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Abstract

We examine the impact of El Nifio—Southern Oscillation (ENSO) on satellite observed aerosol optical depths (AODs) over the
equatorial Pacific. AODs are found to decrease close to the International Dateline and increase in the vicinity of the Maritime
Continent during the El Nifio developing phase (and vice versa during La Nifia) to form an AOD dipole. The positive AOD
anomaly over the Maritime Continent is caused by increases in fire-induced fine smoke aerosols in Indonesia and coarse
dust particles transported from Australia via the strengthening winds when El Nifio develops and affects the Pacific walker
circulation. The negative AOD anomaly around the International Dateline is caused by decreases in the emission of marine
aerosols, as the developing El Nifio is associated with weakening surface wind speeds in the region. This aerosol dipole is
found particularly strong during the Central-Pacific type of ENSO, which has most of its sea surface temperature and wind
variations around the International Dateline. The Eastern-Pacific type of ENSO produces positive AOD anomalies over the
Maritime Continent but weaker negative AOD anomalies near the International Dateline. As a result, the AOD dipole is less
obvious during the EP ENSO. The shortwave radiative forcing associated with the aerosol dipole is 29% (21%) as large as
the ENSO-induced outgoing longwave radiation in the Maritime Continent (International Dateline) region and represents
an important positive feedback to help sustain the ENSO development that may be potentially important in Central Pacific
ENSO studies and predictions.
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1 Introduction

The El Nifio—Southern Oscillation (ENSO) is an interannual
climate variation that is characterized by positive sea sur-
face temperature (SST) anomalies in the central-to-eastern
Pacific during its El Nifio phase and negative SST anomalies
during its La Nifia phase. These SST anomalies can alter
the atmospheric circulation and excite teleconnection pat-
terns (Bjerknes 1969; Enfield 1989) that impact regional
and global climate. For instance, during an El Nifio event,
the anomalous warm waters in the eastern Pacific can dis-
place atmospheric deep convection eastward, resulting in
increased subsidence and drought in the western Pacific
and Maritime Continent. Such changes in ambient mete-
orology fields can alter the production and distribution
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of atmospheric trace gases and aerosols in the equatorial
Pacific (Lietal. 2011; Wu et al. 2013; Xu et al. 2015, 2016;
Inness et al. 2015) and over adjacent continental regions (Liu
et al. 2013; Abish and Mohanakumar 2013; Xu et al. 2017;
Zhao et al. 2018). The aerosols can then impact the regional
climate directly by reflecting incoming solar radiation back
to space or indirectly by altering cloud microphysical prop-
erties that result in changes in cloud albedo (Twomey 1974)
and lifetime (Albrecht 1989). These aerosol radiative effects
may be large enough to alter SSTs in the Pacific and thereby
impact the development of ENSO. It has been noticed that
the central location of ENSO has shifted from the Eastern
Pacific (EP) to central Pacific (CP) in the past two or three
decades (Lee and McPhaden 2010; Yu et al. 2012). These
two types of ENSO are referred to as the EP and CP ENSO
respectively (Yu and Kao 2007; Kao and Yu 2009). They
differ from each other not only in the locations of their SST
anomalies but also in the patterns of their associated sur-
face wind anomalies. Therefore, these two types of ENSO
possibly exert different impacts on atmospheric trace gases
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and aerosols’ abundance. A recent study, for example, finds
that different La Nifia types can produce contrasting influ-
ences on aerosol concentration over eastern China (Feng
et al. 2017).

