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Abstract The high resolution (375 m) of the Visible Infrared Imaging Radiometer Suite on board the Suomi
National Polar-Orbiting Partnership satellite allows retrieving relatively accurately the vertical evolution of
convective cloud drop effective radius (r.) with height or temperature. A tight relationship is found over SE Asia
and the adjacent seas during summer between the cloud-free aerosol optical depth (AOD) and the cloud
thickness required for the initiation of warm rain, as represented by the satellite-retrieved cloud droplet r, of
14 um, for a subset of conditions that minimize measurement artifacts. This cloud depth (AT ,) is parameterized
as the difference between the cloud base temperature and the temperature at the height where r, exceeds
14 um (Tq4). For a unit increase of AOD, the height of rain initiation is increased by about 5.5 km. The concern of
data artifacts due to the increase in AOD near clouds was mitigated by selecting only scenes with cloud fraction
(CF) < 0.1. For CF > 0.1 and AT4 > ~20°C, the increase of AT, gradually levels off with further increase of
AOD, possibly because the AOD is enhanced by aerosol upward transport and detrainment through the clouds
below the T4 isotherm. The bias in the retrieved r, due to the different geometries of solar illumination was
also quantified. It was shown that the retrievals are valid only for backscatter views or when avoiding scenes
with significant amount of cloud self-shadowing. These artifacts might have contributed to past reported
relationships between cloud properties and AOD.

1. Introduction

Aerosols serve as cloud condensation nuclei (CCN) for cloud droplets and can increase cloud albedo and
amount and modify cloud microphysics and precipitation formation [Andreae et al., 2004; Andreae and
Rosenfeld, 2008; Rosenfeld et al., 2008a; Freud and Rosenfeld, 2012]. The number of CCN activated into cloud
droplets is the fundamental microphysical property of a convective cloud. This is because it determines
the rate of droplet growth with cloud thickness and conversion into precipitation-size particles [Freud
et al., 2011; Rosenfeld et al., 2014a). The dynamic response of a cloud to changes in CCN and precipitation
affects its radiative properties as well [Yan et al., 2014]. The geometry of deep convective clouds may also
vary considerably with surface aerosol concentration [Li et al, 2011]. An opposite effect, ie, an
acceleration in the development of precipitation, can occur in clouds ingesting giant CCN, which initiates
rain from initial large drops that fall and grow by the collection of much smaller drops [Feingold et al.,
1999; Posselt and Lohmann, 2008].

Many studies have reported that aerosols modify rainfall intensity, amount, and spatial and temporal
distribution in various ways due to aerosols’ radiative and cloud microphysical effects [Tao et al., 2012].
Some studies suggest a decrease in rain rate from convective clouds [Rosenfeld, 2000; Teller and Levin,
2006; Jiang et al., 2008], while others show rain enhancement [Lin et al., 2006; Martins et al., 2009] or no
clear effect [Jones and Christopher, 2010]. Koren et al. [2012] and Rosenfeld et al. [2012], for example,
studied aerosol loading and changes in precipitation by analyzing aerosol optical depth (AOD) and rain
intensity. Koren et al. [2012] found a clear increase in rain intensity with increasing AOD when AOD < 0.3,
and Rosenfeld et al. [2012] provided a theoretical basis for that observational finding.

Based on satellite-retrieved cloud droplet effective radii (r), ground-based radar measurements, and Tropical
Rainfall Measuring Mission observations, r, ranging from 12 to 14 um appear to be the threshold for initiating
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warm rain [Rosenfeld and Gutman, 1994; Rosenfeld, 1999; Rosenfeld and Woodley, 2003; Suzuki et al., 2010;
Rosenfeld et al., 2012]. Freud and Rosenfeld [2012] have shown that the conversion rate of cloud droplets
into raindrops is proportional to r.*%, which explains previous observations of the strong dependence of
cloud top r, on rain initiation. Aircraft measurements over the Amazon have revealed that when r, exceeds
14 um, cloud droplets grow big enough to start coalescence and initiate warm rain [Andreae et al., 2004].
Heavy smoke from forest fires in the Amazon reduced cloud droplet sizes and delayed the onset of
precipitation from 1.5 km above the cloud base in pristine clouds to more than 5 km above the cloud base
in smoky clouds [Rosenfeld, 1999; Konwar et al, 2012]. Aircraft measurements of CCN and cloud
microstructure at various altitudes have also been conducted over India. Measurements show a positive
relationship between cloud droplet number concentration (N,) and warm rain depth with R?>=0.79
[Konwar et al., 2012].

