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ABSTRACT

Two 150-yr preindustrial simulations with and without interactive sea salt emissions from the Community Earth
System Model (CESM) are performed to quantify the interactions between sea salt emissions and El Nifio—
Southern Oscillation (ENSO). Variations in sea salt emissions over the tropical Pacific Ocean are affected by
changing wind speed associated with ENSO variability. ENSO-induced interannual variations in sea salt emissions
result in decreasing (increasing) aerosol optical depth (AOD) by 0.03 over the equatorial central-eastern (western)
Pacific Ocean during El Nifio events compared to those during La Nifia events. These changes in AOD further
increase (decrease) radiative fluxes into the atmosphere by +0.2 (—0.4) W m ™2 over the tropical eastern (western)
Pacific. Thereby, sea surface temperature increases (decreases) by 0.2-0.4 K over the tropical eastern (western)
Pacific Ocean during El Nifio compared to La Nifia events and enhances ENSO variability by 10%. The increase
in ENSO amplitude is a result of systematic heating (cooling) during the warm (cold) phase of ENSO in the
eastern Pacific. Interannual variations in sea salt emissions then produce the anomalous ascent (subsidence) over
the equatorial eastern (western) Pacific between El Nifio and La Nifia events, which is a result of heating
anomalies. Owing to variations in sea salt emissions, the convective precipitation is enhanced by 0.6-1.2 mm day
over the tropical central-eastern Pacific Ocean and weakened by 0.9-1.5 mm day ! over the Maritime Continent
during El Nifio compared to La Nifia events, enhancing the precipitation variability over the tropical Pacific.
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1. Introduction

Aerosol particle emissions can substantially perturb
Earth’s radiative balance, and those emissions are af-
fected by feedbacks from changing the Earth system.
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Aerosols affect climate directly through scattering and
absorbing solar radiation and indirectly by altering
cloud microphysical properties (Haywood and Boucher
2000; Lohmann and Feichter 2005; Myhre et al. 2013).
Natural aerosols are particularly important because they
account for 70% of the global aerosol loading (Satheesh
and Moorthy 2005) and result in uncertainty in aerosol-
cloud—precipitation interactions (Carslaw et al. 2013;
Yang et al. 2016a). Understanding the interactions be-
tween natural aerosols and climate is essential for
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accurately assessing the impacts of anthropogenic
aerosols on clouds and climate in present and future
conditions.

Sea salt is one of the most important natural aerosols,
which has the strongest production rate (Blanchard and
Woodcock 1980), constitutes the largest fraction of
natural aerosols by mass in the atmosphere (O’Dowd
et al. 1997), and makes the largest contribution to the
aerosol optical depth (AOD) in clean remote regions
(Haywood et al. 1999; Mulcahy et al. 2008). It can also be
an important source of cloud condensation nuclei
(CCN) in remote marine areas (Clarke et al. 20006).

Sea salt aerosol exerts large radiative effects both on
global and regional scales. Rap et al. (2013) used an aerosol
microphysics model together with a radiative transfer
model to estimate radiative effects of natural aerosols.
They found sea salt exhibits a large aerosol direct effect,
with a global averaged value of —0.44 Wm ™2 at the top of
atmosphere, followed by —0.23 W m 2 for dimethyl sulfide
(DMS)-derived sulfate and —0.21 W m ™2 for volcanic sul-
fate. Korhonen et al. (2010) used a global aerosol micro-
physics model driven by reanalysis data to report that
increases in sea salt emissions due to decadal increases in
Southern Hemisphere wind speeds caused a summertime
radiative forcing of —0.7Wm™ 2 between 50° and 65°S
since the 1980s, which is similar in magnitude but opposite
in sign to that from increases in CO, over the same period.

Sea salt emissions depend on both wind speed and
sea surface temperature (O’Dowd and Smith 1993;
Martensson et al. 2003; Geever et al. 2005; Clarke et al.
2006). Penner et al. (2001) found that a warmer climate
may induce increases in sea salt emissions globally from
3340 Tg in 2000 to 5880 Tg in 2100 through increasing
wind speed. Jones et al. (2007) reported that, in response
to a doubling of CO, in a coupled climate model, in-
creases in sea salt concentrations were found at high
latitudes owing to stronger winds caused by the re-
duction in sea ice. Climate variability, such as El Nifio—
Southern Oscillation (ENSO), can also influence sea salt
emissions and therefore sea salt concentrations. On in-
terannual time scales, ENSO is the strongest signal of
the ocean-atmosphere system (Wang et al. 1999).
ENSO consists of periodic departures from expected sea
surface temperature (SST) distributions in the equato-
rial Pacific Ocean. Although it is mainly a tropical event,
ENSO dominates interannual variability globally and
affects the weather and climate conditions in many re-
mote regions through influencing pressure systems,
winds, and precipitation. Assessing climate change re-
quires knowledge of the full range of natural variability
in ENSO phenomenon (Cobb et al. 2003). Xu et al.
(2015) found that, through the Community Earth Sys-
tem Model (CESM) simulation, changes in sea salt
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concentrations between positive and negative ENSO
events were mainly driven by sea salt emissions. From
the Law Dome ice core in East Antarctica, Vance et al.
(2013) reported a statistically significant correlation
between ENSO and sea salt during summer resulting
from the reduced zonal wind speed over the South Pa-
cific and the circumpolar high latitudes in El Nifio
conditions.