Previous studies have investigated the influence of ENSO
on fire-induced smoke aerosols in the vicinity of the mari-
time continent (Chandra et al. 1998, 2009; Duncan et al.
2003; Podgorny et al. 2003; van der Werf et al. 2006; Logan
et al. 2008; Chrastansky and Rotstayn 2012; Inness et al.
2015; Chen et al. 2017) as well as their feedback on regional
hydrologic cycle (Rosenfeld 1999; Ramanathan et al. 2001;
Chung and Ramanathan 2003; Chung et al. 2002; Rotstayn
et al. 2012). ENSO can have an influence on biomass burn-
ing aerosols over the northern part of South America (Le
Page et al. 2008), dust aerosols in Australia (Mitchell et al.
2010; Rosenfeld et al. 2010, 2011) and in Eastern Asia
(Gong et al. 2006), winter Haze in Eastern Asia (Zhao et al.
2018), sea salt and DMS-associated sulfate aerosols in the
tropic Pacific (Penner et al. 2001; Xu et al. 2015, 2016).
Studies have also suggested that the radiative forcing associ-
ated with aerosols has the capability to perturb atmospheric
circulation or SSTs and thereby feedback on ENSO dynam-
ics (Wang 2007; Rotstayn et al. 2012; Xu et al. 2016; Taka-
hashi and Watanabe 2016; Yang et al. 2016). Wang (2007)
demonstrated that black carbon aerosols (e.g. from biomass
burning) can exert a significant change on the atmospheric
circulation and precipitation in tropics via its direct radia-
tive effect and may enhance the warm phase of ENSO. Rot-
stayn et al. (2012) showed that dust aerosols can intensify
the ENSO-related rainfall variability over the eastern Aus-
tralia through the increase (decrease) of surface evaporation
in La Nifia (El Nifio) years. Xu et al. (2016) showed that
both sea salt and dimethyl sulfide-associated sulfate aero-
sols can contribute to alter the ENSO variability. Takahashi
and Watanabe (2016) showed that sulfate aerosol forcing
was critically contributed to changes in the tropical Pacific
SST (i.e., La Niiia-like cooling in the eastern Pacific) and
the intensification of the Pacific easterly trade winds over
the past two decades. Using two 150-year model simula-
tion with and without interactive sea salt aerosol emissions,
Yang et al. (2016) show ENSO-induced variations in sea
salt aerosol emissions lead to subsequent changes in aerosol
optical depth and radiative fluxes, contributing to enhance
ENSO variability.

We are aware of a previous study that reported a center
of aerosol anomalies over the central Pacific during ENSO
events (Inness et al. 2015), but are not aware of any stud-
ies that noticed the existence of an aerosol dipole over the
region close to the International Dateline (DL) and Maritime
Continent (MC) during ENSO events. In this study, we show
with satellite observations that such an aerosol dipole is evi-
dent during recent El Nifio events, explain how the dipole is
produced and why it is stronger for the Central Pacific than
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the Eastern Pacific type of El Nifio. We also discuss the
possible influence of the aerosol dipole on the subsequent
development of El Nifio.

2 Data and analysis methods

To study the ENSO-related aerosol anomalies, we use
monthly Level-3 aerosol optical depth products provided
by the moderate-resolution imaging spectroradiometer
(MODIS) collected from the Terra platform during the
period from March 2000 to September 2016 (collection 5.1).
This collection of MODIS AOD product was thoroughly
evaluated for the Southeast Asia region (Reid et al. 2013)
and was found to be in fairly well agreement with ground-
based measurements. Here we combine the aerosol optical
depth using the Deep Blue algorithm (Hsu et al. 2006) over
bright surfaces with the existing MODIS algorithm over
dark surfaces to derive AOD over the entire land area (Levy
et al. 2007a, b). It should be noted that the use of two differ-
ent algorithms for compiling the AOD information is less
critical for the Southeast Asia than for other arid or elevated
regions (Sayer et al. 2014). The availability of the MODIS
observation is sufficiently long to cover major ENSO epi-
sodes starting from 2000. In order to include the El Nifio
event of 1997/1998, we also use the AOD data from the
Sea-viewing Wide Field-of-view Sensor (SeaWiFS).

The meteorological variables used in this study include
monthly SST and 10-m wind speed taken from the National
Centers for Environmental Prediction—National Center for
Atmospheric Research (NCEP-NCAR) Reanalysis 1 dataset
(Kalnay 1996) as well as interpolated outgoing longwave
radiation (OLR) data at the top of atmosphere (Liebmann
and Smith 1996) provided by the National Oceanic and
Atmospheric Administration (NOAA). Our analyses focus
on the tropical Pacific region between 30°S-30°N and
90°E-60°W. The Nifio 3.4 index taken from the NOAA is
used to represent the strength of ENSO. Anomalies in this
study are defined as the deviations from the monthly clima-
tology values.