Freud and Rosenfeld [2012] have used a simple adiabatic parcel model where droplets grow exclusively by
diffusion to show that the sensitivity of the cloud thickness for reaching a given cloud droplet effective
radius (Dp) changes almost linearly with N,. The parameter D, was coined by Freud and Rosenfeld [2012] as
the required cloud depth for precipitation initiation. This has been confirmed observationally in winter
extratropical cyclones over Israel and in Indian monsoon deep convective clouds where increasing N, by
100 per mg of air resulted in an increase of ~280 m in the required D,,.

Zhu et al. [2014] have shown that cloud base temperatures (T,ase) Can be estimated from the Visible Infrared
Imaging Radiometer Suite (VIIRS) imager during its early afternoon overpass with a standard error of 1.1°C
over the U.S. Department of Energy’s Atmospheric System Research Southern Great Plains site. Retrieving
Thase allows retrieving D, from satellite measurements, here represents by temperature in this study.
Section 2 describes the data and the methodology used to calculate the depth where warm rain initiates.
Results from cases selected in the summers of 2012 and 2013 are presented in section 3. The sensitivity to
measurement artifacts is discussed in section 4, and a discussion with respect to cause and effects of the
found relationship is presented in section 5. A summary is given in section 6.

2, Data and Methodology

The Suomi National Polar-Orbiting Partnership, which was launched on 28 October 2011, inaugurated a new
generation of operational U.S. polar-orbiting satellites. Its primary imaging instrument is the VIIRS. The VIIRS
imager has a basic resolution of 750 m and a subset of channels with a resolution of 375m at nadir. The
vertical evolution of cloud microstructure was constructed by composing the retrieved temperature (T)
and effective radius (r.) of the tops of a cluster of convective clouds reaching various heights [Rosenfeld
and Lensky, 1998]. Due to the validity of exchangeability in time and space, the vertical evolution with time
of the T-r, relationships of a single convective cloud is similar to a T-r, relationship that is composed from
a snap shot of a cluster of convective clouds with tops at different heights and temperatures [Lensky and
Rosenfeld, 2006]. Retrieving T and r, requires the usage of the brightness temperature difference (BTD)
between the bands of 10.8 um and 12.0 um for water vapor correction, but these channels are not
available at the imager resolution. Rosenfeld et al. [2014b] developed an algorism to calculate the BTD for
the imager resolution and applied it to water vapor correction of the imager 11.5um brightness
temperature according the formulation of Sullivan et al. [1993]. This provided the basis for calculating r, for
the imager resolution and further to retrieving cloud microphysical properties, such as the T-r,
relationship. Here T is given by the 11.5 um brightness temperature, and the r, is approximated by the
3.7 um solar reflectance component. The resolution is improved by a factor of 3 relative to other satellite
sensors such as the Moderate Resolution Imaging Spectroradiometer (MODIS) or the advanced very high
resolution radiometer. Since Tyase is defined as the warmest cloudy pixel, Zhu et al. [2014] developed a
methodology to screening cloudy pixels that are suspected to be contaminated by surface radiation by
identifying the thermal contrast between adjacent pixels. Retrievals of Ty and r. allow for the
development of more accurate T-r, relationships for convective clouds [Rosenfeld et al., 2014a].

