological data sets, Leith [1973] characterized the time interval
between independent samples as twice the e-folding time of the lagged time autocorrelation function. We
analyzed the lagged time autocorrelation function for 1min Rcb and found the time interval for
independence to be 5min. We then used this 5min independent time interval to count the number of
independent samples for each bin and calculated the standard error using the corresponding independent
sample size.

3. Results
3.1. The Response of Drizzle Rate to LWP and NCCN

After selecting single-layer warm clouds in the process described earlier, a 28 day long data set was obtained
out of 19months of available observations from the combined AMF deployments at Azores and the Black
Forest. The Azores has relatively few occurrences of high NCCN due to its marine location; the opposite is true
of the continental Black Forest where low NCCN is rare. To ensure that the response of Rcb to NCCN is derived
from a greater range of NCCN than is possible at a single site, we combined data from both sites to maximize
the number of NCCN bins and the sample sizes in each NCCN bin. As a result, the percentages of the total
sample size in the lowest, middle, and highest NCCN bin are approximately 40, 40, and 20.

Figure 2 shows mean Rcb as a function of LWP and NCCN at 0.55% supersaturation. Rcb increases with LWP and
decreases with NCCN; the drizzle suppression by increasing aerosol is consistent with the hypothesis that
greater NCCN redistributes cloud water to more numerous and smaller droplets, reducing collision-
coalescence rates. The suppression is also consistent with observations from satellite [Lebsock et al., 2008;
L’Ecuyer et al., 2009], aircraft [e.g., Lu et al., 2009], and ground-based instruments [Comstock et al., 2004]. In
general, Rcb decreases by a factor of 2–3 from the lowest to highest NCCN bins across most LWP bins. Note that
despite differences in typical NCCN ranges between the Azores and Black Forest, the behavior of Rcb versus
LWP at both sites individually is similar in the range between 300 and 600 cm�3 where both sites have
ample samples.
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Figure 1. A subset of ARM Mobile Facility measurements on 29 November 2009 at AMFAzores. Time series of (a) cloud con-
densation nuclei (CCN) number concentration (NCCN; red) and the potential range of cloud droplet number concentration
derived from NCCN (Nd; blue); and (b) cloud base drizzle rate (Rcb; red) and liquid water path (LWP; blue). The lower and higher
bounds of Nd in Figure 1a are estimated using Nd= 0.2 · NCCN from Hudson and Yum [2002] and Nd=0.38 · NCCN+210 from
Hegg et al. [2012], respectively (see section 3.1 for details). Time-height plots of (c) radar reflectivity (Z) and (d) attenuated lidar
backscatter (β); the black lines in the panels show cloud top from the radar and cloud base from the lidar.
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Using the 18 bin-mean values of NCCN, LWP, Rcb,
and its standard error, from Figure 2, a weighted
least squares fit to the natural logarithms of the
data is performed. From this fit we obtain a
power law,

Rcb ¼ γLWPαN�β
CCN

¼ 0:0015 ± 0:0009ð Þ�LWP 1:68±0:05ð ÞN� 0:66±0:08ð Þ
CCN ;

(3)

which can be used to approximate the
relationship between Rcb (mmd�1), LWP (gm�2),
and NCCN (cm�3) at 0.55% supersaturation; the
uncertainties in exponents α and β and the
scaling factor γ represent 95% confidence
intervals. These coefficients vary slightly with the
choice of NCCN bin widths but can be sensitive to
supersaturation value S. For a range of S between
0.2 and 1%, the exponent of LWP (α) varies by less
than 2%; the exponent of NCCN (β) varies between
0.71± 0.08 and 0.48± 0.06, and γ varies between
0.0017 ± 0.0011 and 0.0007 ± 0.0004. While the
exponent of LWP, α, of 1.68 agrees well with
those observed from weakly precipitating

