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Abstract Long-term (1981-2011) satellite climate data records of clouds and aerosols are used to
investigate the aerosol-cloud interaction of marine water cloud from a climatology perspective. Our focus
is on identifying the regimes and regions where the aerosol indirect effects (AIEs) are evident in long-term
averages over the global oceans through analyzing the correlation features between aerosol loading and the
key cloud variables including cloud droplet effective radius (CDER), cloud optical depth (COD), cloud water
path (CWP), cloud top height (CTH), and cloud top temperature (CTT). An aerosol optical thickness (AOT)
range of 0.13 < AOT < 0.3 is identified as the sensitive regime of the conventional first AIE where CDER is
more susceptible to AOT than the other cloud variables. The first AIE that manifests as the change of
long-term averaged CDER appears only in limited oceanic regions. The signature of aerosol invigoration of
water clouds as revealed by the increase of cloud cover fraction (CCF) and CTH with increasing AOT at the
middle/high latitudes of both hemispheres is identified for a pristine atmosphere (AOT < 0.08). Aerosol
invigoration signature is also revealed by the concurrent increase of CDER, COD, and CWP with increasing AOT
for a polluted marine atmosphere (AOT > 0.3) in the tropical convergence zones. The regions where the
second AIE is likely to manifest in the CCF change are limited to several oceanic areas with high CCF of the
warm water clouds near the western coasts of continents. The second AIE signature as represented by the
reduction of the precipitation efficiency with increasing AOT is more likely to be observed in the AOT regime of
0.08 < AOT < 0.4. The corresponding AIE active regions manifested themselves as the decline of the
precipitation efficiency are mainly limited to the oceanic areas downwind of continental aerosols. The
sensitive regime of the conventional AlE identified in this observational study is likely associated with the
transitional regime from the aerosol-limited regime to the updraft-limited regime identified for aerosol-cloud
interaction in cloud model simulations.

Plain Language Summary Long-term satellite observations of cloud and aerosol have been used
to investigate the aerosol effect on marine water cloud from the perspective of climatology. Identifying
the regimes and regions where the aerosol effect may manifest clearly in a sense of long-term average over
the global oceans is the focus of this study. Several sensitive regimes of aerosol loading and active
regions of aerosol effect on the cloud have been identified for the first time in long-term averages of cloud
and aerosol variables over the global oceans. The results of this study based on the long-term averaged
satellite observation are valuable for the evaluation and improvement of the aerosol effect on cloud in
global climate models, which are only evaluated and assessed so far against instantaneous or short-term
averaged observations.

1. Introduction

Atmospheric aerosols alter cloud properties and lifetime (Albrecht, 1989; Breon et al., 2002; Twomey, 1977;
Twomey et al.,, 1984), which may further impact the radiation budget and precipitation efficiency (Coakley
et al,, 1987; Rosenfeld et al.,, 2008) and eventually modify the energy and hydrological cycles of the Earth
climate system (Charlson et al., 1992; Ramanathan et al,, 2001). The aerosol-induced modification of micro-
physical and hence radiative properties, amount, and lifetime of clouds is generally named as the aerosol
indirect effect (AIE). Due to the short lifetime, inhomogeneous spatial distribution, and complex chemical
compositions and size distributions of aerosols, it is difficult to quantify the aerosol effect on climate,
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especially in view of additional factors, such as cloud dynamics and thermal dynamics, affecting clouds and
precipitation. This results in large uncertainties in the determination of anthropogenic global warming asso-
ciated with increasing greenhouse gases, since aerosols mainly exert a cooling effect that counteracts the
warming effect of greenhouse gases (IPCC, 2014).

The large uncertainties and considerable controversies in the AIE may be due to the buffering effect of
aerosol-cloud-precipitation system as indicated by Stevens and Feingold (2009). They pointed out that the
AIE processes in such buffered systems entangle with other processes (e.g., cloud dynamics) so that it is very
difficult to clearly separate them and to quantify their effect accordingly with existing tools and methodolo-
gies. They further pointed out whether an AIE process that will be manifested in the buffered system is
regime dependent so that future research should aim at understanding the aerosol, cloud, and precipitation
regimes with the clearest AIE signatures. Such regime-related studies have been pursued actively by using
numerical model simulations (e.g., Chen et al., 2016; Reutter et al., 2009) and regional instantaneous or
short-term observations (e.g., Kaufman et al., 2005; Koren et al., 2014; Yuan et al., 2008).

In this paper, we present a study on the sensitive regimes and active regions of the AIE for marine water
clouds over the global oceans from a perspective of large-scale long-term average (also called large-scale
climatology). To identify robust AIE signatures or imprints in large spatial scales for temporally averaged state
of aerosol-cloud-precipitation system, global long-term averaged aerosol and cloud satellite observations are
used in our analysis, which are described in section 2 along with the analysis methodology; aerosol optical
thickness (AOT) regimes in which the corresponding AlEs are sensitive are identified and discussed in
section 3; the regions where the AIE signatures are the clearest over the global oceans are presented in
sections 4; summary and conclusions are given in the closing section.

