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Abstract Aerosol optical depth (AOD) has been shown to correlate with precipitation rate (R) in recent
studies. The R-AOD relationships over oceans are examined in this study using 150 year simulations with
the Community Earth System Model. Through partial correlation analysis, with the influence of 10m wind
speed removed, R-AOD relationships exert a change from positive to negative over the midlatitude oceans,
indicating that wind speed makes a large contribution to the relationships by changing the sea-salt
emissions. A simulation with prescribed sea-salt emissions shows that wind speed leads to increasing R by
+0.99mmd!1 averaged globally, offsetting 64% of the wet scavenging-induced decrease between polluted
and clean conditions, defined according to percentiles of AOD. These demonstrate that wind speed is one of
the major drivers of R-AOD relationships. Relative humidity at 915 hPa can also result in the positive
relationships; however, its role is smaller than that of wind speed.

1. Introduction

Aerosols could be an important agent for perturbing both the Earth’s radiative balance and atmospheric
hydrological cycle. Aerosols can influence cloud microphysical processes, amount, and precipitation effi-
ciency by serving as cloud condensation nuclei (CCN) [Twomey, 1977; Albrecht, 1989; Lohmann and
Feichter, 2005]. However, these effects are nonlinear and highly uncertain, and dynamical factors make it dif-
ficult to identify comparable precipitation events. At present, it is difficult to establish systemically aerosol-
cloud-precipitation relationships [Stevens and Feingold, 2009].

The dynamics of clouds and precipitation are driven by the thermodynamic trade-offs of latent and sensible
heat for moist air as well as other meteorological factors, which often covary with each other as well as with
aerosol amount. Mauger and Norris [2007], Loeb and Schuster [2008], and Grandey et al. [2013a] found that
large-scalemeteorological situations and synoptic systems lead to the covariation of aerosols and cloud fraction
and thereby influence the apparent relationships between satellite-retrieved cloud fraction and aerosol optical
depth (AOD).

Cloud fraction normally increases with relative humidity. Hygroscopic aerosols swell at high relative humidity,
leading to an increase in AOD. Many previous observational and modeling studies reported that the major
contribution to the positive relationships between AOD and cloud fraction is attributed to the covariation
effect from relative humidity [Quaas et al., 2010; Chand et al., 2012; Grandey et al., 2013b]. Boucher and
Quaas [2013] reported that relative humidity has important influences on precipitation-AOD relationships.
Grandey et al. [2014] also found that without wet removal of aerosols, correlations between AOD and
precipitation rate are positive over almost all of the world. These positive correlations are partially due to
covariation of aerosol and precipitation with relative humidity. However, in their study, even after the role
of relative humidity is excluded, a positive relationship between precipitation rate and AOD remained.

Wind speed is also one of themost important factors that influence relationships between clouds, precipitation,
and aerosols. Increasing wind speeds lead to increasing emissions of sea salt, which contributes themost to the
AOD in clean marine air [Haywood et al., 1999; Mulcahy et al., 2008]. Winds, clouds, and precipitation are simul-
taneously symptomatic of meteorological conditions. Changes in winds can also influence moist transport into
the cloud. These effects link winds to clouds and precipitation. Using satellite retrieved together with reanalysis
data from the European Center for Medium Range Weather Forecasts (ECMWF) for years from 2003 to 2008,
Engström and Ekman [2010] found that the correlation between AOD and cloud fractionwas strongly influenced
by 10m wind speed. However, none of the previous studies has examined the contribution of wind speed to
precipitation and aerosol relationships.
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Previous studies have examined correlations between aerosols and clouds and between aerosols and preci-
pitation through ground-based, aircraft, satellite observations and model simulations. Higher aerosol particle
concentrations typically produce smaller cloud droplets, which decrease precipitation efficiency and could
thereby prolong cloud lifetime [Albrecht, 1989]. Numerous studies using satellite data reported positive cloud
fraction-AOD relationships that might result from aerosol-cloud interactions [Kaufman et al., 2005; Koren et al.,
2005]. Absorbing aerosol can decrease cloud fraction through absorbing solar radiation, local heating, and
evaporating cloud droplets [Ackerman, 2000]. Increases in CCN concentrations in aerosol-limited clouds also
favor the condensation of supersaturated vapor and release of additional latent heat, which could invigorate
water and mixed phase clouds [Rosenfeld et al., 2008; Koren et al., 2014]. Koren et al. [2012] found positive
rain-AOD relationships in the tropics, subtropics, and midlatitudes in June–August 2007. They suggested that
increasing aerosol concentration intensifies the rain rate.