stratocumulus clouds (e.g., 1.5–2 from Pawlowska and Brenguier [2003] and van Zanten et al. [2005]), comparison
in exponent of NCCN with literature is less straightforward because the widely used power laws were related to
Nd rather than NCCN. Since Nd∝NCCN

c, where c typically ranges between 0.5 and 1 [Twomey, 1974; Hudson and
Yum, 2002; Feingold et al., 2003; McComiskey et al., 2009; Sorooshian et al., 2009; Hegg et al., 2012], the range of
the exponent β between 0.48 and 0.71 for various supersaturations derived from AMF data corresponds to a
range of the exponent of Nd between 0.48 and 1.42. This range spans the theoretical value (2/3) derived by
Kostinski [2008] and Feingold et al. [2013] that assumed a unimodal drop size distribution, and values observed
in Pawlowska and Brenguier [2003] and van Zanten et al. [2005] for weakly precipitating stratocumulus clouds.
The range of Nd exponent (0.48–1.42) from AMF data provides further observational constraints on
precipitation rate in models [Abel et al., 2010; Boutle and Abel, 2012].

Since no measurements of Nd were obtained during the AMF deployments, we assume linearity between Nd

and NCCN at 0.55% supersaturation to allow us to compare the power law revealed in AMF measurements in
Figure 2 to those from historical observations. We then estimated lower and upper bounds of Nd from NCCN

(see caption of Figure 1). The lower bound of Nd is based on measurements of cumulus in the Indian Ocean
Experiment, predicting averaged Nd from NCCN at 1% supersaturation [cf. Hudson and Yum, 2002, Table 2]; the
upper bound is based on measurements of stratocumulus off the coasts of Chile, California, and Namibia,
predicting peak Nd from NCCN at 0.3% supersaturation [cf. Hegg et al., 2012, Figure 2]. Next, we plotted AMF
data along with historical campaign observations in Figure 3, using the relationship Rcb∝ (LWP/Nd)

1.75 that
was used to compare different field campaigns in Lu et al. [2009].

Figure 3 shows that data points with the lower bound of Nd overlap only with a few Atlantic Stratocumulus
Transition Experiment (ASTEX) measurements that were previously considered outliers [Wood, 2005]; points
with the upper bound of Nd agree reasonably well with the majority of historical observations, except those
from the second Marine Stratus/Stratocumulus Experiment (MASE-II) over the eastern Pacific. However, this
agreement should not be interpreted to mean that they have similar power law relationships. The straight
lines drawn from such plots are affected not only by the exponents but also by the values of LWP and Nd

themselves. The use of (LWP/Nd)
1.75 is an attempt to compress the dependence of Rcb on two variables to be

a function of just one. However, if a data set finds a very different exponent, as we have in the case of number
concentration [and also Pawlowska and Brenguier, 2003], then little can be learned from such plots. Therefore,
we argue that a more appropriate approach to evaluating the power law relationships is to plot the data in
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Figure 2. Cloud base drizzle rate Rcb as a function of liquid
water path for various ranges of cloud condensation nuclei
(CCN) number concentration (NCCN). Mean NCCN values for
lowest to highest NCCN bins are approximately 200, 430, and
1000 cm�3. Symbols show bin-mean Rcb and LWP, with symbol
size indicating the total sample size for each bin, and lines show
a power law fit to the data (equation (3)). Error bars represent
95% confidence intervals accounting for sample autocorrela-
tion. The percentage of the sample size in the lowest, middle,
and highest NCCN bins is approximately 40, 40, and 20, respec-
tively. The six LWP bins are bounded by 20, 40, 70, 120, 210, 470,
and 1700 gm�2, respectively, containing 25, 25, 23, 15, 10, and
2% of the total samples.

Journal of Geophysical Research: Atmospheres 10.1002/2013JD021339

MANN ET AL. ©2014. American Geophysical Union. All Rights Reserved. 4140



the form used in Figure 2, which leads to the
dependence of Rcb on both LWP and NCCN (or Nd)
being very clear.