2, Satellite Data and Analysis Methodology

This study uses Version 3 of the Advanced Very High Resolution Radiometer (AVHRR) AOT climate data record
(CDR) (Zhao et al., 2016) from the National Oceanic and Atmospheric Administration (NOAA) operational
satellites and Version 5.3 of NOAA Pathfinder Atmospheres-Extended (PATMOS-x) AVHRR cloud CDR pro-
ducts (Heidinger et al., 2014).

PATMOS-x cloud CDR products are in 0.1° x 0.1° equal angle orbital grid and named as the Level-2b products,
which are retrieved using the intercalibrated AVHRR global area coverage (GAC) radiance data (see Heidinger
et al,, 2014; Walther & Heidinger, 2012). The intercalibrated AVHRR GAC radiance is also cross calibrated with
more advanced Moderate Resolution Imaging Spectroradiometer (MODIS) radiance (Cao et al., 2004, 2008;
Heidinger et al.,, 2002, 2010). Cloud variables used in the analyses are cloud droplet effective radius (CDER),
cloud optical depth (COD), cloud water path (CWP), cloud cover fraction (CCF), cloud top height (CTH), and
cloud top temperature (CTT) for marine liquid clouds, including both warm and supercooled water clouds
without ice formed (see Pavolonis et al., 2005). They are output together with the intercalibrated and cross-
calibrated AVHRR radiances and selected ancillary data (e.g., surface types) as the Level-2b daily CDR products,
which allow other CDRs to be generated from the PATMOS-x CDR data for further applications. PATMOS-x CDR
data span from 1978 to present and should extend to at least 2020. Only the data after 1980 are used in this
study in view of many missing observations in the first 3 years (1978-1980) of AVHRR data records.

AVHRR AOT CDR is derived over global water (or ocean) surface for the 0.63 um channel using a two-channel
AVHRR aerosol retrieval algorithm (Zhao et al., 2004) from AVHRR clear-sky reflectance in daytime, which is deter-
mined from the PATMOS-x AVHRR all-sky reflectance and cloud probability products contained in Version 5.3
PATMOS-x AVHRR reflectance/cloud CDRs (Heidinger et al,, 2014). The data period spans from 1981 to 2011,
and the spatial resolution is 0.1° x 0.1° on the equal angle grid. AVHRR AOT retrieval can be problematic at large
solar zenith angles (Ignatov & Stowe, 2002; Stowe et al., 1997) beyond 60°N and 60°S latitudes (especially for
the winter months), which may result in poor data sampling in monthly AOT averages in these latitudinal
regions. At the same time, cloud detection is degraded over bright snow and ice surfaces at polar latitudes.
Thus, we confine our analysis to within 60°S and 60°N over the global oceans. Thirty-one years (1981-2011)
of monthly averaged products of AVHRR AOT CDR and PATMOS-x AVHRR cloud CDRs are used in this study.
Specifically, the monthly mean products of AOT and the cloud variables of each year are obtained by averaging
all daily observational records in a month. The 31 years monthly mean records (total 372 months) are further
averaged to obtain long-term averaged monthly mean products for our analysis in the following sections.
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To facilitate the analyses and discussions below, some concepts and items related to the aerosol-cloud inter-
action are first summarized and defined here. Aerosol-cloud interaction generally includes aerosol indirect
effect (or negative effect) and aerosol invigoration effect (positive effect). Conventionally, the aerosol indirect
effect is further divided into two main types. The first type is called the first aerosol indirect effect (also named
“albedo effect” or “Twomey effect”), which refers to the microphysically induced effect by aerosols as cloud
condensation nuclei (CCN) on the cloud droplet number concentration and hence the cloud droplet size
under the assumption of constant cloud liquid water amount (Twomey, 1974). The second type is called
the second aerosol indirect effect (also named “lifetime effect” or “Albrecht effect”), which refers to the micro-
physically induced effect on the liquid water content, height, lifetime, and precipitation efficiency of clouds
due to the aerosol-induced cloud droplet size reduction (Albrecht, 1989). For the first AIE, CDER should
decrease, and COD and CWP increase, with increasing AOT (which is considered as a proxy of column aerosol
concentration (Hegg & Kaufman, 1998; Kaufman et al., 2005; Loeb & Schuster, 2008; Matheson et al., 2005)).
For the second AIE, CCF should increase and precipitation efficiency should decrease with increasing AOT.
The aerosol invigoration effect generally refers to the connection between the increase in aerosol loading
and the enhanced growth of clouds (Altaratz et al., 2014; Koren et al., 2014; Lebo & Seinfeld, 2011), which
can be reflected in a larger cloud cover fraction, greater cloud top height, and an increase in the condensate
mass (e.g., CWP and COD) in the atmospheric column.