A number of recent studies have found that variations
in natural aerosol emissions could influence ENSO
variability. However, most of them focused on the
stratospheric aerosols, such as volcanic aerosols. Using
proxy data, Adams et al. (2003) and McGregor et al.
(2010) found tropical volcanic eruptions, which inject
SO, directly into the stratosphere, largely increased the
probability of El Nifio and reduced the zonal SST gra-
dient along the equatorial Pacific by reducing surface
insolation. Through model simulations, many studies
also found that tropical volcanic emissions enhanced El
Niflo (Mann et al. 2005; Ohba et al. 2013; Maher et al.
2015; Stevenson et al. 2016) or La Nifia (McGregor and
Timmermann 2011; Zanchettin et al. 2012) events. The
effects of tropospheric and stratospheric aerosols are
expected to differ dramatically, and there has been very
little work on the tropospheric aerosol-ENSO connec-
tion. By including an interactive aerosol scheme in the
CSIRO climate model, Rotstayn et al. (2010) found the
CSIRO model captured ENSO-induced rainfall vari-
ability in Australia better than in other models; they
suggested that improvement is due to the role of in-
teractive dust. In Rotstayn et al. (2011), they showed
that the accurate simulation of the ENSO-rainfall re-
lationship resulted from the anomalies in radiative
forcing by dust, which decreased (increased) surface
evaporation and caused less (more) rainfall in El Nifio
(La Nifia) years over Australia.

Variations in sea salt emissions strongly influence sea
salt concentrations and the corresponding aerosol radi-
ative effects, which may also influence ENSO variabil-
ity. However, few previous studies have considered the
role of variations in sea salt emissions. In this study,
correlation and spectrum analysis of a set of two 150-yr
preindustrial simulations by the CESM are used to ex-
amine ENSO-induced changes in sea salt emissions be-
tween El Nifio and La Nifa events and the impacts of
interannual variations in sea salt emissions on ENSO
variability. We quantify 1) ENSO-induced interannual
variations in sea salt emissions over the 150 years of
simulation, 2) effects of interannual variations in sea salt
emissions on ENSO variability, and 3) changes in cir-
culation and precipitation rate due to ENSO-induced
interannual variations in sea salt emissions. In this work,
we focus on sea salt emissions and El Nifio/La Nifia
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events in preindustrial conditions (for the year 1850
emissions) to avoid the influences of anthropogenic
emissions. The interannual variations in this study are
over 150 years of simulation, which are mainly driven
by El Nifo and La Niiia signals. In this study, the main
focus is on the Pacific regions because the El Nifio (La
Nifia) cycle mainly occurs over the tropical Pacific and is
sometimes referred to as Pacific warm (cold) episodes.

CESM and numerical experiments are described in
section 2. Section 3 provides an analysis of ENSO-
induced interannual variations in sea salt emissions.
Section 4 investigates influences of interannual varia-
tions in sea salt emissions on ENSO variability by
comparing simulations with and without interactive sea
salt emissions. Section 5 presents the changes in circu-
lation and precipitation between El Nifio and La Nifia
events due to interannual variations in sea salt emis-
sions. Section 6 summarizes these results.

2. Model description and experimental design

Simulations were performed using CESM, version
1.2.1, which includes components from Earth’s atmo-
sphere, ocean, land, land ice, and sea ice (Hurrell et al.
2013). The atmospheric model used here is the Com-
munity Atmosphere Model, version 5 (CAMS), with
resolution of 1.9° latitude by 2.5° longitude and 30 ver-
tical layers ranging from the surface to 3.6hPa. The
ocean component used here is a three-dimensional ac-
tive model (Smith et al. 2010). The CESM-CAMS treats
the properties and processes of major aerosol compo-
nents (sea salt, mineral dust, sulfate, black carbon, pri-
mary organic matter, and secondary organic aerosol) in
the modal aerosol module (MAMS3; Liu et al. 2012).
Aerosol size distributions are represented by three
lognormal modes: Aitken (0.015-0.053 wm), accumula-
tion (0.058-0.27 wm), and coarse (0.80-3.65 wm) modes.
Mass mixing ratios of different aerosol species and the
number mixing ratio are predicted for each mode.
Aerosol optical properties are parameterized according
to Ghan and Zaveri (2007). Activation of cloud droplets
occurs on a multimodal lognormal aerosol size distri-
bution based on the scheme of Abdul-Razzak and Ghan
(2000). The model physically treats aerosol—cloud in-
teractions using two-moment stratiform cloud micro-
physics, which predicts number concentrations and
mixing ratios of cloud water and ice (Morrison and
Gettelman 2008; Gettelman et al. 2010). The influence
of aerosols on cloud microphysics has been quantified by
Wang et al. (2012) and Ghan et al. (2016). The emissions
of sea salt particles with diameter <2.8 um are param-
eterized in terms of 10-m wind speed and sea surface tem-
perature (Martensson et al. 2003). For diameters >2.8 um,
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the emissions depend only on 10-m wind speed (Monahan
et al. 1986). A more detailed description of the model
aerosol representation can be found in Liu et al. (2012).
In the simulations of this study, the radiation subroutine
is calculated both with and without aerosol scattering
and absorption. The aerosol radiative effects could be
calculated from the differences of these two sets of ra-
diation outputs. Only the radiation subroutine with
aerosol scattering and absorption is used for the climate
calculation.