3 Results
3.1 Identification of an aerosol dipole

ENSO events typically reach their peak intensity during
boreal winter (Rasmusson and Carpenter 1982). Thus, win-
ter values of the Nifio 3.4 index are often used to represent
the overall intensity of an ENSO event. A calculation of
the correlations between the December—January—February
(DJF) values of the Nifio 3.4 index and the AOD anomalies
in the preceding and following seasons during 2000-2016



An ENSO-induced aerosol dipole in the west-central Pacific and its potential feedback to ENSO... 5117

reveals large positive values over the MC region and large
negative values over the DL region during the developing
phase of ENSO. Here the developing and decaying phases
are defined as the periods of time, respectively, before and
after ENSO events reach their peak intensity during boreal
winter. As an example, Fig. 1a displays the correlation pat-
tern calculated with the September—October—November
(SON) values of the AOD anomalies. The pattern indicates
that the AOD increases during El Nifio years over the MC
region and decreases over the DL region, and vice versa for
La Nifia years. This seesaw-like AOD variation is defined
here as the aerosol dipole. This dipole is found to be the
strongest during the fall season preceding the winter (DJF)
Nifio 3.4 index as revealed in Fig. 1b, where the correlations
with the winter Nifio 3.4 index were calculated for the AOD
anomalies averaged over the MC and DL regions from the
preceding spring to the following fall. The figure shows that
AOD correlations with Nifio 3.4 are large and out of phase
between the MC and DL regions only during the developing
but not the decaying phases of the ENSO.

During the developing fall season, the magnitudes of the
AQOD correlations with the winter Nifio 3.4 index in both
MC and DL regions are larger than 0.7, suggesting that the
ENSO explains roughly 50% of the AOD variance in these
two regions during that season. These high correlations sug-
gest that ENSO is a significant and important factor in the
AOD variability in both the MC and DL regions during the
developing fall. The negative correlation in the DL region
first appears during the spring, starts to increase and stays
high from summer to fall, but begins decreasing during the
peak phase of ENSO (i.e., DJF). On the other hand, the
positive correlation in the MC region first appears during
summer of the developing phase of ENSO, reaches its peak
during fall and begins decreasing during the early winter
of the peak phase of ENSO. The different initiation time

(a) SON(-1)

and evolution of the AOD correlations in the DL and MC
regions suggests that different mechanisms are involved in
the formation of two centers of the aerosol anomaly dipole.

3.2 Formation mechanism of the aerosol dipole

To explore the underlying mechanisms that enable ENSO
to influence AOD variations in the DL and MC regions,
we regressed tropical Pacific SST anomalies onto the AOD
anomalies in these two regions during the period 2000-2016.
It should be noted that we have reversed the sign of AOD
anomalies in the regression with the DL region to facili-
tate the discussion of the SST anomalies associated with
the aerosol dipole. The regression shows that the negative
AOD anomalies in the DL region (Fig. 2a) are associated
with positive SST anomalies that first appear in the north-
eastern subtropical Pacific off the coast of Baja California
(i.e., Lags —7), then extend southwestward into the central
equatorial Pacific (i.e., Lags — 6 to — 3), and finally intensify
near the DL region (i.e., Lags — 2 to 4). This SST evolution
pattern is similar to the typical evolution during the CP El
Nifio (Yu and Kao 2007; Kao and Yu 2009; Yu et al. 2012)
and the El Nifio Modoki IT (Wang and Wang 2013; Wang
et al. 2018). The AOD anomaly in the DL region reaches its
largest magnitude (i.e., Lag 0) right before the CP El Nifio
peaks (around Lags 2—4 of Fig. 2a). During the development
of the CP El Nifio, anomalous westerlies appear resulting in
a decrease in surface wind speeds over the DL region (see
the contour lines overlaid in Fig. 2a). The weakened winds
reduce the aerosol emissions from the ocean and result in a
negative AOD anomaly in this region during the develop-
ing phase of ENSO. We performed a correlation analysis
similar to that shown in Fig. 1b between 10-m winds in the
DL region and the DJF Nifio3.4 index shown in Fig. 3a and
find their correlation to be 0.81 throughout the lifecycle of
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Fig.1 a The correlation between MODIS-derived AOD anomalies
during September—October—-November (SON) of the developing
phase of ENSO and the December—January—February (DJF) Nifio 3.4
index in the Tropical Pacific (30°S-30°N; 90°E-60°W) for the period
2000-2016. Two regions marked with black rectangular boxes are the
Marine Continent (10°S—10°N; 110°E-140°E) and the area near the
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international dateline (10°S—10°N; 165°E-195°E), and are labeled
as MC and DL. b The lagged correlation between AOD anomalies
in MC and DL and the DJF Nifio 3.4 index. Statistically significant
correlations (at the 95% level) in a are stippled. The “— 1” and “0”
in the x-axis label in b represent the proceeding and following year,
respectively
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Fig.2 SST anomalies regressed onto the normalized AOD anomalies
in the DL (a) and MC (b) regions, from 7 months before to 8§ months
after each specific monthly AOD anomaly during 2000-2016. The
contour lines of 10-m wind speed anomalies regressed onto the nor-
malized AOD anomalies in each region are overlaid on each panel.
The solid and dashed contour lines represent positive and negative
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values, respectively. Two black rectangular boxes are marked for each
region. Note that the sign of AOD anomalies in the regression with
the DL region in a has been reversed to facilitate the discussion of the
SST anomalies associated with the aerosol dipole. The stippled marks
the regions where SST regressions onto the normalized AOD anoma-
lies are statistically significance at the 95% level using a student t test
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Fig.3 As Fig. 1, except for a the 10-m wind speed (U10) anoma-
lies in the dateline (DL) region from the NCAR/NCEP dataset and
b the fine (FAOD) and coarse aerosol optical depth (CAOD) anom-
alies over the marine continent (MC) during the period 2000-2016.
The lagged correlation for AOD anomalies in the DL region shown
in Fig. 1 is overlaid as a solid blue line. The correlation between the
blue and light blue solid lines is given in the legend