A typical feature associated with the conventional cloud lifetime effect is the reduced precipitation efficiency
(Albrecht, 1989). As a result, precipitation efficiency will be higher in the clean case than in the polluted case,
other conditions being the same. Rosenfeld and Gutman (1994) found out from satellite and radar data ana-
lysis that a value of 14 um for CDER (or re) is the threshold for dominant collision and coalescence processes
and the separation of precipitating from nonprecipitating clouds. Cloud droplets need to experience longer
residence time to grow to 14 pm in a polluted environment than in a clean environment (Rosenfeld &
Lensky, 1998; Rosenfeld & Woodley, 2001). Accordingly, we sorted out the water clouds with r, > 14 pm
and r. < 14 pm from all the water clouds and use the difference of their CTH and CTT [ACTH = CTH
(re < 14 um) — CTH (r, > 14 pm) or ACTT = CTT (r, < 14 um) — CTT (r. > 14 um)] as a derived cloud variable
for studying precipitation efficiency. This is because with the precipitation efficiency declining with increasing
AOT and precipitation being suppressed, cloud droplets need to travel to higher altitude to form precipitation.
ACTH and ACTT are calculated for each individual data points and then averaged for monthly means and
other binning processes.

Based on cloud model simulations, aerosol-cloud interaction has been classified into three regimes based
predominantly on the response of cloud droplet number concentration to aerosol particle number concen-
tration (or loading) and cloud updraft velocity (Chen et al,, 2016; Reutter et al., 2009): (1) aerosol-limited
regime in which cloud droplet number concentration is proportional to aerosol particle number concentra-
tion (or loading) and nearly independent of cloud updraft velocity, (2) updraft-limited regime in which cloud
droplet number concentration is proportional to cloud updraft velocity and nearly independent of aerosol
particle number concentration, and (3) transitional regime in which cloud droplet number concentration
depends nonlinearly on both aerosol particle number concentration and updraft velocity in cloud.

This study systematically examines the correlation features between AOT (or 7) and the key cloud variables,
including CDER (or r.), COD (or z.), CWP, CCF, CTH, CTT, ACTH, and ACTT, to identify the signatures of aerosol-
cloud interaction. Specifically, the linear correlation between AOT and the key cloud variables and the chan-
ging trends of these cloud variables with increasing AOT are explored using their long-term averaged
monthly mean values. Even though our focus is on identifying the AIE signature in various forms and the cor-
responding AOT regimes and active regions over the global oceans, the imprints of aerosol invigoration
effect are also explored. Long-term averaged (1981-2011) monthly mean values of AOT and the cloud vari-
ables, which are less noisy comparing to instantaneous values or short-term averaged values, are used in our
correlation analysis to capture more robust AIE signatures from a climatology perspective.

3. Study of Sensitive AIE Regimes

It was found by Shao and Liu (2005) using instantaneous satellite observations that the response of CDER,
COD, CWP, and CCF to the increased aerosol loading for marine stratocumulus off the coast of California
can be variable, depending on the coupled effects of aerosol loading and macroscale cloud depth
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Figure 1. The relationship plot (black dots) of 7 (or AOT) versus (a) r. (or CDER), (b) 7 (or COD), (c) CWP, (d) CTH, (e) CTT, and (f) CCF for the long-term averaged
monthly mean data over the global oceans. The number of data samples (black line) is measured by the vertical coordinate on the right-hand side. The data are
binned according to AOT with a 0.01 incremental interval. The error bars indicate the one standard deviation, and the two vertical dashed lines at AOT = 0.13 and
0.30, respectively, are used to divide the plot into three AOT regimes.

(or cloud dynamics/thermodynamics) on cloud droplet sizes. The debate on macrophysical versus
microphysics differences for the same region (Lin, Zhang, & Loeb, 2009, 2010; Liu, 2010) raised similar
intriguing question. Yuan et al. (2008) also reported that satellite-derived correlation between AOT and
CDER, COD, CWP, and CCF can be negative, positive, or neutral, depending on the location and regime of
the clouds. Therefore, for the regions where AOT is negatively correlated with CDER from satellite
observations, the AIE is manifested and detectable by the satellite observations. If positive correlations of
AOT with COD, CWP, and CCF are observed simultaneously in the same regions where AOT correlates
negatively with CDER, the AIE detected by CDER reduction in the satellite observation is further manifested
in the satellite-observed changes in COD, CWP, and CCF. For the regions with positive or no correlation
between AOT and CDER, aerosol-cloud interaction may still occur in unconventional ways (e.g., Koren
et al,, 2008, 2014; Yuan et al,, 2008). Moreover, AIE may also be overridden by the cloud dynamic effect as
suggested by Shao and Liu (2005). In this case, the AIE cannot be detected by the satellite observations.
Instead of using instantaneous satellite observation, here we identify the AOT regimes in which the
conventional aerosol indirect effects are likely to manifest in long-term averaged global monthly mean
satellite data of AOT and the cloud variables through the correlation analyses.
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Figure 2. Global distributions of (a) CDER, (b) COD, (c) CWP, (d) CTH, (e) CTT, and (f) CCF for their long-term averaged monthly mean values over the global oceans.