To quantify the effects of interannual variations in sea
salt emissions on ENSO variability, the following 150-yr
simulations are performed:

1) IRUN: the standard simulation of preindustrial
conditions using interactive (I) emissions. Emissions
of sea salt are driven by the meteorological fields,
which vary year to year.

2) ERUN: the sensitivity simulation of preindustrial
conditions using prescribed emissions (E) of sea salt.
The sea salt emissions in this simulation are interpo-
lated in time between the 12 monthly mean values
derived from the 150-yr IRUN simulation and do not
change with the actual yearly values of wind or
temperature. Hence, this simulation contains no
interannual variability of sea salt emissions. The
model setup is otherwise the same as that in IRUN.

To characterize the intensity of an El Nifio/La Nifia
event, the Nifio-3.4 index is used in this study, which is
calculated as the averaged SST anomaly over the Nifio-
3.4region (5°S-5°N, 170°-120°W). An El Niiio (La Nifia)
event in this study is characterized by a 3-month running
mean of the monthly Nifio-3.4 index that is above (be-
low) the threshold of +0.4°C (—0.4°C) (Trenberth
1997). The standard deviations of the monthly Nifo-3.4
index are 1.14 and 1.03 in IRUN and ERUN, re-
spectively. In the 150-yr IRUN and ERUN simulations,
506 (720) and 514 (639) of the 1800 months are identified
as El Nifio (La Nifia) events, respectively. This differ-
ence between IRUN and ERUN results from the feed-
back of removing interannual variations of sea salt
emissions in ERUN. It is interesting that the number of
months with total El Nifio/La Nifna (El Nifio plus La
Nifia) events in IRUN is larger than that of ERUN, in-
dicating that interannual variations in sea salt emissions
may induce larger variations in Nifio-3.4 index and en-
hance ENSO variability.

3. ENSO-induced interannual variations in sea salt
emissions

Empirical orthogonal function (EOF) analysis of
yearly anomalies of the simulated sea salt emissions
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FI1G. 1. (a) The leading EOF mode of simulated yearly sea salt emissions (EMIS) in the IRUN
simulation. The variance explained by the leading-mode EOF is given at the top-right corner of
the panel. (b) The time series of the PC of the leading-mode EOF of simulated yearly sea salt
emissions (blue line) and the Nifio-3.4 index (red line) in the IRUN simulation. The correlation
coefficient between the Nifio-3.4 index and PC of EOF of sea salt emissions is shown in the top-
right corner of the panel. (c) The power spectrum of PC of EOF of simulated sea salt emissions
and power spectrum of the Nifio-3.4 index. The corresponding dashed lines indicate the 95%

significance levels.

between 30°S and 30°N from the IRUN simulation is
used to examine the influence of ENSO on sea salt
emissions (Fig. 1). The leading EOF explains 22.5% of
the interannual variations in the simulated sea salt
emissions. Over the equatorial central-eastern Pacific
Ocean, the EOF shows a negative pattern, while positive
patterns of EOF are located over two bands off the
equator around 20°S and 10°N and the tropical western
Pacific Ocean, suggesting that opposing variations in sea
salt emissions occurred in these two regions. This spatial
pattern is similar to the SST anomaly during ENSO
events, indicating that ENSO may influence sea salt
emissions over the tropical Pacific Ocean. Figure 1b
presents time series of the principal component (PC) of
the leading EOF of sea salt emissions and the Nifio-3.4
index calculated based on the simulated SST in the
IRUN simulation. The leading PC is strongly correlated
with the Nifio-3.4 index, with the statistically significant
correlation coefficient of +0.85, implying that ENSO
strongly affects the interannual variations in sea salt
emissions over the tropical Pacific in the CESM model.
Figure 1c shows the power spectrum of the Nifio-3.4
index and leading PC of yearly anomalies of sea salt

emissions. Both sea salt emissions and the Nifio-3.4 in-
dex have a period of 4.3 years per cycle (0.23 cycles per
year), suggesting that ENSO dominates interannual
variations in sea salt emissions between 30°S and 30°N.

