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ABSTRACT

El Nifio—Southern Oscillation (ENSO) is the leading mode of Earth’s climate variability at interannual
time scales with profound ecological and societal impacts, and it is projected to intensify in many climate
models as the climate warms under the forcing of increasing CO, concentration. Since the preindustrial era,
black carbon (BC) emissions have substantially increased in the Northern Hemisphere. But how BC
aerosol forcing may influence the occurrence of the extreme ENSO events has rarely been investigated. In
this study, using simulations of a global climate model, we show that increases in BC emissions from both
the midlatitudes and Arctic weaken latitudinal temperature gradients and northward heat transport, de-
crease tropical energy divergence, and increase sea surface temperature over the tropical oceans, with a
surprising consequential increase in the frequency of extreme ENSO events. A corollary of this study is that
reducing BC emissions might serve to mitigate the possible increasing frequency of extreme ENSO events
under greenhouse warming, if the modeling result can be translated into the climate in reality.

1. Introduction

Black carbon (BC) aerosols have multiple impacts
on the atmosphere by 1) absorbing energy within the
atmospheric column (Boucher et al. 2013; Yang et al.
2019), 2) affecting cloud microphysical and dynamical
processes, and 3) reducing surface albedo through de-
position on snow and ice (Jacobson 2006; Ramanathan
and Carmichael 2008; Qian et al. 2015). At the global
scale, present-day BC exerts a relative weak effective
radiative forcing of 0.082 (0.041-0.291) Wm 2 at the
top of the atmosphere (TOA) as implied in Stjern et al.
(2017), but regionally it can exert significant climatic
impacts through amplifying warming in the Arctic
and Tibetan Plateau (Flanner et al. 2007; He et al.
2014; AMAP 2015) and dynamical impacts through
changing monsoon circulation (Lou et al. 2019) and
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El Nifio-Southern Oscillation (ENSO), the latter being
the subject of focus of this study.

ENSO is the leading mode of variability of the coupled
climate system at interannual time scales (Ropelewski
and Halpert 1987). It features anomalous warm (EI Nifio)
and cold (La Nina) conditions every 2-7 years in the
equatorial Pacific, affecting ecosystems, agriculture, and
severe weather events globally (Bove et al. 1998;
McPhaden et al. 2006). Some recent studies have found
that the frequency of extreme ENSO events may in-
crease in response to greenhouse warming (e.g., Cai
et al. 2014, 2015), while other studies showed otherwise
(e.g., Kohyama et al. 2018). It has also been reported
that aerosols and their precursor gases could influence
ENSO variability, but most previous studies have fo-
cused on natural aerosols. Based on model simulations,
some studies found that tropical volcanic eruptions
injecting SO, (precursor of sulfate aerosol) into the
stratosphere influenced ENSO variability (McGregor and
Timmermann 2011; Ohba et al. 2013; Maher et al. 2015;
Stevenson et al. 2016). Xu et al. (2016) showed that var-
iations in oceanic dimethyl sulfide emissions (another
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natural precursor of sulfate aerosol) due to strong wind
variability during La Nifia events in turn increased the fre-
quency of La Nifia events. In a simulation with interactive
natural dust aerosol capability, Rotstayn et al. (2011) found
that their model can better reproduce ENSO-related pre-
cipitation variability through changing radiative balance
and therefore surface evaporation over the southwest
Pacific Ocean. Yang et al. (2016a,b) proposed a positive
feedback between natural sea salt emission and ENSO,
in which changes in sea salt emissions enhance ENSO
variability.

Global total BC emissions from anthropogenic sources
had an eightfold increase in 2010 relative to 1850 (about
sixfold in the Northern Hemisphere midlatitudes and
32-fold in the Arctic) (Hoesly et al. 2018). As a short-lived
climate forcing agent, light-absorbing BC warms the at-
mosphere, but the BC forcing is highly variable in space
and time due to the heterogeneity of BC emission sour-
ces, short lifetime, and complex interactions with the
climate. How the anthropogenic BC may potentially
influence ENSO frequency and magnitude has been
left largely unexplored.