3.1. Statistical Analysis and Results

For the conventional first AIE, AOT should be negatively correlated with CDER and positively correlated with
COD and CWP (Coakley et al., 1987; Twomey, 1977), which can be considered as the signature of the first AIE.
Figure 1 shows the relationships between the long-term averaged global monthly mean AOT and six cloud
variables (CDER, COD, CWP, CTH, CTT, and CCF). The corresponding global distributions of long-term aver-
aged global monthly means for the six cloud variables are plotted in Figure 2. Three regimes can be identified
clearly from Figure 1 according to the variations of three key cloud variables (CDER, COD, and CWP) with AOT:
(1) Regime | of AOT < 0.13, where CDER increases but COD decreases as AOT increases and CWP decreases
rapidly at the beginning then stays nearly constant; (2) Regime Il of 0.13 < AOT < 0.3, where CDER decreases
but COD and CWP increase as AOT increases; (3) Regime Il of AOT > 0.3, where CDER, COD, and CWP first all
increase with increasing AOT and then level off. The sampling frequency (solid curve) shows that the majority
of the global sample points falls in the first regime and the transition zone from the first regime to the second
regime (0.06 < AOT < 0.18). These three regimes can be seen clearer in Figure 3, which shows the scatterplots
of averaged CDER versus COD and CWP for the individual AOT bins defined in Figure 1. Black dots are in
Regime |, purple and blue dots are in Regime Il, and green, yellow, and red dots are in Regime lIl.

The relationships of CTH, CTT, and CCF to AOT are more complicated due to their strong connections with
cloud dynamics and thermodynamics. In Regime |, CTH and CTT generally increase together with increasing
AOT. In Regime II, changes of CTH and CTT with AOT are much more complex (see also the purple and blue
dots in Figure 4a), which probably suggests that both cloud dynamics and AIE contribute to the changes of
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Figure 3. Plot of (a) r, (or CDER) versus 7. (or COD) and (b) CDER versus CWP for the mean values of CDER, COD, and CWP in
each 7 (or AOT) bin defined in Figure 1. The AOT values are color coded for each point.

CTH and CTT. In Regime I, CTH increases but CTT decreases first with AOT; then, they decrease together
with further AOT increases and level off eventually at large AOT. CCF first increases with AOT, peaks near
the AOT of 0.08, and then decreases with further AOT increases in Regime |. CCF is nearly constant from
AOT ~0.13 to ~0.4 along with some minor up-and-down fluctuations. After AOT becomes larger than 0.4,
CCF becomes independent from AOT increase. The nonmonotonic behavior of CCF can be seen clearer in
the scatterplots of Figures 4b and 4c.

Figure 5a (or Figure 5b) shows the relationship between AOT and ACTH (or ACTT) for their long-term aver-
aged global monthly mean values. When AQT increases from 0 to 0.14, ACTH (ACTT) decreases (increases)
from positive (negative) to negative (positive). ACTH (ACTT) stays negative (positive) but nearly constant
(in their highest magnitude) in the range of 0.14 < AOT < 0.27. They reverse back to increase (or decrease)
from negative (or positive) to positive (negative) beyond AOT > 0.27 and level off eventually at very large
AOT values. The changes of ACTH (or ACTT) with increasing AOT can be seen clearer in the scatterplot of
Figure 5c¢ (or Figure 5d).

3.2. Explanations and Discussions

Regime | where aerosol loading increases from a pristine atmosphere to an atmosphere with slightly
increased aerosol particles (e.g., sea salt) falls into the aerosol-limited regime whereby the microphysical

a) b) c)
' ' ' 0.40f ' ' ' 0.40 ' ' '
. !- ', 0.3RF L e 0.35¢ . .
. 0.30f . 0.30; .
. e w ‘ L
. [N O 025 [ .:. . i"‘:. 8 025 g ':.'..-*. 8
. 0.20F . 0.20F o
0.15¢ 0.15¢
. . . . 0.10E. . . . 0.10 . .
260 265 270 275 260 265 270 275 12 13 14 15 16
CTT(K) CTT(K) re(um)
T T T
T m [ e | [ s emm |
0 02 04 06 0 02 04 06 0 02 04 06

Figure 4. Similar to Figure 3 but for (a) CTH versus CTT, (b) CCF versus CTT, and (c) CCF versus r, (or CDER).
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Figure 5. Top two panels are similar to Figure 1 but for z (or AOT) versus (a) ACTH and (b) ACTT. Bottom two panels are similar to Figure 3 but for r, (or CDER) versus
(c) ACTH and (d) ACTT. ACTH = CTH (re < 14 um) — CTH (re > 14 pum) and ACTT = CTT (re < 14 um) — CTT (re > 14 um).

cloud development is mainly controlled by the availability of cloud condensation nuclei (CCN) originated
from aerosols (see Chen et al., 2016; Reutter et al., 2009). When AOT starts increasing in a pristine environ-
ment, since the number of cloud droplets involved in the competition for water vapor are still limited, the
latent heat released from increasing condensational growth strengthens the cloud growth, as indicated by
the increase of CTH with increasing AOT (see Figures 1d and 4a) due to the aerosol invigoration effect iden-
tified by Koren et al. (2014) as an extension of the concept of aerosol-limited clouds. Thus, as AOT increases,
clouds grow higher and the growth of cloud droplets lasts longer in the clouds. The thicker and stronger
clouds also allow cloud droplets to grow to the size that triggers collision/coalescence processes, which
results in less cloud droplet concentration but bigger droplet size and enhances CDER increase along
with COD decrease. CWP starts to decrease slightly when rain is initiated for CDER larger than 14 pm (see
Figure 3b). The concurrent increase of CCF with increasing AOT and opposite variations of CTH and CTT sug-
gest that the clouds at the low AOT end in Regime | are capped by the temperature inversions of marine
boundary layer (MBL). The relatively low values of both CTH and CTT in Regime | (see Figures 2d and 2e)
further indicate that the corresponding regions of this regime are mainly located over the remote oceans
of middle/high latitudes in both hemispheres.