Aerosols interact with clouds two ways. Aerosols impact clouds and precipitation, and clouds and precipita-
tion can influence aerosols through wet scavenging processes [Quaas et al., 2010; Grandey et al., 2013b, 2014;
Gryspeerdt et al., 2015]. Grandey et al. [2013b] found that wet scavenging by convective precipitation induces
a strong negative cloud fraction-AOD correlation over the tropics through 1 year the global aerosol-climate
model ECHAM-HAM model simulations. In Grandey et al. [2014], they further showed that wet scavenging
also causes a strong negative rain rate-AOD correlation in the tropical and midlatitude oceans. Inside cloud
droplets, sulfate mass is formed through aqueous chemistry, which leads to increases in AOD [Su et al.,
2008]. Koren et al. [2007] reported increases in AOD due to aerosol growth hygroscopically around the clouds.

We present here an investigation of the impacts of wind speed on relationships between precipitation and
aerosols based on a set of two 150 year simulations in preindustrial conditions using the Community Earth
System Model (CESM) and comparisons to satellite-retrieved and reanalysis data. We quantify the contribu-
tion of wind speed to the relationships between precipitation rate and AOD through correlation analysis
and a sensitivity simulation with prescribed sea-salt emissions. We also compare its contribution with those
from other factors, such as wet scavenging and relative humidity.

2. Method

The model used here is the Community Earth System Model (CESM), which includes components from the
Earth’s atmosphere, ocean, land, land ice, and sea ice [Hurrell et al., 2013]. The atmosphere component used
here is Version 5 of the Community Atmosphere Model (CAM5), which was run with a horizontal resolution of
1.9° latitude by 2.5° longitude and 30 vertical layers from the surface to about 2.3 hPa. The ocean component
used here is a three-dimensional active model, the Parallel Ocean Program version 2 [Smith et al., 2010]. The
modal aerosol module in the CESM-CAM5 simulates most aerosol species (sea salt, dust, sulfate, black carbon,
primary organic matter, and secondary organic aerosol) in three modes [Liu et al., 2012]. Aerosol optical proper-
ties are parameterized according to Ghan and Zaveri [2007]. Activation of cloud droplets occurs on amultimodal
lognormal aerosol size distribution based on the scheme ofAbdul-Razzak and Ghan [2000]. Themodel physically
treats the aerosol effects on stratiform cloud microphysics using physically based parameterizations [Morrison
and Gettelman, 2008; Gettelman et al., 2010]. However, aerosol effects on convective clouds are neglected in
the model. Aerosol wet scavenging is treated for both stratiform and convective clouds. The emissions of
sea-salt particles with diameter <2.8μm are parameterized in terms of 10m wind speed and sea surface tem-
perature [Mårtensson et al., 2003]. For diameters >2.8μm, the emissions depend only on 10m wind speed
[Monahan et al., 1986].