Here we investigate the impact of BC on the frequency
of extreme ENSO events using a coupled global aerosol—
climate model. The model, emissions, and numerical
experiment are described in section 2. In section 3, we
analyze the impacts of the present-day global anthro-
pogenic BC emissions. Because the largest preindustrial
to present-day BC emission changes are in the Northern
Hemisphere midlatitude region (hereafter, midlatitudes)
and BC emissions may increase in the Arctic through
increased human activities (e.g., international shipping),
influences of BC emissions from both the Northern
Hemisphere midlatitudes and the Arctic are examined
in section 4. Section 5 evaluates the potential mecha-
nisms of BC impacts on extreme ENSO frequency.
Section 6 summarizes these results and conclusions.

2. Methods

To assess the influence of BC on the frequency of
extreme ENSO events, we conduct a series of BC emission-
driven climate model sensitivity experiments, as further
described in Yang et al. (2019) and Lou et al. (2019). We
conduct simulations with the Community Earth System
Model (CESM; Hurrell et al. 2013), version 1.2, in which
BC, along with other aerosol types, is represented using
the 4-mode Modal Aerosol Module (MAM4; Liu et al.
2016) with the aging processes of primary carbonaceous
aerosols included. The model considers BC impacts on
climate through aerosol-radiation and aerosol-cloud
interactions and BC snow-albedo effect on top of land
and sea ice. Improved characterization of convective
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TABLE 1. Simulations performed in this study. All other emis-
sions and conditions are fixed at year 1850 levels to avoid other
anthropogenic influences, except for BC.

Simulations Details

PI Simulation for BC in preindustrial conditions.
Anthropogenic BC emissions are at year 1850 levels.

PD Simulation for BC in present-day conditions.
Anthropogenic BC emissions are fixed at year
2010 (average of 2008-12).

MID7X Sensitivity simulation to quantify the ENSO re-

sponses to midlatitude BC emissions. As in PD,
except that year-2010-level anthropogenic BC
emissions over the midlatitudes (28°-60°N) are
scaled by a factor of 7.

ARCI150X  Sensitivity simulation to quantify the ENSO responses
to Arctic BC emissions. As in PD, except that year-
2010-level anthropogenic BC emissions over the
Arctic (60°-90°N) are scaled by a factor of 150.

transport and wet scavenging of aerosols is also included
in the model (Wang et al. 2013). BC simulations in this
model version have been fully evaluated in previous
studies (Liu et al. 2016; Yang et al. 2017a, 2018).

First, two 100-yr basic simulations (Table 1) with an-
thropogenic BC emissions kept at year 2010 (PD) and
1850 (PI) levels were conducted to investigate the pos-
sible influence of present-day anthropogenic BC emis-
sions on the frequency of ENSO events. However, the
global surface air temperature responses to present-day
anthropogenic BC emissions are weak in this model
relative to the internal variability (Baker et al. 2015;
Yang et al. 2019). To simulate a significant climate re-
sponse signal, many studies scale BC emissions up by
large factors (e.g., Sand et al. 2013, 2015; Stjern et al.
2017; Tang et al. 2018; Yang et al. 2019). In this study, we
also explore the model response to larger forcing, by
scaling up BC emissions following Sand et al. (2013).
Two 100-yr sensitivity simulations are performed, including
a simulation same as PD except that present-day anthro-
pogenic BC emissions over the midlatitudes (28°—60°N)
are scaled up by a factor of 7 (MID7X) and a simulation
same as PD except that present-day anthropogenic BC
emissions over the Arctic (60°-90°N) are scaled up by a
factor of 150 (ARC150X). The scaling factor for BC
emissions (7 for MID7X and 150 for ARC150X) fol-
lows Sand et al. (2013) to give detectable forced signals.
The same scaling factors also offers an opportunity
for a comparison of BC-induced climate change here to
that in Sand et al. (2013), which has been assessed in
Yang et al. (2019). All other emissions and conditions
are fixed at year 1850 levels to exclude other anthro-
pogenic influences. The last 80 years of all simulations
are used for analysis, following a 20-yr model spinup.
Note that the large scaling factors do not mean that
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BC emissions would be increased by these extreme large
amounts in the real world, but are used to produce suf-
ficient signal to qualitatively examine the ENSO re-
sponses to the midlatitude and Arctic BC emissions.