The behavior of CCF is more interesting: CCF increases first with increasing AOT when AOT is lower than 0.08
due to the aerosol invigoration effect in a pristine environment (Koren et al.,, 2014; Twomey & Squires, 1959).
When AOT increases from 0.08 to 0.13, clouds further grow to higher altitudes (see Figure 1d) and cloud dro-
plets also grow to larger than 14 um (see Figures 1a and 4c). This suggests, at the high AOT end of Regime |
(AOT > 0.08), that cloud droplets grow large enough due to collision/coalescence processes (Liu et al., 2006;
Liu et al., 2004) and fall out as a rain, leading to dissipation of clouds. The decreasing (increasing) trend of
ACTH (ACTT) with AOT increase in Regime | suggests that the precipitation efficiency is suppressed since pre-
cipitation initiates at a higher altitude for a larger AOT value. The collective results suggest that Regime I likely
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corresponds to the aerosol-limited regime (Chen et al., 2016; Reutter et al., 2009) coupled with the aerosol
invigoration effect (Koren et al., 2014).

In Regime Il, more activated aerosols participate in the competition for water vapor so that their growth to
larger cloud droplets is suppressed. As a result, when AOT increases, CDER decreases, COD increases, and
CWP slightly increases due to more small cloud droplets. CTH/CTT slightly increases/decreases first with
increasing AOT and slowly decreases/increases thereafter, but their values are still high and relatively stable
probably due to the comparable competing effect of cloud microphysical and macrophysical processes. CCF
stays nearly constant with some minor fluctuations resulting probably from the competitions among the AlE,
precipitation dissipation, and cloud macrophysics (such as entrainment/detrainment). Since ACTH(ACTT)
maintains the largest negative (positive) value with little changes with AOT increase in most part of the
regime (except at the low and high ends of AOT), the inhibition of precipitation efficiency becomes saturated
after reaching the maximal at the beginning of the regime and stays unchanged until AOT further increases
into Regime lIl. The correlation observed in this regime for AOT and the cloud variables matches the basic
features of the conventional aerosol indirect effects so that this second regime is considered as the sensitive
regime of the conventional AlEs. In other words, the conventional AlEs are manifested in this regime in the
form of CDER (COD) decreasing (increasing) with AOT increasing, while CWP displays slightly increasing trend
along with nearly constant cloud cover and suppressed precipitation. This regime is associated likely with the
transitional regime between the aerosol-limited Regime | (see the discussion above) and the updraft-limited
Regime Il (see the discussion below).

Regime Ill exhibits distinct behaviors of concurrent increases of CDER, COD, and CWP with increasing AOT,
warranting more discussions. Note that this regime starts with CDER close to 13 um (nonprecipitation
droplets) and ends with CDER larger than 15 um (precipitation droplets) (see Figure 4c), along with
increasing CTH with increasing AOT at the beginning of the regime, which suggests a cloud development
due to aerosol invigoration at high AOT. Changes in aerosol loading can be linked to changes in buoyance
through latent heating and consequently vertical velocity (Lebo & Seinfeld, 2011). According to the
mechanism proposed by Stevens and Feingold (2009), more smaller droplets due to higher aerosol loading
delay the onset of precipitation. This allows cloud droplets to be carried to higher levels, increasing
the amount of condensed water within the cloud, in turn increasing evaporation at cloud top and
moistening/cooling the layer above the cloud, hence destabilizing the cloud top region. As a result,
updrafts near cloud top are invigorated and cloud depth increases along with enhanced microphysical
collection processes. Invigorated clouds at high AOT grow higher and lead to larger CDER near the cloud
top, contrasting the direct aerosol-induced decrease of CDER in Regime Il. Thus, the CDER (or r.) behavior
resulted likely from combined aerosol effects on droplet concentration and cloud thickness can be briefly

expressed as
L 3 1/3ﬁ L 1/3 3 3 1/3ﬂ cH 1/3 (1)
¢ \4mp,, N ~ \dap, N '