2.1. Data

VIIRS images of convective clouds that are not obscured by higher clouds were selected over Southeast Asia
for the months of July and August of 2012 and 2013. The satellite overpass time is ~13:30 solar time. At that
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time, convection is developing, but extensive anvils are not yet formed. To maximize the quality of the data,
all cases must satisfy the following criteria: (1) the convective cloud clusters chosen must not be obscured by
higher clouds, (2) the selected cloud clusters must have Ty, > 15°C so that large vertical distance can occur
between cloud base and the freezing level, (3) the cloud clusters must have a wide range of cloud top
temperatures (Tiop) SO that a fully representative T-r, relationship can be established, (4) the largest cloud
top r. should be at least 14 um so that the height for rain initiation can be documented, and (5) the
selected cloud clusters must have developed over an area which has enough cloud gaps to allow for
the retrieval of AOD. (6) A full representation of cloud tops at all temperatures from cloud base to above
the height of precipitation initiation must exist. The area of the rectangle varied to fully cover such
convective clusters whose sizes range from 20 x 20 km? to 100 x 100 km?,

Coincident measurements of AOD are taken from the daily level-3 MODIS AOD product because of its
accessibility and large heritage with other papers, which has a spatial resolution of 1°x 1°. Additionally, the
clouds must not be located where there is a strong gradient in AOD which means that the selected cloud
clusters must be located in the area which has nearly the same value of AOD. This will avoid ambiguity
when it comes to relating AOD to cloud properties. Sixty-four cases meeting these requirements were
identified. The locations of these cases and their mean AOD are shown in Figure 1.

The number of cases corresponding to high AOD is small. In general, convective clouds are not present when
AOD is very large. Also, when the cloud fraction (CF) is large, AOD retrievals are not very accurate.

2.2. Calculation of the Critical Depth Where Warm Rain Initiates

Freud and Rosenfeld [2012] have shown examples of r, profiles in four deep convective clouds from four
different aircraft field campaigns, representing varying locations, seasons, atmospheric thermodynamic
conditions, and aerosol properties. The aircraft-measured vertical profiles show a tight relationship
between r, and Dp,. The definition of the onset of the warm rain process in this study is when satellite-
retrieved r,, reaches 14 um, because this is the r, above which the probability for rain becomes very high.
Applying the method of Rosenfeld and Lensky [1998] to VIIRS imager data, microphysics red-green-blue
(RGB) composites and T-r. plots for a convective cloud ensemble in an area that contains growing
convective clouds were obtained [Rosenfeld et al., 2014b]. The steps followed to estimate Tp,se and ATq4
are (1) obtain the T-r, relation for each convective cloud cluster identified using VIIRS data, (2) estimate
Thase from the T-r, relationship as done by Zhu et al. [2014], (3) estimate the temperature at the height
where r, exceeds 14pum (Ty4) from the T-r. relationship, (4) calculate the temperature difference ATq4
between Tpase and T4, (5) calculate the mean AOD over the area in question, and (6) investigate the
relationship between AOD and AT.4.

3. Results

Figure 2 shows RGB composite imagery of a subset of cloud clusters analyzed in the study. The red-green-
blue (RGB) components are modulated by red=0.6 um, green=3.7 um, and blue=11um. A maritime
convective cloud cluster with an associated mean AOD=0.1 is shown in Figure 2a. Figures 2b-2f show
example cloud clusters over land with associated values of mean AOD=0.2, 04, 0.5, 0.8, and 1.2,
respectively. T-r, profiles for each case are shown in Figure 2g. At a given temperature, there is a decrease
in re as the aerosol load increases. Most clouds have roughly the same Tp,se, ie, ~22°C. Proceeding
from clouds under clean conditions (Figure 2a) to clouds under successively more polluted conditions
(Figures 2b-2f), Tq4, is 20°C, 12°C, —1°C, —4°C, —12°C, and —24°C, respectively. So for the maritime cloud
case under clean conditions, AT;4=2°C. For the other cloud cases which are under increasingly polluted
conditions, AT;4,=10°C, 23°C, 26°C, 34°C, and 46°C, respectively. Under polluted conditions, the onset of
the warm rain process occurs higher in the atmosphere.