Anthropogenic BC emissions used in this study are from
the Community Emissions Data System (CEDS, version
2017-05-18; Hoesly et al. 2018) dataset developed for
phase 6 of the Coupled Model Intercomparison Project
(CMIP6). The differences in anthropogenic BC emissions
between PD and PI and between MID7X/ARC150X and
PD simulations are shown in Fig. 1. PD has 6.80 Tg Cyr !
more global total anthropogenic BC emissions than PI,
most of which are located in the North Hemisphere
midlatitude regions, with only 1.0 Tg Cyr ! increased
emission occurring in the Southern Hemisphere based
on the CEDS emission inventory. Compared to the
emissions in PD, ARC150X includes an additional
12.63 Tg Cyr~ ! BC emissions in the Arctic and MID7X
has 20.74 Tg Cyr~ ! more BC emissions in midlatitudes.

Previous studies have reported that CESM over-
estimated ENSO variability and intensity (Otto-Bliesner
et al. 2016; Yang et al. 2016b; Golaz et al. 2019). We also
found that CESM simulations tend to predict more ex-
treme ENSO events compared to ERA-Interim (Fig. 2).
We therefore examine conditions between PD and PI, as
well as in the perturbed simulations relative to the CESM
PD run, therefore, the analysis will be only focusing on
the ENSO changes within the CESM system.

We also use sea surface temperature (SST) data from a
1400-yr CESM preindustrial control simulation (Kay
et al. 2015) as a baseline to test the statistical significance
of changes in the frequency of the extreme ENSO con-
ditions in the perturbed simulations. To further examine
the nature of the difference in Nifio-3.4 frequency dis-
tribution, we first construct a preindustrial probability
distribution function (PDF) for each 1-K interval of the
monthly Nifio-3.4 index using 1000 random samples of
consecutive 960-month (80yr) results from the 1400-yr
CESM preindustrial simulation using a Monte Carlo
method. Within each 1-K bin, if the difference is greater
than the 95th percentile or less than the 5th percentile of
the preindustrial PDF, the change in Nifio-3.4 index
distribution at that bin is deemed significant. This non-
parametric method has previously been used to test the
significance of probability change of daily surface tem-
perature extremes (Xue et al. 2017), and makes no prior
assumptions about the shape of the statistical distribution.

The Nino-3.4 index is used in this study to charac-
terize the intensity of ENSO conditions and is com-
puted as the monthly mean SST anomaly over the
Nifio-3.4 region (5°S-5°N, 170°-120°W) for each simula-
tion individually. An El Nifio (La Nifia) event is defined
when the 3-month running average of the Nifo-3.4 index
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F1G. 1. Differences in annual mean anthropogenic black carbon
(BC) emission (g Cm 2yr ') (top) between PD and PI, (middle)
between MID7X and PD, and (bottom) between ARC150X and
PD simulations.

reaches or exceeds 0.5K (is less than —0.5K) for at
least 5 months. The maximum (minimum) value of the
3-month running-average Nifio-3.4 index during an El
Nifio (La Nifa) event is the peak intensity of the event
(Yu et al. 2019). In Yu et al. (2019), the extreme El Nifio
events are identified when their peak intensities higher
than 2.5 K. Since CESM overestimates ENSO intensity, in
this study, we increase the threshold to be 3K for the ex-
treme El Nifio events in CESM model, while negative peak
anomalies lower than —2 K are identified to be extreme La
Nifia events to account for the asymmetry between the
warm and cold events as evidenced in Fig. 2. In addition,
we also define the extreme El Nifio or La Nifia events
based on the December-February (DJF) seasonal mean
Nifio-3.4 index [as done in Cai et al. (2014, 2015)], using the
same respective thresholds. The main conclusions re-
garding the ENSO response do not differ qualitatively, no
matter whether monthly or seasonal indices are used for
the definition of the extreme ENSO events.