To further investigate the sensitivity of Rcb to
aerosol perturbations, we calculated
precipitation susceptibility SR to NCCN, as in
equation (1) where NCCN is the aerosol proxy.
Here the quantities Rcb and NCCN are bin-mean
values (as in Figure 2), and SR is obtained by
performing weighted least squares fits to the
logarithms of Rcb and NCCN at constant LWP, with
95% confidence intervals. Figure 4 shows that
AMF-based SR decreases from 0.9 to 0.5 with
increasing LWP, consistent with the overall
susceptibility of 0.66 for all LWP values found in
equation (3). SR values for the first three LWP bins
are significant at the 0.05 level, while those for
the last three bins are at the 0.15 level. The range
of SR also agrees to an extent with observations
of stratocumulus from VOCALS-REx in the South
East Pacific [Terai et al., 2012], but we do not see
an increase in SR for LWP of around 80 gm�2.
Additionally, for LWP between 100 and

300 gm�2, SR agrees reasonably well with that from large-eddy simulations conducted for shallow
precipitating cumulus clouds during the Rain In Cumulus over the Ocean (RICO) field experiment [Sorooshian
et al., 2009], although for RICO instances of small nonprecipitating clouds are removed, unlike in this study.
This agreement supports the contention of Sorooshian et al. [2009] that clouds with LWP less than 500 gm�2

are less susceptible to aerosol because they lack sufficient total water to precipitate strongly; however, due to
our limited sampling at high LWP, SR from AMF data does not show the same increase at LWP higher than
500 gm�2 as shown in Sorooshian et al. [2009] and Jiang et al. [2010]. The different magnitudes and behaviors
of SR among studies may arise from the choice of aerosol proxies used in analyses. Therefore, attempts to use

various aerosol proxies may help reconcile
differences in SR, although this is beyond the
scope of this paper.

3.2. Response of Precipitation Probability
to Aerosol

The probability of precipitation (POP) is defined
as the ratio of the number of rain events to the
total number of cloudy events. Discrimination
between rain and no-rain events can be
performed based on radar reflectivity thresholds
[Liu et al., 2008], from�20 dBZ [Mace and Sassen,
2000] for continental drizzling clouds, �15 dBZ
for light drizzling marine stratocumulus [Terai
et al., 2012], to 0 dBZ for “rain certain” events
[L’Ecuyer et al., 2009]. For the AMF data set, radar
reflectivity of �15 dBZ and 0 dBZ corresponds to
~0.1 and ~1mmd�1, respectively. Using a radar
reflectivity threshold of �15 dBZ and 0 dBZ,
Figures 5a and 5b respectively show that POP
decreases with chosen reflectivity threshold, and
that POP increases with LWP and decreases with
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Figure 4. Precipitation susceptibility with respect to CCN number
concentration as a function of liquid water path in AMF observa-
tions from this study and to cloud droplet number concentration
in VOCALS observations averaged over a 5 km length scale (squares)
[Terai et al., 2012, Figure 7] and large-eddy simulations (LES,
triangles; adapted from Sorooshian et al. [2009]) of precipitating
cumulus initialized using soundings from the Rain in Cumulus
over the Ocean (RICO) field campaign [Rauber et al., 2007]. Error
bars in AMF data represent 95% confidence intervals, which take
into account the errors associated with Rcb in Figure 2.
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Figure 3. Relationship between observed cloud base drizzle
rate Rcb and (LWP/Nd)