To identify the contribution of wind speed to the relationships between aerosols and precipitation, two
150 year simulations at preindustrial conditions were performed: a control simulation, referred to as IRUN,
with interactive sea-salt emissions, and a sensitivity simulation, referred to as ERUN, with prescribed sea-salt
emissions. The emissions of sea-salt aerosol particles used in the ERUN simulation are interpolated in time
between the 12 monthly mean values derived from the climatology of the 150 year IRUN simulation.
By prescribing sea-salt emissions, the contribution of wind speed to the covariation of R and AOD is
almost removed. Changes in sea surface temperature also affect emissions of sea-salt particles with
diameter< 2.8μm, but the relatively small magnitude of these changes is unlikely to produce changes in
our results. All anthropogenic and biomass burning emissions used in this study are fixed at 1850 levels to
focus on the roles of wind-related sea-salt emissions. The model archived both monthly and daily data.
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Results from these two simulations have
been used to investigate the impacts of
natural aerosol emissions and concentra-
tions on variations of cloud radiative
effects. Only ocean regions between 60°S
and 60°N are analyzed in this study.

To examine the relationships between
precipitation rate and aerosols, linear
correlation coefficients between precipi-
tation rate (R) and AOD are calculated for
each grid box using monthly anomaly
data from the 150 year IRUN and ERUN
simulations. In addition to the total corre-
lation, the partial correlation between R
and AOD was also examined. The partial
correlation measures the relationship
between two variables, R and AOD, in this
study, while taking away the effects of
another variable, or several other vari-
ables, on this relationship [Hazewinkel,
2002]. This method has been used in
many previous studies in examining the
aerosol-cloud-precipitation relationships
[Engström and Ekman, 2010; Gryspeerdt

et al., 2014]. We selected 10m wind speed (U10) and relative humidity (RH) at 915 hPa as the controlling vari-
ables in partial correlation to compare the contributions of the wind speed and relative humidity to the rela-
tionships between R and AOD. Nine hundred fifteen hectopascal is chosen because this level is near the
typical low cloud bases, and therefore, the impact of changes in aerosols will be relevant for the clouds
and precipitation [Lee et al., 2012].

To verify the covariation of R and AOD with wind speed, simulated correlations are compared with those cal-
culated from satellite-retrieved and reanalysis data. Satellite-retrieved AODs are from Moderate Resolution
Imaging Spectroradiometer. Wind speeds are derived from the ECMWF ERA-Interim reanalysis. R data are
from CPC Merged Analysis of Precipitation (CMAP) data set. All data cover the years from 2001 to 2014.

To quantify the differences in R in different AOD conditions, we define the polluted and clean conditions cate-
gorized by the 67th and 33rd percentiles of AOD for each grid box and simulations following Koren et al. [2012].
Then the differences in R are calculated using the mean R for polluted and clean conditions.

3. Results

To examine the relationships between R and AOD, Figure 1a shows total correlation coefficients between R and
AOD for the IRUN simulation. Statistically significant negative correlations are found in the tropical band
between 20°S and 20°N, whereas insignificant positive correlations of AOD with R are simulated over the
midlatitude oceans. This spatial pattern is identical to the findings in Boucher and Quaas [2013], whichwere con-
ducted with a different model (ECHAM5-HAM). The area-weighted mean correlation coefficients are +0.11,
!0.15, and +0.12 over the southern midlatitude (60–30°S), tropical (30°S–30°N), and northern midlatitude
(30–60°N) bands, respectively (Table 1). The strong negative correlations between R and AOD and over the tropics
result from the wet scavenging of aerosols, while positive values in the midlatitude are likely due to covariation
with meteorological factors, such as relative humidity [Grandey et al., 2014]. Averaged globally (60°S–60°N), there
is no statistically significant correlation of R to AOD, with a correlation coefficient of !0.04.