Figure 2 presents the composite differences in 10-m
wind speed from ERA-Interim at the European Centre
for Medium-Range Weather Forecasts (ECMWF) and
the IRUN simulation between El Nifio and La Niifia
events, which explains the mechanism of ENSO-
induced interannual variations in sea salt emissions.
Unless otherwise specified, the composite difference in
this article refers to the difference between El Nifio and
La Nifia events. The 10-m wind speed has been found to
have large influences on rain-aerosol relationships
through changing sea salt emissions (Yang et al. 2016a).
The model captures well the pattern of differences in
observed 10-m wind speed between 60°S and 60°N.
During El Nifio events, 10-m wind speed decreases over
the equatorial central-eastern Pacific Ocean, in agree-
ment with the feature of weakened easterly trade winds
around the equator during the warm phase of ENSO
(Wang et al. 2012). Wind speed increases over two bands
off the equator around 20°S and 10°N and over the
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FIG. 2. Composite differences between El Nifio and La Nifia
events for 10-m wind speed (U10; ms™') from (a) ERA-Interim
and (b) the IRUN simulation. ECMWEF reanalysis data used here
are from 1979 to 2014. Significance levels are determined according
to the Wilcoxon rank-sum test, and values that are significant at
95% are stippled.

tropical western Pacific Ocean relative to those during
La Nifa events, leading to the changes in sea salt
emissions over these regions. Although changes in SST
also affect sea salt emissions with diameter <2.8 um in

(a) Diff. EMIS Aitken (/J,g/mzls)
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the model, its impact is smaller than that of wind speed
(Maértensson et al. 2003; Xu et al. 2015).

Figures 3a—c show the composite differences between
El Nifio and La Nifia events in sea salt emissions in
Aitken, accumulation, and coarse modes, respectively.
The differences in sea salt emissions in three different
modes show a similar spatial pattern but different mag-
nitudes. The coarse mode shows the largest differences,
followed by the accumulation and Aitken modes.
Figure 3d presents the percentage differences in sea salt
emissions relative to the 150-yr-averaged values in the
IRUN simulation. The emissions in El Nifio events are
lower than those in La Nifia events by 20%-50% over the
tropical central-eastern Pacific Ocean and higher by
20%-50% over two bands off the equator around 20°S
and 10°N and the tropical western Pacific Ocean. Over
the equatorial Pacific, ENSO-induced differences in sea
salt emissions between El Nifio and La Nifia events are
even larger than 50%. These changes in sea salt emissions
can also have feedback effects on ENSO variability.

4. Influences of interannual variations in sea salt
emissions on ENSO variability

Before investigating the influences of interannual
variations in sea salt emissions on ENSO variability, it is
important to evaluate the model ability to simulate the
interannual variations in sea salt emissions. Because of
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FI1G. 3. Composite differences between El Nifio and La Nifia events in sea salt emissions in (a) Aitken, (b) accumulation, and (c) coarse

modes (ugm 2s~

1), and (d) the ratio of the differences in sea salt emissions relative to the 150-yr-averaged values in the IRUN simulation.

Significance levels are determined according to the Wilcoxon rank-sum test, and values that are significant at 95% are stippled.
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FIG. 4. Composite differences between El Nifio and La Nifia
events in AOD averaged between 20°S and 20°N derived from
MODIS (green line) data and the IRUN simulation (blue line) and
in AOD of sea salt from the IRUN simulation (red line). Temporal
mean values are shown in lines with *o (standard deviation)
shown in light color areas. MODIS AOD data used here are from
2001 to 2014.

the lack of sea salt emission measurements, AOD data
are used here to represent sea salt emissions indirectly.
Figure 4 shows the AOD composite differences between
El Nifio and La Nifia events averaged between 20°S and
20°N derived from the Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite and the IRUN
simulation. The model reproduces the observed pattern
of lower AOD over the tropical eastern Pacific Ocean
and higher AOD over the tropical western Pacific
Ocean during El Nifio events compared to those during
La Nifia events. However, the differences are higher
by a factor of 2 in the model than in the satellite-
observed AOD. This discrepancy probably results from
the uncertainties in both model and satellite data, in-
cluding emission parameterizations and aerosol-cloud—
precipitation interactions in the model, and signal un-
certainty, retrieval bias, and cloud contamination in
satellite data. The MODIS data used here cover only
14 yr, which only contain four El Nifio events (2002/03,
2004/05,2006/07, and 2009/10) and three La Nifia events
(2007/08,2010/11, and 2011/12). The comparisons of the
model simulations and satellite observations are there-
fore limited by the higher sampling error of the satellite
dataset. The model overprediction of ENSO signal and
SST anomaly (Otto-Bliesner et al. 2016) also contributes
to the larger AOD variability and may cause some bia-
ses to our results. Differences in AOD from sea salt
aerosol are almost the same as those from all aerosols
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FIG. 5. Changes due to differences in sea salt emissions be-
tween El Nifio and La Nifia events in simulated (a) AOD and
(b) aerosol direct radiative effects (ADE) at the top of atmo-
sphere (W m~2). Significance levels are determined according to
the Wilcoxon rank-sum test, and values that are significant at
95% are stippled.