1.75, where LWP is liquid water path and
Nd is cloud drop number concentration. AMF observations from
this study represent a range bounded by the lowest and highest
Nd estimated from Hudson and Yum [2002] and Hegg et al. [2012],
respectively (see text for details). Past observations include mea-
surements from Eastern Pacific Investigation of Climate [Comstock
et al., 2004], Marine Stratocumulus Experiment (MASE) I and II [Lu
et al., 2007, 2009], Atlantic Stratocumulus Transition Experiment
(ASTEX) [Wood, 2005], and the Variability of the AmericanMonsoon
System (VAMOS) Ocean-Cloud-Atmosphere-Land Study Regional
Experiment (VOCALS-REx) [Bretherton et al., 2010].
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NCCN, similar to the response of Rcb to NCCN in Figure 2. For all LWP in Figure 5a and for LWP of 300 gm�2 in
Figure 5b, there is a statistically significant difference in POP between low and high NCCN, which has not been
reported elsewhere and provides valuable observational evidence of an aerosol impact on POP.

Using the same reflectivity threshold of 0dBZ, a similar response of POP to aerosol index (AI) was found using
CloudSat and Advanced Microwave Scanning Radiometer—Earth Observing System (AMSR-E) measurements
over oceans during 2007 [L’Ecuyer et al., 2009]. Figure 5b shows that CloudSat-based POP increases with LWPand
decreases with AI and agrees well with climate model simulations at 4 km scale from the multiscale aerosol-
climate model PNNL-MMF (Pacific Northwest National Laboratory Multi-scale Model Framework) [Wang et al.,
2012]. However, a discrepancy exists in the magnitude of POP between AMF and CloudSat, which is not
negligible and warrants further discussions.

First, to investigate a potential calibration issue between the CloudSat and AMF ground-based 94GHz radars,
we compared reflectivity versus height for warm clouds at least 100m thick with tops below 3 km. From the
CloudSat 2B-GEOPROF standard product [Haynes and Stephens, 2007], the cloud mask was first used to select
warm clouds satisfying the above criteria from overpasses within a 4° × 4° grid box around the AMF Azores
site, and where the criteria were met, reflectivity profiles were selected. Then, AMF reflectivity profiles using
the same criteria were sampled during a 4 h time window centered on the CloudSat overpass time; this way
of comparing ground- and satellite-based radar reflectivity closely follows the intercomparison method of Liu
et al. [2010]. Figure 6 shows the cumulative probability of reflectivity with height for both data sets. We find
that the cumulative probabilities match well between the two, particularly for heights between 1200m and
1800m, suggesting there is no serious calibration issue.

For altitudes above 1800m, CloudSat reflectivity tends to be higher than AMF at a given probability
percentile. This is believed to be due to the long 480m pulse of the CloudSat radar, which leads to range
sidelobes extending above the clouds (see Marchand et al. [2008] and Ceccaldi et al. [2013] for further
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Figure 5. Probability of precipitation (%; POP) as a function of liquid water path (LWP) for various number concentrations of
CCN, using a radar reflectivity threshold to determine a rain event of (a)�15 dBZ, and (b) 0 dBZ, including POP bounded by
low and high aerosol index in stable atmospheric conditions from CloudSat observations [L’Ecuyer et al., 2009] and from the
PNNL-MMF multiscale climate model [Wang et al., 2012]. (c) POP only for Azores region for �15 dBZ (red) and 0 dBZ (blue)
reflectivity thresholds using CloudSat (thick lines) and AMF data (thin lines); the dashed thin blue line represents AMF LWP
and POP averaged over longer time periods.
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discussions). An example of this is provided in
Figure 7, which shows AMF radar measurements for
1 day when CloudSat overpassed near the Azores,
with coplotted cloud tops from the CALIPSO
vertical feature mask [Vaughan et al., 2005]. The
CloudSat cloud mask frequently identifies cloud up
to 1 km above the cloud top heights from the
CALIPSO mask and those detected by the
AMF radar.