The extent of suppression of warm rain by aerosols in convective clouds is parameterized using the
dependence of AT, on AOD. The effect of aerosols on cloud microphysical properties is manifested by a
decrease in r, and an increase in AT,4 as aerosol loading increases. Figure 3 shows that AT, is positively
correlated with AOD, which rounded to the nearest one tenth. When the AOD increases by one unit, ATq4
increases by 37°C. Assuming a moist adiabatic lapse rate of 6.5°Ckm™", this suggests that warm rain
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Figure 1. Geographical locations of the 64 cloud clusters analyzed in this study. The size of the mark is proportional to the
mean AOD retrieved in the vicinity of the cloud cluster.

formation is delayed by ~5.5 km. AT, is less than 25°C when AOD <0.5. Almost all cases considered here
have AT,4 ranging from 20°C to 60°C when AOD > 0.5.

4., Potential Artifacts
4.1. Effect of Cloud Fraction

Recent studies have demonstrated the challenges that arise when retrieving aerosol properties near clouds.
Chand et al. [2012] found a 25% enhancement in AOD when the CF ranged from 0.1-0.2 to 0.8-0.9. The
aerosol humidification effect can explain about a quarter of the correlation between cloud cover and AOD
[Jeong and Li, 2010]. Redemann et al. [2009] found that in 75% of the cases they considered, there was an
increase of up to 20% in AOD within the closest 2 km near clouds. It is then useful to test if and how much
cloud thickness and CF affect AOD and its correlation with AT,.
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Liu et al, 2014], but the two products have a
reasonable agreement only for 2013, as is shown
Figure 3. AT;, as a function of AOD (rounded to the nearest  in Figure 4c. Therefore, we repeated in Figure 4d
one tenth) for all cases considered here. The red line is the the analysis shown in Figure 4b but with VIIRS
linear regression line through the points. AOD from 2013 only. Qualitatively, the results of

the VIIRS AOD (Figure 4d) are similar to those
derived from MODIS AOD (Figure 4b) but with somewhat larger scattering. According to the official website,
VIIRS aerosol AOD product available is still at Beta Maturity Status from 2 May 2012 to 22 January 2013. As
such, we employ the MODIS AOD for the main analysis in this study.

The linear relationships for data sets of different T, are similar (Figure 4a). This implies that cloud thickness
has a negligible effect on the relationship between AT,4 and AOD. This may be because the clouds in the
scenes selected are distant enough from each other to the point that they have little effect on AOD
retrievals by reflected solar radiation from their sides. Concerning CF, about 50% of the cloud cluster cases
have a CF value < 0.1 within the area that AOD was retrieved. The correlation between AT,4 and AOD is
weaker when CF > 0.1 than when CF < 0.1, especially when AOD is large (Figures 4b and 4d). It is possible
that AOD is overestimated when CF becomes larger, but such an effect is not evident for AOD < 0.6. At
AOD > 0.6 AT,4 does not increase as much with further increase in AOD. The possible causes for that will
be discussed in section 5.

4.2, The Effect of Solar Scattering Angle

Satellite-retrieved r, can be biased due to the three-dimensional geometry of convective clouds [Vant-Hull
et al, 2007]. The illuminated side of clouds causes an underestimation in r. when not accounting for the
orientation of the cloud surface from horizontal. On the other hand, a large overestimation of r. occurs for
convective clouds to the west of the nadir that are self-shadowed [Vant-Hull et al., 2007]. Marshak et al.
[2006] have analyzed broken cumulus cloud fields using MODIS and Advanced Spaceborne Thermal
Emission and Reflection Radiometer data and recommend against blindly using retrieved r, for this kind of
cloud field because r, is larger for shadowed clouds than for illuminated clouds. Figure 5 illustrates the
geometry of satellite, the Sun, and cloud scenes under observation.