combined, indicating that sea salt has the largest con-
tributions to the variations in AOD over the tropical
Pacific Ocean in preindustrial conditions in the model.
Note that MODIS AOD should also be influenced by
impact of ENSO on biomass burning over the Maritime
Continent. The simulation does not include that influ-
ence because the simulation is for preindustrial condi-
tions and lacks interannual variability in biomass
burning emissions.

Figure 5 shows the changes in simulated AOD and
aerosol direct radiative effects (ADE) at the top of the
atmosphere due to the differences in sea salt emissions
between El Nifio and La Nifa events. Aerosol direct
radiative effects are calculated as changes in shortwave
radiative flux with and without scattering and absorption
by aerosols (Ghan 2013). The spatial pattern of the
changes in AOD is similar to that of differences in sea
salt emissions (Fig. 3d), with the maximum decrease of
more than —0.03 over the equatorial central-eastern
Pacific Ocean and +0.03 increase over the tropical
western Pacific during El Nifio events compared to those
during La Nifia events. These changes in AOD lead to
increases in radiative fluxes into the atmosphere of more
than +0.8Wm 2 over the equatorial central-eastern
Pacific Ocean and decreases in radiative fluxes in the
range from —04 to —0.8Wm > over the tropical
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FI1G. 6. Composite differences between El Nifio and La Nifla events averaged between 20°S and 20°N for the
IRUN (blue lines) and ERUN (green lines) simulations as well as the changes in these differences due to the
interannual variations in sea salt emissions (red lines) in (a) simulated AOD, (b) ADE, (c) CREgw, and
(d) CRELw. Temporal mean values are shown in lines with *o¢ (standard deviation) shown in light

color areas.

western Pacific during El Nifio events compared to those
during La Nifia events. These changes in radiative fluxes
result from the interannual variations in sea salt
emissions.

Figure 6 presents composite differences between El
Nifio and La Nifia events in AOD, ADE, and shortwave
and longwave cloud radiative effects (CREgw and
CRE_Lw) averaged between 20°S and 20°N in the IRUN
and ERUN simulations, as well as the changes in these
differences due to interannual variations in sea salt
emissions. The cloud radiative effect is defined as the
difference of net downward radiative flux between all
sky and clear sky at the top of the atmosphere. Relative
to La Nifia events, AOD during El Nifio events is lower
by 0.01 over 130°W and higher by about 0.02 over 155°E
between 20°S and 20°N in the IRUN simulation. In the
ERUN simulation, the differences in AOD between EIl
Nifio and La Nifa events are less than 0.005 between

150°E and 90°W over the tropics. The larger AOD re-
sponse to changes in ENSO phase in the IRUN simu-
lation is due to the interannual variations in sea salt
emissions. These changes in AOD between IRUN and
ERUN further increase radiative fluxes into the atmo-
sphere by +0.2Wm 2 over the tropical eastern Pacific
and decrease radiative fluxes with the maximum value
of —0.4Wm ™ ? over the tropical western Pacific, owing
to interannual variations in sea salt emissions. Cloud
radiative effects exert large variations between El Nifio
and La Nifia events. During El Nifio events, CREgw
(CRELw) presents anomalous cooling (heating) over
most of the tropical Pacific Ocean and anomalous
heating (cooling) over the Maritime Continent com-
pared to La Nifia events. Variations in sea salt emissions
also perturb the cooling and heating of cloud radiative
effects through changing SST and cloud fraction, and
their roles are larger than aerosol-cloud interactions
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FI1G. 7. Composite differences between El Nifio and La Nifia events in SST (K) from (a) ERA-Interim, the (b) IRUN and (c) ERUN
simulations, and (d) the changes in SST due to the interannual variations in sea salt emissions. ECMWF reanalysis data used here are from
1979 to 2014. Significance levels are determined according to the Wilcoxon rank-sum test, and values that are significant at 95% are

stippled.

over the tropics. A more detailed analysis of impacts of
natural aerosols on cloud radiative effect variability can
be found in Yang et al. (2016b).