the ENSO [i.e., from MAM (— 1) to SON(0)]. This high cor-
relation implies that the ENSO-induced AOD variation in
the DL region composed of marine aerosols (e.g., sea salt)
is predominantly explained by surface wind variations. This
result is in a good agreement with the mechanism reported
in Li et al. (2011) and Xu et al. (2015), where they sug-
gested that surface winds serve as a major contributor to
influence sea-salt production and aerosol transport in the
tropical Pacific during El Nifio events.

On the other hand, when SST anomalies are regressed
onto AOD anomalies in the MC region (Fig. 2b), positive
SST anomalies first appear mostly off the South American
coast (e.g., Lags — 7 to —4), then spread westward along the
equatorial Pacific (i.e., Lags —3 to — 1), and finally intensify
with large SST anomalies covering the eastern-to-central
Pacific (i.e., Lags 0-3). This evolution of SST anomalies
appears close to the typical evolution pattern of the EP El
Nifio (Yu and Kao 2007; Kao and Yu 2009; Yu et al. 2012).
However, we notice that the regressed SST anomalies also
show some CP El Nifio characteristics. Positive SST anoma-
lies can be seen off Baja California in the early lags of the
regression (e.g., Lags —7 to —5), which later spread south-
westward into the tropical central Pacific. As mentioned, this
is a feature during the typical developing of the CP El Nifo.

Also for a typical EP El Nifio, the warm SST anomalies
should retreat back to the South American Coast during the
decaying phase (Kao and Yu 2009; Paek et al. 2017), but this
feature is not found in Fig. 2b. Instead, the decaying SST
anomalies linger in the central Pacific, which is a feature
typical of a decaying CP El Nifio (Kao and Yu 2009; Paek
et al. 2017). Therefore, the AOD anomalies in the MC region
are related to both the EP and CP types of El Nifio. In other
words, both types of El Nifio can induce AOD anomalies in
the MC region.

The large SST anomalies in tropical eastern-to-central
Pacific are capable of weakening the Pacific Walker circu-
lation to increase the occurrence of droughts and fires in
the MC region (Duncan et al. 2003; Podgorny et al. 2003;
van der Werf et al. 2006; Chrastansky and Rotstayn 2012;
Inness et al. 2015; Chen et al. 2017). In addition, drought can
increase dust aerosol emissions from Australia during fall
(Rotstayn et al. 2010) while the ENSO-induced meridional
teleconnection can increase Asia dust during spring (Gong
et al. 2006). This is in accordance with our finding that both
the fine AOD (from smoke aerosols) and coarse AOD (from
dusts) in the MC region increases as the Nifio 3.4 index
increases. As shown in Fig. 3b, the strongest correlation of
the fine AOD with Nifio 3.4 occurs in SON, which is the
season right after the dry season (i.e., the June—July—August)
of the MC region and is known to be the favorable time for
fires (Chen et al. 2017). This is one reason why the aerosol
dipole is strongest during the fall of the developing ENSO.
In addition, the strongest correlation of the coarse AOD
with Nifio 3.4 also occurs in the late summer and early fall,
and is related to the transport of increased dust emissions
from the drought-impacted Australia to the MC region by
the southerly winds of the winter monsoon season (i.e., the
June—July—August). The increase in the AOD anomalies in
the MC region can be produced not only by the increased
aerosol emission from dry land but also via the decreased
wet deposition through reduced precipitation and vice versa
for the DL region during the developing phase of ENSO
(Xu et al. 2016). In other words, the ENSO-induced changes
in the precipitation have important effects on both aerosol
surface emissions and depositions over dry land and aerosol
removal processes over oceans. Thus ENSO can trigger an
aerosol-induced feedback by affecting aerosol loading or the
associated atmospheric circulation depending on the regions
(Kim et al. 2016; Lau 2016).