Unlike higher altitudes, any difference in the
cumulative probability at lower altitudes between
two data sets will have an impact on results in
Figure 5b. Figure 6 shows that AMF reflectivity
tends to be higher than CloudSat by 2.5 dB at
altitudes below 1200m at a given probability
percentile, because the ability of CloudSat to detect
cloud with confidence is reduced due to clutter
[Marchand et al., 2008]. Interestingly, this
systematic reflectivity difference should make AMF

data correspond to higher POP values (due to stronger radar reflectivity) than CloudSat, which is opposite to
the finding in Figure 5b. Therefore, the calibration issue (if any) and the cloud mask problem cannot explain
the discrepancy in POP between AMF and CloudSat data.

Second, to investigate whether the discrepancy in Figure 5b is due to regional variations in POP, we
conducted the same analysis as L’Ecuyer et al. [2009] only for the region around the Azores (15–30°W; 30–45°N)
in 2007–2010, shown in Figure 5c. Compared to Figure 5b, the relationships between POP and LWP from
global oceans and the Azores are similar, consistent to the finding in Tselioudis et al. [2013] that the
frequencies of occurrence of various cloud types in the Azores are surprisingly close to those observed
globally. Additionally, the best agreement in POP between AMF and CloudSat occurs at lower LWP bins
with a reflectivity threshold of �15 dBZ; however, the agreement degrades with increasing LWP and the
reflectivity threshold used in rain event discrimination.

Relationships between POP and LWP from satellite observations vary with the choice of LWP retrievals used
in the analysis. POP in Figures 5b and 5c is based on AMSR-E LWP retrieved from a footprint of 12 km. When
using LWP from Moderate Resolution Imaging Spectroradiometer (MODIS) measurements with a fine spatial

Figure 7. A comparison between AMF, CloudSat, and CALIPSO data around the Azores, showing (a) AMF radar reflectivity
between 1430 and 1630 UTC on 29 November 2009, as also shown in Figure 1c, and (b) CloudSat reflectivity from Orbit
19095 on the same day, with overpass time at 1530 UTC over the Azores. The coplotted black line indicates the top of the
liquid cloud layer identified in the CALIPSO vertical feature mask.
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resolution of 1 km, Suzuki et al. [2011] showed that 0 dBZ reflectivity threshold (cf. Figure 2) yielded 1% and
10% POP at LWP of 150 and 300 gm�2, respectively, which agreed well with AMF data; however, the
agreement degraded if a threshold of�15 dBZwas used. Since AMSR-E and MODIS-based LWPs are different
not only in spatial scale but also in their retrieval principles that may lead to some systematic differences
[Seethala and Horváth, 2010], it is unclear howmuch the spatial scale difference between AMSR-E and MODIS
LWPs can be attributed to the discrepancy in POP. In short, POP from AMF data agrees better with results in
L’Ecuyer et al. [2009] using�15 dBZ for drizzle discrimination, but agrees better with Suzuki et al. [2011] using
0 dBZ. Agreements are best for LWP lower than 300 gm�2; for larger LWP, AMF-based POP values are
substantially smaller than those from satellite observations, which can be partly due to the limitation of
ground-based microwave radiometers in observing clouds with precipitation reaching the ground.

Third, to further investigate if the use of 1min average AMF data has led to the discrepancy in POP, we
averaged our LWP over 20min periods to increase the AMF spatial scale from 600m (with a nominal wind
speed of 10m s�1) to 12 km, matching to the spatial scale of AMSR-E footprints. We also averaged radar
reflectivity over 2min periods to better match the 1.5 km footprint of CloudSat. The dashed blue line in
Figure 5c shows that averaging over longer time periods not only slightly reduces POP but also shifts
precipitating events into lower LWP bins, because reflectivity and LWP are smoothed to lower values. Clearly,
a better match in the spatial scales among data products cannot help reduce the discrepancy in POP, which is
broadly consistent with the spatial scale invariance shown in Terai et al. [2012] for clouds with geometric
thickness greater than 200m. However, we are aware that the attempt to represent statistics within CloudSat
and AMSR-E footprints by averaging AMF data in 2–20min time periods does not completely resolve the
issue of spatial scale. A data set with a much longer time period can help obtain a greater sample size of
2–20min averaged AMF data, which will in turn provide statistics that better represent those from 2-D
footprints. For further investigation, such a data set could be provided by the recent addition of the Azores as
a fixed observation site by the ARM Climate Research Facility.