Figure 7 shows composite differences between El
Nifio and La Nifia events in SST from ERA-Interim and
the IRUN and ERUN simulations, as well as the
changes in SST due to interannual variations in sea salt
emissions. The model captures the SST pattern of
anomalously warm SST across the tropical eastern Pa-
cific during El Nifio events. However, the model over-
estimates the SST over the tropical eastern Pacific
during El1 Nifio events, as also reported by Otto-Bliesner
et al. (2016). This overestimation of SST anomalies
could also result in the overestimation of the ENSO-sea
salt feedback in CESM. The interannual variations in
sea salt emissions lead to increases (decreases) in SST by
0.2-0.4K over the tropical eastern (western) Pacific
Ocean, enhancing the differences in SST between El
Nifio and La Nifia events. This contribution to SST
anomalies suggests that interannual variations in sea salt
emissions enhance ENSO variability.

Spectral analysis of the Nifio-3.4 index in the IRUN
and ERUN simulations was performed in order to
evaluate the extent to which sea salt emissions could
influence the ENSO variability (Fig. 8). ENSO shows
the same period of 4.3 years per cycle for both the IRUN
and ERUN simulations, indicating that interannual
variation in sea salt emissions do not change the period

of the ENSO cycle. However, the ENSO in the IRUN
simulation shows more power than that in the ERUN
simulation. In addition, the standard deviation of the
monthly Nifio-3.4 index is 1.14 in IRUN, larger than that

10
Wit —— IRUN (SD=1.14)
8 \\l\ ——— ERUN (SD=1.03)
o oni
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; )
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o
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FI1G. 8. Power spectrum of the Nifio-3.4 index in the IRUN and
ERUN simulations. The corresponding dashed and dotted lines in-
dicate the “red noise” curve, with upper and lower confidence bounds
at the 95% and 5% significance levels, respectively. Standard de-
viations of the Nifio-3.4 index are shown in the top-right corner.
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FIG. 9. Composite differences between El Nifio and La Nifia events in vertical velocity (contours; Pas ') scaled by
a factor of 100 averaged between 10°S and 10°N from (a) ERA-Interim, the (b) IRUN and (c) ERUN simulations,
and (d) the changes in vertical velocity due to the interannual variations in sea salt emissions. Overlying vectors
represent the zonal wind (ms™ ') and the vertical velocity (Pas™!) scaled by a factor of —100. ECMWF reanalysis
data used here are from 1979 to 2014. Significance levels are determined according to the Wilcoxon rank-sum test,

and values that are significant at 95% are stippled.

of 1.03 in ERUN by 10%. During El Nifio events, the
Nifio-3.4 index increases from 1.18 to 1.36 when including
interannual variations in sea salt emissions, and these
differences are statistically significant at the 95% confi-
dence level. These differences provide additional support
for the result that interannual variations in sea salt
emissions enhance ENSO variability by 10%. The
weakened (strengthened) wind speed during the en-
hanced El Nifio events causes more decreases (increases)
in sea salt emissions over the tropical eastern (western)

Pacific. This effect further enhances ENSO variability,
resulting in a positive sea salt emission—-ENSO feedback.

5. Interannual variations in sea salt emissions affect
circulation and precipitation

The atmospheric Walker circulation is a conceptual
model of the airflow in the tropics, which is related to the
east-west SST gradient along the equator. Figure 9
presents the differences in Walker circulation between
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FI1G. 10. Changes in simulated (a) low, (b) midlevel, and (c) high
cloud fraction due to the changes in sea salt emissions between El
Nifo and La Nifa events.

El Nifio and La Nifia events in ERA-Interim and the
IRUN and ERUN simulations, as well as the changes
in the Walker circulation due to the interannual varia-
tions in sea salt emissions. During El Nifio events, the
model reproduced the observed strong ascent over the
equatorial central Pacific Ocean (Figs. 9a-c). In-
terannual variations in sea salt emissions produce
anomalous ascent over the equatorial eastern Pacific
and subsidence over the equatorial western Pacific
between El Nifio and La Nifia events (Fig. 9d), corre-
sponding to changes in SST (Fig. 7d). These changes in
vertical motions weaken both the downward motions
over the eastern Pacific Ocean and the strong upward
motions over the Maritime Continent of the Walker
circulation.

The effects of interannual variations in sea salt emis-
sions on ascent and subsidence between El Nifio and La
Nifia events result in different cloud fractions and pre-
cipitation rates. Figure 10 shows changes in simulated
cloud fractions due to the changes in sea salt emissions
between El Nifio and La Nifa events. During El Nifio
events, the large cloud fraction over the tropics is
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associated with the stronger and deeper convection,
driven by warmer SST. Interannual variations in sea salt
emissions lead to changes in vertical motion and induce
large differences in mid- and high-level cloud fractions.
The mid- and high-level cloud fractions increase over
the tropical eastern Pacific Ocean and decrease over the
tropical western Pacific Ocean, with maximum differ-
ences larger than 0.04. For low-level cloud, the cloud
fraction shows smaller differences. These changes in
cloud fraction caused by interannual variations in sea
salt emissions enhance the interannual variations in
cloud fractions and, consequently, enhance the in-
terannual variations in cloud radiative effects, which
were also reported by Yang et al. (2016b).