3. Impacts of present-day BC on extreme ENSO
frequency

Figure 3 compares the standard deviation (STD) of
monthly SST anomaly between PI and PD simulations.
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FI1G. 2. Histograms of the monthly Nifio-3.4 index from (a) PI, (c) PD, (¢) MID7X, and (f) ARC150X simulations, as
well as from (b) the 1400-yr CESM preindustrial simulation and (d) ERA-Interim for years 1979-2017.

With present-day global anthropogenic BC emission
included, variability in the SST anomaly increases
in the equatorial Pacific, with the largest STD over
the equatorial eastern increased from 1.3-1.4K in PI
to more than 1.6K in PD. The standard deviation
of the Nifio-3.4 index is 1.20 and 1.34K in PI and
PD, respectively, indicating a wider distribution and

an increase in the frequency of extreme ENSO am-
plitudes in PD compared to PI. However, we note that
these are unlikely to be normal distributions based
on the Shapiro—-Wilks test (p < 1%). We, therefore,
use nonparametric statistical tests, such Kolmogorov—
Smirnov (Massey 1951), to evaluate our results as
explained below.
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FI1G. 3. (left) Standard deviation of monthly sea surface temperature anomaly (K) in (top) PI and (bottom) PD
simulations and (right) histograms of the monthly Nifio-3.4 index for PD (red bars) and PI simulation (blue bars). In
total, 960 months for the last 80 years of each simulation are analyzed. Bars with an asterisk indicate statistically
significant changes with respect to the upper and lower 5th percentiles of a probability distribution function for each
Nifio-3.4 index bin derived from a 1400-yr CESM preindustrial simulation (see text).

Figure 3 also shows histograms of the monthly Nifio-
3.4 index for the PD and PI simulations. The Nifio-3.4
frequency distribution from PD differs from the PI dis-
tribution based on the Kolmogorov-Smirnov test (p <
2.5%), suggesting that increases in present-day global
anthropogenic BC emissions may be responsible for
changes in the frequency of ENSO conditions. Based
on a 1400-yr CESM simulation together with the Monte
Carlo method illustrated in the methods section, we
found that the frequencies of Nifio-3.4 falling into PD
intervals of 2 to 3,5 to 6, and —1 to —2 K are higher than
PI with 95% confidence level. However, the changes in
intervals of 3to 4 K and —2 to —3 K did not pass the test.
The frequency of extreme El Nifio, calculated based on
the peak ENSO intensity, remains unchanged (4 events
per 80 years) and the frequency of extreme La Nifia even
decreases (from 5 events to 3 events per 80 years) be-
tween PI and PD simulation. If the extreme ENSO
events are calculated based on the DJF mean Nifio-3.4
index, the frequency of extreme El Nifio (La Nifia) ex-
hibits nonsignificant change: from 4 (4) to 3 (5) events
per 80 years. This is consistent with an early study (Yang
et al. 2019) that the sea surface temperature responses
to present-day BC emissions at global scale are weak
compared to internal variability. We, therefore, focus
our analysis on simulations with scaled-up BC emission
perturbations and examine the possible mechanisms
behind the significant response therein.

4. Impacts of midlatitude and Arctic BC
on extreme ENSO frequency

We first note that, despite the scale-up of the BC
emissions, the resultant global and regional forcings are
still similar in magnitude to other aerosol forcings. The
direct radiative forcing in MID7X increases to 2.5 Wm 2

averaged in midlatitudes of the Northern Hemisphere
(28°-60°N) and the forcing in ARC150X increases to
4Wm 2 in the Arctic (Yang et al. 2019), these being
similar in magnitude, for example, to the regional
values of sulfate indirect forcing in this model (Yang
et al. 2017b).