After examining issues with calibration, spatial scale, and the use of radar reflectivity and LWP retrievals, results
suggest that dedicated intercomparisons not only between ground-based and satellite observations but also
among satellite observations themselves over focused regions and longer time periods will greatly help pin
down the causes of the POP discrepancy. Furthermore, the ability for ground-based microwave radiometers to
measure LWP in rainy conditions is needed to produce a more representative POP for clouds with large LWP.

3.3. Susceptibility of Precipitation Probability to Aerosol

Next, we examine the susceptibility of POP (SPOP), given in equation (2), where NCCN is the aerosol proxy,
suggested as a good indicator for evaluating the response of LWP to CCN perturbations in global climate
models [Wang et al., 2012]. To calculate SPOP, the same method as for calculating SR is used but for the
logarithm of POP and NCCN at constant LWP. We excluded the sample size of rain events less than 20 in a bin,
as it typically fails to show a convincing linear relationship of POP and NCCN and can lead to unphysical SPOP
estimates. Using various radar reflectivity thresholds for rain event discrimination, Figure 8a shows that SPOP
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Figure 8. (a) Susceptibility of POP (SPOP) derived from AMF measurements using reflectivity thresholds of 0, �7 and
�15 dBZ, compared with SPOP for the �15 dBZ threshold from the VOCALS-REx field campaign [Terai et al., 2012,
Figure 3]. (b) SPOP based on the 0 dBZ threshold from AMF compared to SPOP for different atmospheric stability regimes
from CloudSat observations and the PNNL-MMF outputs at 4 km [Wang et al., 2012].

Journal of Geophysical Research: Atmospheres 10.1002/2013JD021339

MANN ET AL. ©2014. American Geophysical Union. All Rights Reserved. 4144



from AMF data mainly ranges between 0.2 and 1.0,
and its response of SPOP to LWP can be sensitive
to the reflectivity threshold used. With a lower
threshold (i.e., �15 dBZ) and thus a larger raining
sample size, Figure 8a shows that SPOP has smaller
uncertainty and tends to decrease with LWP, similar
to the finding in Terai et al. [2012] from aircraft
observations in the southeast Pacific during
VOCALS-REx. Since the autoconversion process
dominates precipitation at low LWP while accretion
rapidly becomes dominant at higher LWP, the
decrease of SPOP with LWP suggests that aerosols
more strongly influence precipitation initiation, in
accord with other studies [e.g., Wood et al., 2009;
Sorooshian et al., 2013].

Focusing again on the 0 dBZ threshold, Figure 8b
shows that the magnitude of SPOP agrees well with
PNNL-MMF, while the response of SPOP from
CloudSat observations ranges between 0 and 0.2

and is relatively flat across all LWP bins [Wang et al., 2012]. Such resemblance in SPOP response to LWP
between AMF observations and MMF simulations is encouraging, but the difference in the use of aerosol
proxy (AI versus NCCN) can potentially alter the magnitude. To investigate the potential change in SPOP due to
the different aerosol proxies, we approximated AI∝NCCN

1.00 ± 0.22 (Figure 9), using a matchup data set
between NCCN from AMF and AI estimates from Aerosol Robotic Network (AERONET) standard products
[Holben et al., 2001]. It follows that for a given AMF-observed SPOP of 0.5 in Figure 8b, the use of AI as the aerosol
proxy changes SPOP to lie between 0.40 and 0.65, which still agrees with MMF simulations, although noise from
scatter in the matchup between NCCN and AI reduces the strength of the relationship and could potentially
change SPOP. Since SPOP can be used to evaluate the modeled response of LWP to aerosol perturbations, the
agreement in Figure 8b suggests that MMF simulations at a 4 km spatial scale appropriately capture the essence
of aerosol-cloud-precipitation interactions shown in 1min average AMF data.