To evaluate this effect, data were divided into five categories according to scattering angle (Figure 5), from
the shadowed clouds to the west of the nadir, up to —34°, to the sunny sides of clouds, as seen with
satellite zenith angle up to 40° on the east of the nadir. The shadowed clouds have smaller AT;4, compared
with the clouds in the sunny side ((Figure 6a) all the data and (Figure 6b) the data with CF <0.1). This

Figure 2. Microphysics RGB composite imagery (red = 0.6 um, green = 3.7 um, and blue = 11 um) showing a subset of
cloud cluster cases considered in the study: (a) at 05:12 UT, 25 August 2013, centered on 20.61°N, 121.08°E; (b) 05:27 UT,
30 June 2014, centered on 23.70°N, 116.10°; (c) 05:01 UT, 30 July 2013, centered on 24.83°N, 121.46°E; (d) 05:13 UT,

09 August 2013, centered on 27.59°N, 120.08°E; (e) 05:37 UT, 12 July 2013, centered on 28.66°N, 116.02°E; and (f) 05:13 UT,
09 August 2013, centered on 31.28°N, 121.09°E. (g) T-r, profiles under different aerosol loading conditions for the cloud
clusters seen in Figures 2a-2f. The 50th percentiles of r, for any given T are plotted as the smooth interpolation shows.
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Figure 4. AT;4 as a function of AOD where data are divided according to (a) Tyop and (b) CF. The blue and red markers
in Figure 4a represent data associated with Tyop < —40°C and Tyop > —40°C, respectively. The blue and red markers in
Figure 4b represent data associated with CF > 0.1 and CF < 0.1, respectively. Color-coded linear regression lines in Figure 4a
and polynomial regression lines in Figure 4b are shown. (c) The relationships between MODIS- and VIIRS-retrieved AOD for
2012 (red) and 2013 (blue). (d) The same as in Figure 4b but for VIIRS AOD from 2013.

means that satellite-retrieved r, for shadowed clouds reach 14 um earlier, i.e., at warmer temperatures, than
those for backscattering clouds. Comparing Figure 6a with Figure 6b, when CF < 0.1, we find that the spread
is somewhat smaller and the correlations are higher. The possible reasons will be discussed in section 5.

5. Possible Causes and Effects of the AT-AOD Relationships

The obtained AOD-AT;4 relationships are remarkably linear. The linearity resembles the linearity between
numbers of activated CCN into cloud droplets at cloud base (N,) and D, [Freud and Rosenfeld, 2012]. It is
commonly accepted that a higher AOD is associated with larger CCN concentrations [Andreae, 2009], and
therefore, as long as AOD is linearly correlated with CCN, we should expect similarly linear relationships
between AOD and D,. The N,-D, relationship is linear as long as a similar amount of water vapor is
condensed for a given increase in height of the rising cloud parcel. At greater heights, the rate of increase
in re with height becomes smaller [Freud and Rosenfeld, 2012]. This trend is compensated by the fact that
dN,/dCCN decreases when CCN concentration becomes very large and a transition occurs for the cloud
drop nucleation from aerosol limited to updraft limited [Reutter et al., 2009]. The combination of these two
opposite effects likely keeps the AOD-AT, 4 relationships linear.

According to Figure 4b the AOD-AT;4 relationship is linear for cases with CF < 0.1, but when CF > 0.1, the
AOD can increase beyond the linear relationship (not always) for deep clouds, which means that AT,,/AOD
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Figure 5. Geometries of shadowing and illumination with respect to convective clouds. The satellite views the shadowed
side of a cloud to the left of the ground track, backscattered reflection from the cloud in the center, and the illuminated
side of the cloud to the right of the ground track (adapted from Vant-Hull et al. [2007]).

is smaller, especially for the larger values of AT4. This might be caused by the possibility that the increased
AOD for larger AT, 4 is contributed by a larger depth of the aerosol layer instead of a greater concentration of
aerosols at a fixed depth above the surface. This can be a result of the fact that a cloud droplet that was
nucleated on an aerosol particle in the cloud base is not likely to coalesce into raindrop or accrete to an
ice hydrometeor below the height of rain initiation. All cloud drops that do not form precipitation
eventually must evaporated and release the CCN on which they were nucleated back to the ambient air.
This is most likely to happen by mixing from the side of the cloud below the height of rain initiation. In
such case the CCN that nucleated the cloud droplet is released back into the cloud-free air at a level
anywhere between the cloud base and the height of rain initiation. This means that a larger AT;4 can
increase the depth of the layer that contains aerosols that originate from the boundary layer, thus
increasing AOD without a necessary respective increase with aerosol concentrations at the boundary layer.
This can cause a greater AOD for the same CCN or for the same ATi4. A larger CF of deep clouds means a
greater vertical convective mass flux and a, respectively, greater transport and detrainment of more
aerosols aloft. This is consistent with the line for CF > 0.1 in Figure 4b.
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Figure 6. ATq4 as a function of AOD where data are divided according to satellite zenith angle, (a) for all the data and (b) for
the data associated with CF < 0.1. The regression lines are forced through the origin.
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6. Summary and Conclusions