Figure 11 presents composite differences between El
Nifio and La Nifia events of simulated convective and
stratiform precipitation rate and the associated changes
in precipitation rate due to interannual variations in sea
salt emissions. The model captures the typical fea-
tures of the higher convective precipitation rate by
2-6mmday ' over the tropical Pacific Ocean and lower
by 2-4mm day ' over the Maritime Continent during El
Nifio events relative to those during La Nifia events
(Figs. 1la,c). With interannual variations in sea salt
emissions in the IRUN simulation, the convective pre-
cipitation was enhanced by 0.6-1.2mmday ' over the
tropical central-eastern Pacific Ocean and weakened
by 0.9-1.5mmday ! over the Maritime Continent
(Fig. 1le), partly enhancing the differences in pre-
cipitation between El Nifio and La Nifia events. The
spatial pattern of changes in convective precipitation
caused by interannual variations in sea salt emissions is
almost the same as those of mid- and high-level cloud
fractions (Figs. 10b,c), suggesting that impacts of in-
terannual variations in sea salt emissions on pre-
cipitation rate are mainly through changing cloud
fraction. For stratiform clouds, the differences in pre-
cipitation rate between El Niflo and La Nifla events
(Figs. 11b,d) and the differences caused by interannual
variations in sea salt emissions (Fig. 11f) have spatial
patterns similar to those of convective precipitation but
are lower by one order of magnitude. This further in-
dicates that sea salt emission effects on precipitation
over the tropics are not a result of the aerosol-cloud—
precipitation microphysical interactions but instead are
the result of the feedback effects of the radiative
changes. One caution in interpreting these results is that
the model only treats aerosol effects on stratiform
clouds, which may limit the scope of their interactions
with cloud and precipitation. The increases (decreases)
in precipitation over the tropical central-eastern Pacific
Ocean (the Maritime Continent) (Figs. 11e,f) that result
from interannual variations in sea salt emissions will



1 DECEMBER 2016

(a) Diff. PRECC (IRUN, mm day’")

Convectiv
s %488 T

=7
N

YANG ET AL.

8585

(b) Diff. PRECL (IRUN, mm day’")

=

Stratiform
g

60S

(c) Diff. PRECC (ERUN, mm day™)

ERUN-

0 30E 60E 90E 120E 150E 180 150W 120W 90W 60W 30W 0

-08 -06 -04 -02 0 02 04 06 08

(d) Diff. PRECL (ERUN, mm day™)
‘ ..V~ a

T

60S

0 30E 60E 90E 120E 150E 180 150W 120W 90W 60W 30W 0

0 30E 60E 90E 120E 150E 180 150W 120W 90W 60W 30W 0

[ [ |
04 02 0 02 04 06 08

-0.8 -0.6

6050 30E 60E GOE 120E 150E 180 150W 120W 90W G0W 30W 0
[ I
-2 -09 -06 -03 0 03 06 09 12

(f) Diff. PRECL (IRUN-ERUN, mm day’")

rd % s 4

ﬁ“
o e~ - S~
0 30E 60E 90E 120E 150E 180 150W 120W 90W 60W 30W 0

I I
-0.12-0.09-0.06-0.03 0 0.03 0.06 0.09 0.12

FIG. 11. Composite differences between El Nifio and La Nifia events in simulated (left) convective and (right) stratiform precipitation
rates from the (a),(b) IRUN and (c),(d) ERUN simulations, as well as (¢),(f) the changes in precipitation rate due to interannual variations
in sea salt emissions. Significance levels are determined according to the Wilcoxon rank-sum test, and values that are significant at 95% are

stippled.

further lead to increased (decreased) wet deposition of
sea salt particles and decreased (increased) sea salt
concentrations over these regions, reinforcing the posi-
tive sea salt emission-ENSO feedback.

6. Conclusions

This study examines the interactions between in-
terannual variations in sea salt emissions and El Nifio—
Southern Oscillation (ENSO) using 150-yr simulations
in preindustrial conditions from the CESM model. EOF
patterns of sea salt emissions are similar to the SST
anomalies during ENSO events, indicating that El Nifio/
La Nifia events may influence sea salt emissions over the
tropical Pacific Ocean in the simulation with interactive
sea salt emissions. The PC of the leading EOF of sea salt
emissions is strongly correlated with the Nifio-3.4 index,

with the statistically significant correlation coefficient
of +0.85. In addition, both sea salt emissions and the
Nifio-3.4 index have a period of 4.3 years per cycle,
suggesting that ENSO has a strong impact on the in-
terannual variations in sea salt emissions between 30°S
and 30°N. ENSO-induced changes in 10-m wind speed
decrease the sea salt emissions by 20%-50% over the
tropical central-eastern Pacific Ocean and increase the
emissions by 20%-50% over two bands off the equator
around 20°S and 10°N and the tropical western Pacific
Ocean during El Nifio events compared to those in La
Nifia events. The coarse mode shows larger differences
in emissions between El Nifio and La Nifia events than
the Aitken and accumulation modes.