where the nondimensional parameter f is an increasing function of relative dispersion (Liu & Daum, 2000), L
is liquid water content, c is related to cloud base properties that can be roughly assumed constant, H is
cloud thickness, and N is droplet concentration. When aerosol increases, both N and H increase so that
whether the retrieved r, increases or decreases with increasing AOT depends on the balance between
the two effects. An increasing r, could mean that increasing H outweights the increasing N, and this is prob-
ably true due to the invigoration. Further, it has been found that in addition to droplet concentration,
relative dispersion also changes with aerosol properties and results in the so-called dispersion effect
(Chen et al.,, 2016; Liu & Daum, 2002). Deeper clouds are expected to have more liquid water and an
increase in precipitation is expected, which may explain the enhancement of precipitation efficiency sug-
gested by the decrease (increase) of ACTH (ACTT) with increasing AOT at the beginning of Regime lIl.
The dispersion effect may also contribute to the enhancement of precipitation efficiency, especially in
the regions influenced by larger aerosol particles (such as sea salt and dust particles). The feature of high
CTH corresponding to small CTT in Figures 1d and 1e in this regime suggests that the corresponding
regions of Regime Il are over the tropical convergence zones by examining the distributions of CTH and
CTT in Figures 2d and 2e, where cloud dynamics is likely intensive so that the increasing H should out-
weight the increasing N in addition to the invigoration effect. As a result, the conventional AIEs are
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obscured completely. It is noteworthy that although the high aerosol loading appears to suggest that
Regime Il corresponds likely to the updraft-limited regime, the concurrent strong convection adds some
uncertainties to this conclusion and more researches are needed.

4, The AIE Active Regions

A follow-up question is where those AIE sensitive regimes are located over the global oceans. To answer this
question, the linear correlations between AOT and the cloud variables have been calculated for 2.5° x 2.5°
spatial grid over global oceans using their long-term averaged monthly mean values in 0.1° x 0.1° spatial
resolution and analyzed in this section. The selection of 2.5° x 2.5° spatial grid is consistent with that used
by Sekiguchi et al. (2003) for a similar statistics analysis of AIEs over the global oceans using 1 year
satellite observation.

4.1. The First AIE Active Regions

The global distributions of the slope of log;¢(AOT) versus logo(CDER), log;o(COD), and log;,(CWP) are shown
in Figures 6a-6¢, respectively. The contours indicate that the obtained linear correlation slope is above 95%
confidence level. Distinct negative slope with confidence level higher than 95% of logT10(AOT) versus
log10(CDER) is observed over several oceanic regions in middle and low latitudes: (a) a swath extending from
the east coast of China to the North Pacific Ocean at about 20°N-40°N latitudes (CH-NPO hereafter), (b) a
swath extending from the east coast of USA to the North Atlantic Ocean at about 25°N-35°N latitudes
(US-NAO), (c) the southern end of Arabian Sea (SAS), (d) tropical and subtropical Atlantic Ocean extending
from the west coast of North and Central Africa to the east coast of Central America (Tro-AO), (e) a belt area
extending from the west coast of South America to about 130°W longitude at about ~10°S of tropical South
Pacific Ocean (Tro-SPO), and (f) a long narrow region along the west coast of central South America (WcSAm).
These six areas extending from the coastal oceans under the influence of offshore continental aerosols to the
remote oceans will be further examined below.

To further confirm the first AIE signature revealed by the clear negative correlation between AOT and CDER in
the above six regions, a distinct positive slope of log,o(AOT) versus log,o(COD) and log;(AOT) versus
log10(CWP) is also likely to be obtained for the regions. This is only true for the regions of CH-NPO, US-
NAO, and WcSAm. For the first AIE, a negative correlation between CDER and COD should also hold, which
is indeed the case in the three regions of CH-NPO, US-NAO, and WcSAm as shown in Figure 6d (the global
distribution of the slope for the linear correlation of CDER versus COD). Thus, it is concluded that the first
AIE only manifests in the three regions of CH-NPO, US-NAO, and WcSAm for the three cloud variables
(CDER, COD, and CWP) from a climatology perspective. For the other three regions (SAS, Tro-AO, and
Tro-SPO) with negative correlation between AOT and CDER, either correlation between AOT and COD
(CWP) is not positive or correlation between CDER and COD is not negative; the first AIE is only manifested
in CDER but concealed probably by other cloud microphysical or dynamical processes for the other cloud
variables (COD and CWP). This suggests that cloud droplet size is more susceptible to the first AIE than the
other cloud variables.

Actually, SAS, Tro-AO, and Tro-SPO are in either the tropical uplifting zones or the corresponding subsi-
dence zones over the south and north subtropical oceans so that cloud dynamic processes are active
and prominent. The effect of the active cloud dynamic processes entangles with the AIE and overrides it
in the changes of COD and CWP. The evident positive correlation between AOT and the three cloud vari-
ables (CDER, COD, and CWP) in the tropical convergence zones is mainly the signature of cloud updraft
dynamic effect, which totally obscured the signature of the first AIE in a sense of long-term average
(or climatology).

4.2, The Second AIE Active Regions

The global distribution of long-term averaged monthly mean CCF and the slope of log;o(AOT) versus CCF are
shown in Figure 7 (Figure 2f is replotted as Figure 7a for an easy comparison with Figure 7b). Regions with
higher CCF of warm water clouds are located in several oceanic areas near the west coasts of the continents,
such as California/Mexico, central South America, South Europe/North Africa, South Africa, and Australia
along with the southeast coast of China. Positive correlation between AOT and CCF is also evident in these
regions with much more reduced spatial coverage, which indicates that the second AIE is likely to manifest
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Figure 6. Global distributions of the slope of linear correlation between (a) log;o(AOT) and logo(CDER), (b) logqo(AOT) and log;o(COD), (c) log;o(AOT) and
log10(CWP), and (d) CDER and COD. The areas where the confidence level of linear correlation slope is above 95% are marked by the contours. The linear correla-
tion is calculated for 2.5° x 2.5° spatial grids over the global oceans using the long-term averaged monthly mean values in 0.1° x 0.1° spatial resolution.