As discussed above, while the MC center of the aerosol
anomalies can be induced by both the EP and CP types of El
Niflo, the DL center of the aerosol anomalies is more closely
associated with the CP type of El Nifio. Therefore, the aero-
sol dipole appears more clearly during CP El Nifio events.
To further confirm the different relationships between these
two types of El Nifio and the aerosol dipole, we exam-
ined the AOD anomalies during three EP El Nifio events
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(1997-1998, 2006-2007, 2015-2016) and three CP El Nifio
events (2002-2003, 2004-2005, 2009-2010). The types of
these events were identified using the consensus method
of Yu et al. (2012). It should be noted that the 2015/2016
El Nifio event is not a pure EP type of El Nifio (like the
1997/1998 event is) but has a mixture of some signatures
of the CP El Nifio (Paek et al. 2017). Figure 4a displays the
AOD anomalies during the developing fall [i.e., SON(— 1)]

(@)

of these El Nifio events. The most obvious feature is that
all three EP events (the left panel of Fig. 4a) are associated
with strong positive AOD anomalies in the MC region but
relatively small negative AOD anomalies in the DL region,
while all three CP events (the right panel of Fig. 4a) are
associated with AOD anomalies of comparable magnitude
in both MC and DL regions with opposite signs. To better
compare the relative amplitudes of the AOD anomalies in
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Fig.4 a Aerosol optical depth (AOD) anomalies in the tropical Pacific during the fall (SON) prior to the peak of the six ENSO events and b
average standardized AOD anomalies in the DL and MC region during six ENSO events
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these two regions, we show in Fig. 4b the AOD anomalies
normalized by their standard deviation in each region for
all El Nifio events. The results in Fig. 4b confirm that EP El
Nifio events produce much larger AOD amplitude in the MC
region than in the DL, while the AOD anomalies are com-
parable between the two regions for the CP El Nifio events.
Only the 2015-2016 EP EI Nifio also shows relatively large
AOD anomalies in the DL region, which supports the sug-
gestion of Paek et al. (2017) that this El Nifio event has
characteristics of both the EP and CP types of El Nifio. We
find the AOD differences between the MC and DL regions to
be statistically significant (at the 95% level using a Student
t test) for the four CP ENSO events but not significant for
the two EP ENSO events. The AOD differences are still sig-
nificant when all six events (i.e., both the EP and CP events)
are considered together. Figure 4b confirms that the aerosol
dipole is more closely associated with the CP than EP type
of El Nifio. A correlation analysis of AOD anomalies with
the Nifio 1+ 2, Nifio 3 and Nifio 4 indices shown in Fig. 5
further confirms that the aerosol dipole appears more clearly
when the characteristic center of SST anomalies shifts from
the eastern Pacific (i.e., the Nifio 1+ 2 region) to the central
Pacific (i.e., the Nifio 4 region).