The standard deviation of the Nifio-3.4 index increased
from 1.20K in PD to 1.56 K in MID7X and 1.58K in
ARC150X. The histograms of the monthly Nifio-3.4
index from the MID7X and ARC150X simulations are
compared with that from PD in Figs. 4a and 4b, re-
spectively. Note that the Nifio-3.4 frequency distribu-
tions from MID7X and ARC150X are different from the
PD distribution based on the Kolmogorov—-Smirnov test
(p <2.5%). We find that increases in BC emissions from
both the midlatitude and Arctic results in increased fre-
quencies in the positive and negative tails of the monthly
ENSO index. Changes in the frequency of ENSO con-
ditions with Nifio-3.4 index higher than 3K or lower
than —2K fall outside the 95% confidence range of the
preindustrial statistical distribution for both MID7X and
ARCI150X compared to PD, with the extreme El Nifio
months increased from 28 in PD to 57 in MID7X and 55
in ARC150X and the extreme La Nifia months increased
from 27 months in PD to 60 months in MID7X and
62 months in ARC150X. It suggests that increases in BC
emissions from both the midlatitudes and Arctic can in-
crease the frequency of extreme El Nifio and La Nifia
conditions, at least in the context of the CESM system.

In terms of DJF seasonal index-based definition of
extreme ENSO events, the frequency of extreme El
Nifio (La Nina) increases from 4 (4) events in PD to 7 (8)
events in MID7X per 80 years (Fig. 4c). Similarly, the
frequency of extreme El Nifio (La Nifia) events is dou-
bled, from 4 (4) in PD to 8 (8) in ARC150X (Fig. 4d).
The changes of extreme ENSO events in both scaled-up



8328

400

a mmm \|D7X
mmm PD

300

Frequency
)]
[}
o

100}

10}
o
g 5}
E
s 2}
£
g 1}
<
o

05}
o -
= oy
= X1

02}

2 0 2 4

Nifo 3.4 Index (K)

JOURNAL OF CLIMATE

VOLUME 32
400
b mmm ARC150X
mmm PD

300}
)
o
S 200
o
o
-

100

04 2 0 2 4
Nino 3.4
~ 10 d ® ARC150X _,:‘ 1
o e PD
E O
E
8 2}
=
c 1}
<
(s
05F
o _
W , ®f
= R X
02" _ _ _
2 0 2 4

Nifo 3.4 Index (K)
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are denoted by more saturated color.

emissions pass the Monte Carlo test with 95% confi-
dence level. Accompanying the more frequent ex-
treme El Nifio events, the extreme precipitation events
with seasonal rainfall higher than Smmday ' also
become more frequent, indicating the potential im-
portance of BC in water cycle over the tropics. An
exponential relationship between precipitation and
SST over the Nifio-3.4 region is also evident (Figs. 4c,d;
note the logarithmic scale in the ordinate), in agree-
ment with the similar relationship found in 21 CMIP5
coupled global climate models (Cai et al. 2015). Using
monthly ENSO indices leads to qualitatively similar
conclusions.

5. Potential mechanisms of BC impacts on extreme
ENSO frequency

Some previous studies found that increases in mean
temperature could increase ENSO amplitudes and the

frequency of extreme ENSO events (Cai et al. 2014,
2015; Wang et al. 2019). To understand the potential
impacts of BC emissions on ENSO, it is necessary to
examine changes in energy balance and mean SST be-
tween the perturbed and PD simulations. Unlike the
global uniform distribution of well-mixed greenhouse
gases (GHGs), BC is mainly distributed near its source
regions. Increases in BC emissions in MID7X and
ARCI150X substantially increase BC burden in the
mid- and high latitudes of the Northern Hemisphere,
but have much less impact on BC burdens over the
tropics (Figs. Sa,b). The additional BC transported
from the mid- and high latitudes results in a direct TOA
forcing of 0.59 and 0.03 W m ™2 over the tropical oceans
(20°S-20°N) through solar absorption (Figs. Sc,d).
However, combining all the BC aerosol-radiation and
aerosol—cloud interactions, as well as the fast and slow
feedback processes in the climate system, increases in
BC emissions actually induce a net TOA cooling effect
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FIG. 5. Changes in annual mean (a),(b) BC column burden (mgm?), (c),(d) direct radiative forcing (DRF;
W m ™ 2),and (e),(f) net radiative flux at TOA (FNT; W m ™ 2) in (left) MID7X and (right) ARC150X relative to PD,
calculated as VannuaiMip7x/aRC150x — VaAnnualpp, Where V represents the relevant variables. DRF of BC are
calculated in each simulation as the difference in net radiative flux at TOA with and without BC included in the
radiative transfer calculation. The stippled areas indicate statistical significance with 95% confidence level from a