in these regions. Distinct positive correlation is also observed in the tropical convergence zones, whereas
negative correlation is observed in the corresponding subsidence zones over the subtropical oceans,
which is mainly a signature of cloud dynamic effect rather than the signature of the second AIE in view of
the strong uplifting (or descending) air motion in these remote oceanic zones. Regions with higher CCF of
supercooled water clouds are located mainly in the areas with active synoptic storms at the high latitudes
of both hemispheres, where the second AIE signature is vague since there are barely any evident positive
correlations between AOT and CCF. The synoptic cloud dynamics probably overpowers the AIE and
determines the cloud behaviors in the storm active regions.

Figure 8 displays the global distribution of long-term averaged monthly mean ACTH and AOT. It is interesting
to note that the patterns (see Figure 8a) with negative ACTH over the oceanic regions influenced by the aero-
sols from offshore dust (e.g., the west coast of North Africa and Arabian Sea), industrial pollution (e.g., the east
coast of USA, China, and Bay of Bangle), and biomass burning (e.g., the west coast of Central/South Africa and
the oceanic regions of South East Asia) are very similar to the higher AOT distribution patterns (see Figure 8b)
of these offshore aerosols, which suggest a declined precipitation efficiency.

Figure 9 shows CTT and CDER relationship for four rectangle oceanic regions (which are marked by the four
red boxes in Figure 8b) with four typical aerosol scenarios: region 1 (—130°W, —120°W; 30°N, 40°N) is with
slightly polluted air over the west coast of California, region 2 (120°E, 130°E, 20°N, 30°N) is with polluted
air over the east coast of China, region 3 (—170°W, —90°W; —50°S, —40°S) is with clean air over the South
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Figure 7. Global distributions of (a) CCF and (b) the slope of linear correlation between logo(AOT) and CCF for the long-
term averaged monthly mean values. The areas where the confidence level of linear correlation slope is larger than 95% are
marked by the contours. The linear correlation is calculated for 2.5° x 2.5° spatial grids over the global oceans using the
original data in 0.1° x 0.1° spatial resolution.

Pacific Ocean, and region 4 (—30°W, —20°W; 10°N, 20°N) is dominated by dust plume from North Africa.
Monthly mean CTT of 372 months from 1981 to 2011 has been plotted versus the corresponding CDER
for the four selected regions. It is interesting to note the following: (1) most of the cloud droplets in region
3 with clean air can grow up to larger than 14 pm and become rain after traveling a sufficient distance
vertically; (2) it is hard for the cloud droplets to grow up to larger than 14 um in region 2 or region 4 with
polluted or dusty air; and (3) there are still some cloud droplets that can grow up to larger than 14 pm in
region 1 with slightly polluted air after traveling a sufficient distance vertically. These results suggest that
aerosol pollution does reduce the precipitation efficiency and suppresses the precipitation of marine water
clouds in a sense of long-term perspective over broader oceanic regions influenced by the offshore
continental aerosols.

It is also interesting to see if there is any direct relationship between the first and second AIE in a sense of
long-term average. It is seen from Figure 2a that CDER gradually decreases from remote oceanic regions
(with the values larger than 14 pm) to the coastal oceanic regions (with the values in the range of
10-13 pm) due to the first AIE from the offshore continental aerosols. There are also evident negative cor-
relations between AOT and ACTH over the oceanic regions influenced by the offshore continental aerosols
as shown in Figure 8. However, there are very low correlations between CDER and CCF (or ACTH) over the
global oceans as shown in Figure 10 (the distribution for the slope of the linear correlation of CDER versus
CCF and ACTH, respectively). Considering that the first AIE does manifest in the CDER reduction and the sec-
ond AIE also manifests in the CCF increase and precipitation efficiency decline in some common oceanic
regions, lacking of clear correlation between CDER and CCF (or ACTH) suggests solely that CDER reduction
due to the aerosol and cloud interaction is not sufficient for the subsequent occurrence of the second AIE
and proper cloud dynamic conditions are necessary for the aerosol and cloud interaction to evolve from
the stage of the first AIE to the second AIE.
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Figure 8. Global distributions of (a) ACTH and (b) AOT for their long-term averaged monthly mean values. The four regions
marked by the four red rectangle boxes in the bottom panel are used for Figure 9.
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Figure 9. Scatterplot of regionally averaged monthly mean CTT versus CDER for 372 months from 1981 to 2011 in four
selected regions with different aerosol loading scenarios. Regions 1, 2, 3, and 4 (marked by the four red rectangle boxes
in Figure 8b) are with slightly polluted aerosol loading, high polluted aerosol loading, high dust aerosol loading, and clean
marine air, respectively. The vertical dash line is set for CDER equals 14 um (low threshold of precipitation droplets), and the
horizontal dash line is set for CTT equals 0°C (melting point of water).
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Figure 10. Global distributions of (a) the slope of linear correlation between CDER and CCF and (b) CDER and ACTH for the long-term averaged monthly mean values.
The areas where the confidence level of linear correlation slope is larger than 95% are marked by the contours. The linear correlation is calculated for 2.5° x 2.5°
spatial grids over the global oceans using the original data in 0.1° x 0.1° spatial resolution.