3.3 Potential feedback of the aerosol dipole
on ENSO evolution

As mentioned, aerosols can impact local climate via radia-
tive processes. It is possible that the aerosol dipole induced
by ENSO may feedback to affect its subsequent evolution.
Figure 2 shows that SST anomalies are positive in the DL
region but negative in the MC region during the developing
phase of the El Nifio. The decreased AOD in the DL region
can result in an increase in the amount of shortwave radia-
tive flux into the ocean that helps maintain the positive SST

1 =wmc

Correlation
=3
=3
<>

-0.30
-0.60
.90 —
MAM(-1) JJA(-1) SON(-1) DJF©0) MAM@O) JJA®0) SON(0)
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Fig.5 Similar to Fig. 1, except for the lagged correlation between
AOD anomalies over the marine continent (MC) and the dateline
(DL) and the DJF Nifio 142 (pink solid line for MC and cyan solid
line for DL), Nifio 3 (magenta solid line for MC and light blue solid
line for DL), and Nifio 4 indices (red solid line for MC and blue solid
line for DL)

anomalies, while the increased AOD in the MC region can
help maintain the negative SST anomalies by decreasing
the downward shortwave radiative fluxes. We illustrate in
Fig. 6 the mechanism that may enable the aerosol dipole
over the marine continent (MC) and the dateline (DL)
regions during the developing phase of ENSO to influence
the subsequent ENSO evolution. Through this mechanism,
the aerosol dipole may produce a positive feedback to SST
anomalies in both the MC and DL regions. In other words,
the warmer SSTs in the DL region become warmer while
the colder SSTs in the MC region become colder. This feed-
back helps increase the SST gradient between MC and DL
regions, slowing the decay of SST anomalies during El Nifio
events and therefore contributing to maintain the El Nifio.
This positive feedback on SSTs from the aerosol dipole is
similar to those produced by DMS-associated sulfate (Xu
et al. 2016) and sea salt aerosols (Yang et al. 2016) but has
a more profound influence in ENSO evolution. To gain a
more quantitative insight into the importance of this feed-
back to the ENSO evolution, we compared the shortwave
aerosol radiative forcing (SARF) anomalies associated
with the dipole to the outgoing longwave radiation (OLR)
anomalies typically found during El Nifio. The OLR is noted
to provide a good proxy for atmospheric deep convection
and exhibits unique characteristics in the equatorial Pacific
during El Nifio events (Chiodi and Harrison 2010, 2013).
Here the SAREF is defined as the clear-sky shortwave aerosol
forcing at the top of atmosphere in a region of interest over
oceans (Christopher et al. 2000). The SARF is estimated
from MODIS retrievals following the method of Christopher
and Zhang (2002), which relates the cloud-free SARF over
the oceans to the values of AOD with a simple polynomial
equation: SARF =0.35-105.34 55, +61.47 Ts5,> Where Tss,
is the aerosol optical depth at the wavelength of 550 nm from
MODIS and SARF has an unit of W m~2. It should be noted
that this simple calculation of SARF may be considered as

1'SARF | SARF

|SST 1SST
TAOD LAOD
MC 1 ASST DL
SST ©) — SST (+)

Fig.6 The diagram illustrates the mechanism that enables the aerosol
dipole over the marine continent (MC) and the dateline (DL) regions
during the developing phase of ENSO to influence the subsequent
ENSO evolution. The “+” and “—” represent positive and negative
anomalies, respectively. The “1” and “|” represent increasing and

decreasing tendency, respectively
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a first-order approximation because the SARF is not only
determined by aerosol loadings but also dependent upon
other factors (e.g., aerosol types with some species scatter-
ing sunlight and some absorbing sunlight, cloud fraction,
etc.). Since the SARF only applies to the aerosol radiative
forcing in cloud-free conditions, the indirect aerosol forcing
related to clouds is not included. The SARF estimated here
may be smaller than the total shortwave radiative forcing
that includes both the direct and indirect effects of aerosols.
We calculated the regression coefficients of the SARF and
OLR anomalies along the equatorial Pacific (10°S—10°N)
onto the Niflo 3.4 index during SON(— 1). The results are
shown in Fig. 7a. It should be noted that, for the sake of bet-
ter comparison of amplitudes of ENSO-induced OLR and
SAFR, we reversed the sign of regression coefficients of
OLR with respect to the Nifio 3.4 index such that positive
values of both OLR and SARF in the figure are considered
to have positive impacts on SSTs, and vice versa.