Wilcoxon rank-sum test.

of —0.51 and —0.20 Wm ™2 over the tropical oceans for
MID7X and ARC150X (Figs. Se.f), respectively.
Through absorbing solar radiation, BC warms most
of the oceans between 30° and 60°N in the Northern
Hemisphere where its emissions are perturbed (Fig. 6).
The enhanced BC heating in the Northern Hemi-
sphere then weakens the latitudinal temperature gra-
dient between the tropics and the higher latitudes. The
weakened temperature gradient further reduces north-
ward heat transport from the tropics in both atmosphere
and oceans in MID7X and ARC150X (Fig. 7), a response
also noted in Sand et al. (2013). The changes in northward
heat transport in the atmosphere are due to the change
in meridional circulation caused by BC forcing. An
interhemispheric asymmetric adjustment in the surface
temperature caused by aerosol forcing can induce an
anomalous Hadley circulation over the tropics (Broccoli
et al. 2006; Ocko et al. 2014), thereby causing the
change in northward atmospheric heat transport.

The dynamical ocean response plays a dominant role in
connecting the effects of Arctic sea ice loss to the entire
globe through reducing northward oceanic heat trans-
port (Tomas et al. 2016).

Changes in the meridional heat transport in both the
atmosphere and the ocean can lead to energy conver-
gence or divergence in the tropics, with important cli-
matic consequence in the tropical ocean. The BC forcing
in MID7X gives rise to a net energy convergence (reduced
energy divergence) of 0.10 PW in the tropical atmosphere
(20°S-20°N), but almost zero net energy change in the
ocean. While the high-latitude emission in ARC150X can
produce a net energy convergence (reduced energy di-
vergence) in both tropical ocean (magnitude = 0.07 PW)
and tropical atmosphere (magnitude = 0.02 PW) (Table 2
and Fig. 7).

The mean-state tropical SST response to global
warming is under debate (Tokinaga et al. 2012; Kohyama
etal.2017; Liu et al. 2018; Seager et al. 2019). In this study,
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the large contribution of the ocean heat transport to the
tropical SST warming in experiment ARC150X points to
the importance of the oceanic pathway in the tropical
ocean response to high-latitude forcing (Deser et al. 2015;
Tomas et al. 2016). Notably, both the SST response (Fig.
6a) and the vertical ocean temperature stratification in the
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eastern equatorial Pacific (Fig. 8) in the ARC150X exper-
iment show considerable resemblance to those in response
to the melting of Arctic sea ice reported in Tomas et al.
(2016, their Figs. 5 and 6), in which the subsurface warming
(below 100m), being advected by the mean upwelling,
sustains the warming anomaly in the eastern equatorial
Pacific, although the mechanisms responsible for the sub-
surface warming remain to be understood. As such, it is
likely that the same mechanism as Tomas et al. (2016) is
operating here for the warming in the tropical Pacific de-
spite the very different source of forcing. However, the SST
response pattern in MID7X (Fig. 6b) shows less organized
warming in the tropics as compared to ARC150X.

The connection between changes in mean state of the
tropical ocean and the extreme phases of the ENSO can
be complicated. Given the likely oceanic pathway for
the BC forcing to influence the ENSO amplitude, we can
only speculate as to the possible mechanism based on
the changes in the mean ocean stratification structure in
the tropical Pacific (Fig. 8). Very similar features to
Fig. 8 are also found in an experiment with CESM under
an uniform heat input into the global ocean (no forcing
is applied to the land grid points) in Wang et al. (2019),
wherein careful heat budget analysis and Bjerknes linear
stability index analysis were performed to relate the
change of ENSO amplitude to the change in the mean
state. According to this study, the increased stratifica-
tion and the shoaling of the thermocline in the central
and eastern Pacific tend to sustain a stronger thermo-
cline feedback (also noted by Liu et al. 2011). Due to the
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FIG. 7. Zonal mean changes in annual northward heat transport (NHT) in the (left) atmosphere and (right)
oceans in MID7X (blue) and ARC150X (red) relative to PD, as calculated by V annuaimip7x/arcisox = VAnnual pD-
NHT in the atmosphere is calculated as the residual of the TOA and surface energy budget. NHT in the oceans is
calculated as the opposite number of net downward energy over ocean surface.
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TABLE 2. Annual NHT (PW) in the atmosphere and oceans in MID7X and ARC150X relative to PD at 20°S and 20°N, as well as energy
changes (PW) over the tropical ocean (20°S-20°N).