The suppression of warm rain by aerosols has been recognized mainly through their impact on cloud
droplet size and the suppression of droplet coalescence. Previous studies of this topic have been
based on either aircraft measurements or model simulations. With the advent of high-resolution
sensor of the VIIRS imager, Tp,se of convective clouds and the vertical evolution of their cloud droplet
re can now be retrieved more accurately [Zhu et al., 2014; Rosenfeld et al., 2014b]. This made the
present study possible. It demonstrates that for convective clouds in the developing stage, cloud
droplet size increases with height, but the rate of change varies with aerosol loading, i.e., faster under
clean than under dirty conditions. For a cloud to reach the critical size necessary to rain, it must
develop to a certain thickness D, or to a certain cloud top temperature, whose threshold values
depend on AOD. The temperature difference between T,,se and the critical cloud top temperature for
rain initiation as determined by r. exceeding 14um (ATq4) can thus serve as another measure of
aerosol-cloud-precipitation interactions. Convective cloud scenes over Southeast Asia were identified
and selected for further study.

The AT;4 and AOD are positively correlated (R*=0.83). A unit increase in AOD delays warm rain initiation
by D,, of about 5.5 km over the study area. The AOD-AT,, relationship is subject to uncertainties due to
some inherent satellite retrieval errors. The three-dimensional structure of convective clouds may bias
the retrieved r.. The assumption that AOD corresponds to aerosol concentrations may be erroneous
too. The retrieval errors and their impact on the AOD-AT,, relationship were evaluated.

The impact of viewing geometry on the indicated AOD-AT4 relationships was evaluated. Because cloud
droplet size tends to be overestimated when clouds are partly shaded, the AOD-AT, relationship
shows a systematic dependence on viewing geometry. The indicated r, is larger at the angles where
the satellite views the partly shaded side of the clouds at the same AOD and is lower at the sunny
sides of the clouds.

Another source of error is the possible impact of AT;4 on AOD. A larger AT, means that rain is suppressed to
greater heights in the clouds, respectively, suppressing the wet scavenging of the aerosols that were
ingested into the cloud. Instead, the mixing and evaporating of the cloud with the ambient air releases
back the aerosols aloft, which contribute to increasing AOD without a respective increase in aerosol
concentrations below cloud base. This is indicated by the decrease of the slope of the AOD-ATq4
relationships when CF > 0.1 and AT;4 > ~20°C.

Despite the problems in using AOD as a proxy of CCN [Liu and Li, 2014], the AOD seems to be a useful
surrogate for CCN under the special conditions which are identified here. The AOD-AT;4 relationships,
after accounting for some of the measurement artifacts, behave in agreement with the way that AT, is
expected to vary with CCN concentrations. The existence of such tight AOD-AT4 relationships over a
wide range of meteorological conditions indicates that CCN dominates the T-r, relationships up to the
height where precipitation initiates, because the condensational growth rate of r, with height is not
affected by the updraft speeds well above cloud base but rather by the number of CCN that were
activated into cloud drops at cloud base. Above that height, r, grows more slowly with height for
greater updrafts [Rosenfeld et al., 2008b]. This is a simple and powerful relationship that can be used for
parameterization of the effect of AOD on cloud microstructure and precipitation-forming processes.
Furthermore, under some conditions (when r., exceeds 12 um at T> —5°C), the T-r. relationships can
affect cloud glaciation temperature and ice particle size in the anvils even more than ice nuclei
concentrations do [Rosenfeld et al., 2011; Jiang et al., 2011].
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