As shown in Fig. 7a and Table 1, a developing El Nifio
increases the upward OLR (i.e., negative anomaly values in
the figure) by about 7.3 W m~2 per unit of Nifio 3.4 index
over the MC region (where the El Nifio-induced anoma-
lous descending motions suppress deep convection and
allow more longwave radiation to escape at the top of the
atmosphere) but decreases by a roughly similar amount the
upward OLR (i.e., positive anomaly values in the figure)
extending from the DL region to the eastern Pacific (where
the El Nifio-induced anomalous ascending motions encour-
age deep convection and allow less longwave radiation to
escape at the top of the atmosphere). The increased upward
OLR anomalies over the MC region can cool the local SSTs,
while the decreased upward OLR anomalies over the DL
region can warm the local SSTs. Therefore, the OLR anoma-
lies contribute to maintain negative SST anomalies in the
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Fig.7 a The regression coefficients of the shortwave aerosol radia-
tive forcing (SARF) and the outgoing longwave radiation (OLR)
anomalies regressed onto the DJF Nifio 3.4 index and b the time
series of the aerosol dipole index (ADI) and the Nifio 3.4 index dur-
ing the period 2000-2016. The sign of regression coefficients of OLR
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Table 1 The regionally averaged regression coefficients (unit: W
m~2 per unit of Nifio 3.4) of the shortwave aerosol radiative forcing
(SARF) and the outgoing the outgoing longwave radiation (OLR)
anomalies regressed onto the DJF Nifio 3.4 index in the MC and DL
region and their ratios

Region SARF (W m™?) OLR (W m™2) Ratio
(SARF/
OLR)

MC -2.15 -7.32 0.29

DL 1.58 7.37 0.21

MC region and positive SST anomalies in the DL region as
shown in Fig. 6, which represents a positive feedback that
helps sustain the El Nifio. The same figure shows that the
aerosol dipole produces negative SARF of about —2.2 W
m~2 per unit of Nifio 3.4 index in the MC region and positive
and comparably smaller SARF in the DL region, which also
represents a positive radiative feedback on SSTs. This posi-
tive feedback could potentially result in a positive SST gradi-
ent from the DL region to the MC region that helps sustain
the El Nifio. The magnitudes of the SARF in the MC and
DL regions are roughly 29% and 21% of those of the OLR,
respectively, suggesting that the radiative feedback from the
aerosol dipole may be of a similar order of magnitude as
that of the OLR and could be a potentially important factor
influencing the development of ENSO. As aforementioned,
aerosols can have an influence on regional or local climate
through their indirect effects on cloud morphology and life-
time besides the direct aerosol effect estimated here. Thus, it
is expected that the influence of the aerosol dipole on SSTs
could be more or less than that estimated here. Nevertheless,
the SARF provides a useful first-order estimate of the impact
of the aerosol dipole on ENSO.
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with respect to the Nifio 3.4 index is reversed in a. The correlation
between the ADI and the Nifio 3.4 index is provided in the legend in
b and the star symbol presents that the correlation exceeds the 95%
significance level
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We further constructed an aerosol dipole index (ADI) by
subtracting the AOD anomalies in the DL region from those in
the MC region and then normalizing the difference. A 5-month
running mean was applied to the time series of this aerosol
dipole index. As shown in Fig. 7b, the aerosol dipole index
follows closely the variations in the Nifio 3.4 index but tends
to peak about 2 months earlier than the Nifio 3.4 index. The
correlation coefficient between the Nifio 3.4 index and the
aerosol dipole index at a lag of minus two months is 0.76,
which exceeds the 95% significance level. Since the aerosol
dipole index leads the Nifio 3.4 index, the aerosol index may
be potentially useful in predicting how soon or late that an El
Nifio or La Nifia event may terminate as a complimentary to
oceanic indices.

4 Conclusions

We have shown via observational analyses that an aerosol
dipole in the equatorial Pacific can be induced by ENSO.
This aerosol dipole, which is characterized with positive AOD
anomalies over the MC region and negative AOD anomalies
over the DL region, is strongest during the fall prior to the peak
of El Niflo, particularly in the CP type of El Nifio. Each center
of the aerosol dipole, although is composed of different aerosol
species and formed via distinct mechanisms, is capable of pro-
ducing a positive feedback to help maintain the SST anoma-
lies associated with ENSO. The shortwave radiative forcing
induced by the aerosol dipole has a magnitude comparable
(though somewhat smaller) to that of the outgoing longwave
radiation induced by ENSO. Since ENSO has changed from
the EP to the CP type in recent decades (Kao and Yu 2009;
Lee and McPhaden 2010; Yu et al. 2012) and the CP type is
likely to continue to occur more frequently in the future, the
aerosol dipole and its feedback to the evolution of ENSO may
be potentially important in Central Pacific ENSO studies and
prediction frameworks.
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