5. Summary and Conclusions

Long-term satellite AVHRR CDRs of cloud and aerosol have been used to investigate the AIE of marine water
cloud from the perspective of climatology. Identifying the AOT regimes and geolocations where the AIE may
manifest clearly in a sense of long-term average over the global oceans is the focus of this study.

Three regimes based on AOT have been found for the response of CDER, COD, and CWP to the changes
of aerosol loading in view of global long-term average. In the first regime (AOT < 0.13), CDER/COD
increases/decreases with AOT increases and CWP decreases slightly with AOT increases. This regime mainly
falls in the remote oceanic regions with moist and pristine atmosphere at middle/high latitudes, which favors
the set off of the aerosol invigoration effect in the aerosol-limited regime.

The conventional first AIE manifests clearly in the form of CDER/COD decreasing/increasing with AOT increas-
ing, while CWP keeps minor increasing trend in the second regime (0.13 < AOT < 0.3). As a result, the second
regime can be considered as the sensitive regime of the conventional first AIE, which can be considered as a
transition regime from the aerosol-limited regime to the updraft-limited regime identified in the cloud model
simulations. The aerosol and cloud microphysical processes are dominant in this regime comparing to the
cloud macrophysical processes so that the first AIE signature is not obscured by the cloud dynamics and
detectable in the long-term averaged observations.

In the last regime (AOT > 0.3), CDER, COD, and CWP first increase together due to the cloud development
invigorated by high aerosol loading and large sea salt/dust particles and then level off toward the end of
the regime, where cloud macrophysics becomes dominant. As a result, the AIE signatures are obscured
and hard to be detected in the observation. The first AIE manifests itself in the reduction of CDER over the
global coastal oceans where offshore aerosols that originated from land sources are prevailed. Six oceanic
regions, CH-NPO, US-NAO, SAS, Tro-AQO, Tro-SPO, and WcSAm, have been identified as the first AIE active
regions revealed in the CDER change, but only in three of them (CH-NPO, US-NAO, and WcSAm) the first
AIE is revealed in a consistent change of three cloud variables (CDER, COD, and CWP). The signature of the
first AIE manifested in CDER is more evident, and spatial coverage is also broader than that in COD and
CWP, which indicates that CDER is more susceptible to the aerosol-cloud interaction than COD and CWP.

Distinct increase of CCF induced by aerosol is only identified for relatively low AOT (<0.08) regime in a sense of
global long-term average due to the aerosol invigoration of clouds in moist and clean air over remote oceans.
The regions that the second AlE is likely to be detected in the CCF increase are in several oceanic areas near the
west coasts of the continents with higher CCF of warm water clouds, including California/Mexico, central
South America, South Europe/North Africa, South Africa, and Australia along with the east coast of China.
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The second AIE signature revealed in the decline of the precipitation efficiency represented by the change of
ACTH (or ACTT) with increasing AOT is detectable in the AOT regime of 0.08 < AOT < 0.4. The corresponding
oceanic regions are mainly in the downwind oceanic areas of the continental aerosols. Solely the CDER reduc-
tion due to aerosol-cloud interaction is not sufficient for the interaction to evolve from the stage of the first
AIE to the second AIE, and proper cloud dynamic conditions are necessary to maintain the evolution. More
researches from both modeling and observation are needed in the future to identify these proper cloud
dynamics conditions. The results of this study based on the long-term averaged satellite observation are valu-
able for the evaluation and improvement of the AIE in global climate models, which are only evaluated and
assessed so far against instantaneous or short-term averaged observations of the AIE.

It is noteworthy that Liu and Daum (2002) reported that increased aerosols can alter the spectral shape of the
cloud droplet size distribution and exerts a dispersion effect that acts to offset the cooling from increased
droplet concentration (or 8 swelling effect in equation (1)). Subsequent studies have found that the disper-
sion effect can be either warming or cooling depending on whether or not the AIE is in aerosol-limited or
updraft-limited regimes (Chen et al., 2016, and references therein). Another factor warranting further inves-
tigation is the effect of covarying meteorology. Studying these issues from the perspective of long-term aver-
age of satellite observations along with model simulations will be our future works.

Appendix: Acronyms

AIE(s) :aerosol indirect effect(s)
AOT :aerosol optical thickness
AVHRR  :advanced very high resolution radiometer
CCF  :cloud cover fraction
CCN(s) :cloud condensation nuclei(s)
CDER  :cloud droplet effective radius
CDR(s) :climate data record(s)
COD :cloud optical depth
CTH  :cloud top height
CTT  : cloud top temperature
CWP  : cloud water path
GAC :global area coverage
IPCC :Intergovernmental Panel on Climate Change
MBL  : marine boundary layer

MODIS  : Moderate Resolution Imaging Spectroradiometer
NOAA : National Oceanic and Atmospheric Administration
PATMOS-x : Pathfinder Atmospheres-Extended
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