To assess the effect of wind speed on the relationships between R and AOD, Figure 1b presents the total
correlation coefficients between R and AOD for the ERUN simulation, which mitigates the role of wind speed
on the relationships between precipitation and aerosols. In the ERUN simulation, the sea-salt emissions are
interpolated with monthly climatological mean values derived from the IRUN simulation, and consequently,

Figure 1. Total correlation coefficients between aerosol optical depth
(AOD) and precipitation rate (R) for (a) IRUN and (b) ERUN simulations.
The dotted areas indicate statistical significance with 95% confidence
from a two-tailed Student’s t test.
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the contribution of wind speed submonthly and interannual variability is removed. It is clear that the R-AOD
relationships are significantly negative over almost all of the world for the ERUN simulation, in contrast to
the positive relationships over the midlatitude oceans for the IRUN simulation. Averaged globally, the
area-weighted mean correlation coefficient is !0.32 for ERUN. Negative relationships between R and AOD
are mainly due to wet scavenging, as we show the impact of aerosol-cloud interactions is small in the follow-
ing analysis. Comparing the correlation coefficients between IRUN and ERUN suggests that variations in wind
speed lead to the positive relationships between R and AOD, with increases in correlation coefficients of
+0.45, +0.17, and +0.40 over the southern midlatitude, tropical, and northern midlatitude bands, respectively
(Table 1). The global area-weighted mean correlation coefficient increases by +0.28 resulting from the
covariation effect of wind speed, which almost offsets the negative correlation coefficient of !0.32 caused
by wet scavenging. This indicates that wind speed-driven emissions have a great influence on the R-AOD
relationships.

To further examine the influence of wind speed and compare this effect with that of RH, Figure 2 shows the
partial correlation coefficients and the differences between the total and partial correlations explained by
U10 and RH at 915 hPa, respectively, for the IRUN simulation. Without the influence of U10, the relationships
between R and AOD change from positive to negative over the midlatitude oceans (Figure 2a). Averaged
globally, the area-weighted mean partial correlation coefficient is !0.16, which is a large increase in
magnitude compared to the total correlation coefficient of !0.04. The largest differences between the total
and partial correlation explained by U10 are located over the midlatitude oceans, where U10 leads to large

Table 1. Area-Weighted Mean Correlation Coefficients Between Aerosol Optical Depth (AOD) and Precipitation Rate (R),
and Composite Differences in R Between Polluted and Clean Conditions (unit: mmd!1) Over the Southern Midlatitude
(SL, 60°–30°S), Tropical (TR, 30°S–30°N), Northern Midlatitude (SL, 30°–60°N) Bands, and Globally (60°S–60°N)a

Correlations AOD and R Differences R

Simulation SL TR NL Global SL TR NL Global

IRUN +0.11 -0.15 +0.12 -0.04 +0.20 -1.13 +0.38 -0.56
ERUN -0.34 -0.32 -0.28 -0.32 -0.81 -2.00 -1.11 -1.55
IRUN-ERUN +0.45 +0.17 +0.40 +0.28 +1.01 +0.87 +1.49 +0.99

aOnly ocean areas are considered.

Figure 2. Partial correlation coefficients between AOD and Rwithout influences of (a) 10mwind speed (U10) and (b) relative humidity (RH) at 915 hPa for IRUN simu-
lation. The dotted areas indicate statistical significance with 95% confidence from a two-tailed Student’s t test. Differences between the total (Figure 1a) and the
partial correlation coefficients explained by (c) U10 and (d) RH at 915 hPa.
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positive correlations between R and
AOD (Figure 2c). The negative correla-
tion coefficients over the tropical
central-eastern Pacific Ocean are due to
El Niño–Southern Oscillation events.
During El Niño, sea-salt emissions are
decreased due to reduced easterly
winds in the lower atmosphere, whereas
rainfall increases over the eastern Pacific.
The correlation coefficients exhibit a
small change when the contribution of
RH is removed (Figures 2b and 2d), with
the global area-weighted mean partial
correlation coefficient of !0.04. These
results demonstrate that the positive
correlations of precipitation and AOD
over the midlatitude oceans are mostly
driven by wind speed. Further, its impact
on R-AOD relationships is more impor-
tant than the role of changes in relative
humidity at 915 hPa.