ANHT at 20°N ANHT at 20°S AEnergy over 20°S-20°N
Simulation Atmosphere Ocean Atmosphere Ocean Atmosphere Ocean
MID7X —0.164 —0.012 —0.068 —0.012 +0.096 0.000
ARC150X —0.070 —0.098 —0.054 —0.031 +0.016 +0.067

stratification change, the same wind stress anomalies can
drive much stronger zonal current and wave response in
the upper ocean, enhancing the zonal advection feed-
back (Li et al. 2016) during the development of ENSO.
As the thermocline and zonal advection feedbacks are
the leading major positive feedbacks during the devel-
opment of ENSO extreme events in this model, the
enhancement of these two feedbacks should lead to
more frequent extremes for both cold and warm phases.
We conjecture that the same mechanisms are likely
operating to increase the frequency of extreme El Nifio
and La Nifia events under the BC forcing. Meanwhile, as
noted by Cai et al. (2015), the discharged state after a
major El Nifio event is more inducive to a La Nifia event.
Thus, the increased frequency of extreme El Nifio may
spawn a more favorable condition for extreme La Nifia.
Notwithstanding, Cai et al. (2015) further argued that
the faster warming in Maritime Continent compared
to the surrounding oceans acts to suppress the convec-
tion over the central equatorial Pacific, together with
the increased thermal stratification, making it easier to
trigger Bjerknes feedback, a factor absent during the
development of extreme El Nifio events. Without careful
analysis and hypothesis-driven experiments, we refrain
from addressing the nuanced asymmetry between the two
opposite extreme phases of ENSO, a topic left for future
investigation.

6. Conclusions

The impact of increases in midlatitude and Arctic
BC emissions on the frequency of extreme ENSO
events is examined in this study based on a set of fully
coupled simulations using a global aerosol-climate
model (CESM). Increases in BC emissions from the
Northern Hemisphere midlatitudes and Arctic in-
creases atmospheric BC substantially and warms the
atmosphere and oceans in the Northern Hemisphere,
leading to a weakened latitudinal temperature gradient.
The weakened temperature gradient further reduces
northward heat transport from the tropics and reduces
tropical energy divergence in the atmosphere for the
midlatitude BC perturbation and in both the atmosphere
and ocean for the Arctic perturbation, leading to an in-
crease of SST in the tropical Pacific, which in turn gives

rise to more frequent extreme El Nifio and La Nifia
events.

In this study, we found that BC emissions from mid-
latitudes and the Arctic can increase the frequency of
extreme ENSO events in a climate system represented
by CESM. However, it is difficult to extrapolate this
finding to the real world, as how the ENSO variability
responds to external climate forcings remains a topic of
debate due to the fact that ENSO is controlled by a
delicate balance of a plethora of amplifying and damp-
ing feedbacks (Collins et al. 2010). Therefore, we cannot
rule out the possibility of model dependence with regard
to this response, in view of the fact that some models
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(e.g., GFDL-ESM2M) tend to simulate a weakened
ENSO variability under global warming (Kohyama et al.
2018), while CESM shows the opposite tendency (Wang
et al. 2019). The issue of model dependence warrants
further investigation. In addition, the detailed model
response to BC forcing was explored by scaling up BC
emissions following Sand et al. (2013) to boost the signal-
to-noise ratio. To quantitatively investigate the ENSO
response to BC, the nonlinearity of the climate response
to BC emissions also needs to be considered (Yang et al.
2019). So far, this study has been focusing on ENSO re-
sponse to increases in BC emissions from the extratropics.
It would be interesting to investigate how ENSO fre-
quency and amplitude would respond to the changes in
BC emission from the tropics, since ENSO can strongly
perturb wildfire emissions in the tropical forests, possible
feedbacks between ENSO and BC emission may exist.
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