4. Conclusions

We used a data set of 28 days duration selected from 19months of observations from the ARMMobile Facility
deployments at the Azores and Black Forest, Germany to examine the response of cloud base drizzle rate
(Rcb) to aerosol perturbations and liquid water path (LWP) for single-layer warm clouds below 3 km. High
temporal resolution measurements from a collocated aerosol observing system, microwave radiometer,
Doppler cloud radar, and lidar from the deployments were used to estimate CCN number concentration
(NCCN), LWP, and Rcb. This data set included precipitating and nonprecipitating cumulus and stratocumulus
with LWP mainly less than 800 gm�2 and mean Rcb ranging from 0.005mmd�1 to 1mmd�1. It also covered
a wide range of NCCN, mainly from 20 to 2300 cm�3; the cleaner cases were mainly from the Azores maritime
environment, while the more polluted cases were from the Black Forest continental site.

This study has led to several key findings. First, Rcb statistically significantly increases with LWP and decreases
with NCCN, supporting the concept of drizzle suppression by increasing aerosol and agreeing withmany other
observational and modeling studies. Rcb, associated with NCCN greater than 600 cm�3, was 2–3 times weaker
than that with NCCN less than 300 cm�3 across all LWP bins, indicating that drizzle suppression is robust. Rcb is

proportional to LWP1.68±0.05 andN�0:66±0:08
CCN with an assumed supersaturation of 0.55%, as shown in equation (3),

which can help to evaluate and constrain precipitation rate in models.

Second, the precipitation susceptibility SR to NCCN ranged between 0.5 and 0.9 and generally decreased with
LWP. Although SR values agree well with large-eddy simulations of shallow cumulus for LWP between 100
and 300 gm�2, there is still a large degree of uncertainty in our precipitation susceptibility, which can be
reduced by including more observations. This could potentially help increase the number of representative
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NCCN bins and thus help to reduce errors in SR to tighten constraints on models. Additionally, analysis
and intercomparisons of precipitation susceptibility to other aerosol proxies, such as cloud droplet
number concentration, aerosol optical depth, and AI could help resolve outstanding discrepancies among
various studies.

Third, similar to Rcb, the probability of precipitation (POP) also statistically significantly increases with
LWP and decreases with NCCN. POP using the �15 dBZ reflectivity threshold from AMF deployments
agrees better with CloudSat-based POP that uses AMSR-E LWP, while better agreement in POP is seen
with the CloudSat study using MODIS LWP when using the 0 dBZ threshold. AMF POP is also lower than
POP from a high-resolution aerosol-climate model, although interestingly, the susceptibility of POP to
NCCN (SPOP) agrees well with each other and shows a sign of decrease with LWP. Since autoconversion
(accretion) processes tend to dominate at low (high) LWP, this behavior in SPOP suggests that autoconversion-
dominated precipitation is more susceptible to aerosol perturbations than accretion-dominated precipitation,
as many suggested.

Finally, this study highlights the difference in SPOP between observations from ground-based, aircraft and
satellites, and model simulations. SPOP from AMF data is higher than that from satellites and similar to SPOP
from aircraft observations and a high-resolution climate model, which treats aerosol effects explicitly in an
embedded cloud-resolving model. In particular, the similarity in SPOP with this model suggests that multiscale
climate models may already be capable of representing aerosol-cloud-precipitation interactions well, and
may not overestimate response of LWP to aerosol perturbations as originally thought. More studies, such as
intercomparisons between high-resolution simulations, satellite observations, and ground-based
observations at fixed sites for longer time periods and for various aerosol proxies, will help reduce
uncertainties and provide confirmation of this.
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