To examine the causes of covariation of
R and AOD with wind speed, we show
in Figure S1 in the supporting informa-
tion the correlation coefficients of AOD
and R with U10 from a combination of
satellite-retrieved and reanalysis data
and IRUN simulation. Both observations
and simulation show strong positive cor-
relations between AOD and U10 over
almost all the world oceans, resulting
from the dominant contribution of sea-
salt emissions to AOD in the clean
remote regions [Mulcahy et al., 2008;

Engström and Ekman, 2010]. R and U10 also exhibit statistically significant positive correlations over the mid-
latitude oceans due to their meteorologically driven covariation. The positive correlations between AOD and
U10 and between U10 and R lead to the positive relationships between R and AOD over the
midlatitude oceans.

In order to quantify the magnitude of the covariation of R and AOD and compare with previous studies,
Figure 3a shows the composite differences in R between polluted and clean conditions (polluted-clean)
for the IRUN simulation, categorized by the 67th and 33rd percentiles of AOD. Relative to the clean
conditions, the polluted conditions have lower R over the tropics and higher R over the midlatitude oceans,
corresponding to the correlations between AOD and R (Figure 1a). The differences in R are +0.20, !1.13,
and +0.38mmd!1 averaged over the southern midlatitude, tropical, and northern midlatitude bands,
respectively, and !0.56mmd!1 averaged globally (Table 1). These differences in R also suggest negative
R-AOD relationships over the tropics and positive relationships over the midlatitude oceans, in agreement
with previous studies [Boucher and Quaas, 2013]. The wet scavenging dominates the relationships
between R and AOD over the tropics, whereas these relationships are driven by other factors over the
midlatitude oceans.

Figure 3b presents the composite differences in R between polluted and clean conditions for the ERUN
simulation, in which simulation the role of wind speed is removed. The values of R are lower over almost
all the world in the polluted conditions compared to the clean conditions, with the difference of
!1.55mmd!1 averaged globally. In contrast to the higher R over the midlatitude oceans during polluted

Figure 3. Composite differences in R between polluted and clean condi-
tions (polluted-clean) for (a) IRUN and (b) ERUN, as well as (c) the changes
in these differences between IRUN and ERUN. The clean and polluted
conditions are defined as corresponding to the 33rd and 67th percentiles
of the AOD for each grid box and simulations.
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conditions in IRUN, ERUN has lower R. This indicates that relationships between R and AOD are driven by
covariation with wind speed.

Figure 3c shows the changes between IRUN and ERUN in composite differences in R contributed from the
variations in wind speed. Variations in wind speed lead to increases in R over almost all the oceans between
polluted and clean conditions, with increases by +1.01, +0.87, and +1.49mmd!1 averaged over the southern
midlatitude, tropical, and northern midlatitude bands, respectively (Table 1). The increase in R is
+0.99mmd!1 averaged globally, offsetting 64% of the decrease caused by wet scavenging between
polluted and clean conditions.

To evaluate the impact of aerosol-cloud interactions in the relationships between R and AOD, we show in
Figures S2a and S2b the composite differences in convective precipitation rate (Rcnv) and stratiform precipi-
tation rate (Rstr) between polluted and clean conditions, respectively. The differences in Rcnv are almost iden-
tical to those in R (sum of Rcnv and Rstr), with global mean of !0.55mmd!1. Therefore, wet scavenging by
convective precipitation dominates the relationships between R and AOD. The differences in Rstr are much
smaller than those in Rcnv, with a global mean value of !0.01mmd!1 due to the smaller stratiform wet
scavenging process over the tropics. Since the model only considers aerosol effects on stratiform cloud, such
effects on relationships between R and AOD are much smaller than the covariation effects from other factors.
But aerosol effects on convection are not considered in this model, which may cause some biases in
the relationships.