The model successfully reproduces the pattern from
MODIS satellite observations of lower AOD over the
tropical eastern Pacific Ocean and higher AOD over the
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tropical western Pacific Ocean during El Nifio events
compared to La Nifia events. Interannual variations in
sea salt emissions lead to decreases (increases) in AOD
by 0.03 over the equatorial central-eastern (western)
Pacific Ocean during El Nifio events compared to La
Nifa events. These changes in AOD further lead to in-
creases in radiative fluxes into the atmosphere
by +0.2Wm 2 over the tropical eastern Pacific and
decreases in radiative fluxes with a maximum value
of —0.4Wm 2 over the tropical western Pacific. SST
increases (decreases) by 0.2-0.4K over the tropical
eastern (western) Pacific Ocean enhancing the differ-
ences in SST between El Nifio and La Nifia events.
From power spectrum analysis, ENSO has more power
in the simulation with interactive sea salt emissions
compared to the simulation without interactive sea salt
emissions. The standard deviation of the Nifio-3.4 in-
dex increased by 10% when considering interannual
variations in sea salt emissions, indicating that in-
terannual variations in sea salt emissions enhance
ENSO variability by 10%.

The interannual variations in sea salt emissions result
in changes in SST that also produce ascent over the
equatorial eastern Pacific and subsidence over the
equatorial western Pacific during El Nifio events. These
changes in vertical motions weaken the Walker circu-
lation. The mid- and high-level cloud fractions increase
over the tropical eastern Pacific Ocean and decrease
over the tropical western Pacific Ocean because of the
interannual variations in sea salt emissions. With in-
terannual variations in sea salt emissions, the convective
precipitation is enhanced by 0.6-1.2mmday ' over the
tropical central-eastern Pacific Ocean and weakened by
0.9-1.5mmday ! over the Maritime Continent, partly
enhancing the differences in precipitation between El
Nifio and La Nifia events.

Many previous studies have examined the influence
of ENSO on aerosols, but few of them focused on the
effects of aerosols on ENSO. In this study, the in-
teractions between sea salt emissions and ENSO have
been discussed in the loop illustrated in Fig. 12. First,
in the tropical central-eastern Pacific, El Nifio is as-
sociated with lower wind speeds than La Nifia. This
leads to decreased sea salt emissions, decreased
aerosol optical depth, and a positive anomaly in
aerosol direct radiative effect. This translates into
increases in SST (a more powerful ENSO), decreased
wind speeds, increased vertical velocities, increased
mid/high cloud cover, and increased precipitation.
The decreased wind speeds and increased precipitation
further result in decreased sea salt emissions and con-
centrations, reinforcing the ENSO signal. This loop
introduces a positive sea salt emission—-ENSO feedback,
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FIG. 12. Positive sea salt emission—-ENSO feedback.

which is an important addition to the understanding
of ENSO.

This study examined the impacts of interannual vari-
ations in sea salt emissions on ENSO variability. The
results presented here are from the CESM model, which
does not include aerosol effects on convective clouds in
the present version. This may limit the extent of aerosol
microphysical impacts on precipitation. A more com-
prehensive sea salt emission—-ENSO interaction could be
completed if future models include aerosol effects on
convective clouds. In addition to changing radiative
fluxes and SST, the interannual variations in sea salt
emissions may also perturb ocean dynamic processes. It
is worth noting that anthropogenic climate change is
associated with changes in ENSO characteristics
(Collins et al. 2010; Cai et al. 2015). Strong centennial
modulations also exist in unforced ENSO simulations
(Wittenberg 2009; Stevenson et al. 2010, 2012).
Stevenson et al. (2012) found the ENSO variability
weakened with increasing CO,, but the changes are in-
significant owing to both external forcing and natural
variability. The changes of ENSO power between IRUN
and ERUN at the frequency of 0.23 cycles per year is
slightly larger than the power range of ENSO for 1850
ensemble simulations of Community Climate System
Model, version 4 (CCSM4), in Stevenson et al. (2012),
which supports the results in this study. However, the
results presented in this study may be caused by both sea
salt emission-ENSO feedback and centennial modula-
tions of ENSO; a larger ensemble and longer time sim-
ulations are needed to isolate these effects. The results
are obtained using the CESM model and should be
confirmed using other climate models. The results in this
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study are from 150-yr simulations in preindustrial con-
ditions, which differ from modern conditions. In addi-
tion to the tropical Pacific, this study shows the potential
impacts of natural aerosols on climate variability over
the Indian Ocean (Figs. 7d and 11e), which should be
examined in future studies.
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