Through evaluating relationships between R and dry AOD, Boucher and Quaas [2013] and Grandey et al. [2014]
reported that covariation with relative humidity can explain a large component of the positive relationships
between R and AOD. In this study, covariation with wind speed is also found to lead to the positive relationships
over the midlatitude oceans. It is therefore of interest to compare the contributions of wind speed and relative
humidity to the positive relationships between R and AOD. Because the model did not archive dry AOD in the
output, which is an approximation of AODwithout swelling hygroscopically, CCN concentrations at 0.1% super-
saturation and 915hPa are used here to represent dry AOD. Then polluted and clean conditions are defined as
corresponding to the 67th and 33rd percentiles of the CCN. It should be noted that AODs (and dry AOD) are
column measurements, whereas CCN at 915hPa corresponds to a single pressure level, meaning that some
differences between the metrics are to be expected. Figure S2c shows the composite differences in R between
CCN-defined polluted and clean conditions for the IRUN simulation. These differences are similar in spatial
patterns to those between AOD-defined polluted and clean conditions. However, these differences showmore
negative values, with a global mean difference of!1.00mmd!1. The variations in relative humidity lead to lar-
ger R in polluted conditions by +0.44mmd!1 averaged globally, relative to those in clean conditions. This value
is smaller than the +0.99mmd!1 difference due to the variations in wind speed, indicating that the contribution
of wind speed is larger than that of relative humidity to the relationships between R and AOD, consistent with
the findings above using partial correlation analysis.

In order to compare our results with previous studies associated with R-AOD relationships, the correlation coef-
ficients and composite differences are also calculated using daily data in June-July-August (JJA) for IRUN and
ERUN and are shown in Figure S3. The result of positive relationships between R and AOD over the midlatitude
oceans in IRUN changes to negative in ERUN, especially over southern midlatitude oceans, is the same as that
using monthly anomaly data. The differences in R between polluted and clean conditions drop from
!0.04mmh!1 in IRUN to!0.14mmh!1 in ERUN averaged globally. The variations in wind speed lead to larger
R in polluted conditions by +0.10mmh!1, relative to those in clean conditions. This value is larger than
+0.05mmh!1, the increase due to the variations in relative humidity calculated based on CCN for IRUN in this
study, and also larger than +0.05mmh!1, the increase calculated based on dry AOD inGrandey et al. [2014]. This
comparison also shows that the wind speed has a larger role than relative humidity in causing the positive cor-
relations of R and AOD. It is worth mentioning that results in Grandey et al. [2014] include both land and ocean
areas using ECHAM-HAM aerosol-climate model, and this study focuses on ocean areas using CESM-CAM5.

4. Conclusions

This study examines the relationships between aerosols and precipitation rate for all ocean regions between
60°S and 60°N using 150 year simulations in preindustrial conditions using CESM, satellite-retrieved and
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reanalysis data. Both simulation and observation show strong correlations between AOD andwind speed and
between precipitation rate and wind speed. Through both partial correlation analysis and model simulations,
wind speed is found to be one of the major drivers of precipitation-AOD relationships. The covariation with
wind speed plays a large role in the relationships over the midlatitude oceans, which leads to the increases in
precipitation in polluted conditions compared to clean conditions, defined according to percentiles of AOD. It
offsets 64% of the wet scavenging-induced decrease in precipitation in polluted conditions globally. The
wind speed is also found to have a larger impact than relative humidity at 915 hPa on the relationships
between precipitation and AOD.

Aerosol effects on clouds and precipitation are still one of the largest uncertainties in the studies of climate.
The results presented in this study highlight the influence of wind speed on the relationships between AOD
and precipitation, which helps with interpretation of satellite data and better understanding of aerosol-
cloud-precipitation relationships.

The results presented here are from CESM-CAM5, which only treats aerosol effects on stratiform cloud
microphysics. Aerosol effects on convective clouds are neglected, which may cause biases. If future models
would include aerosol effects on convective clouds, a more accurate aerosol-cloud-precipitation relationship
could be presented.
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