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ABSTRACT

Changes in background zonal wind in the tropical Pacific are often invoked to explain changes in ENSO
properties. However, the sensitivity of ENSO to mean zonal winds has been thoroughly explored only in
intermediate coupled models (following Zebiak and Cane), not in coupled GCMs. The role of mean me-
ridional winds has received even less attention. Accordingly, the goal of this study is to examine systematically
the effects of both zonal (equatorial) and meridional (cross-equatorial) background winds on ENSO using
targeted experiments with a comprehensive climate model (CESM). Changes in the mean winds are gener-
ated by imposing heat flux forcing in two confined regions at a sufficient distance north and south of the
equator. We find that the strengthening of either wind component reduces ENSO amplitude, especially
eastern Pacific SST variability, and inhibits meridional swings of the intertropical convergence zone (ITCZ).
The effect of zonal winds is generally stronger than that of meridional winds. A stability analysis reveals that
the strengthening of zonal and meridional winds weakens the ENSO key positive feedbacks, specifically the
zonal advection and thermocline feedbacks, which explains these changes. Zonal wind enhancement also
intensifies mean upwelling and hence dynamical damping, leading to a further weakening of El Nifio events.
Ultimately, this study argues that the zonal and, to a lesser extent, meridional wind strengthening of the past
decades may have contributed to the observed shift of El Niflo characteristics after the year 2000.

1. Introduction (e.g., Fedorov and Philander 2000; Collins et al. 2010; Cai
et al. 2015).

Recent studies discuss two flavors of El Nifio events as
part of its broad continuum—the so-called eastern Pacific
(EP) El Nifio and central Pacific (CP) El Niflo events,
characterized by maximum sea surface temperature (SST)
anomalies in the eastern tropical Pacific and the central
tropical Pacific, respectively (Ashok et al. 2007; Fedorov
et al. 2015; Kim and Yu 2012; Kug et al. 2009; Lee
and McPhaden 2010; Liibbecke and McPhaden 2014;
McPhaden 2012; McPhaden et al. 2011; Ren and Jin 2013).
Remote impacts of CP El Nifio are shown to be different
from those of EP El Nifio (Ashok and Yamagata 2009;
Kim et al. 2011; Li et al. 2011). Whether EP and CP El
Nifio events can be both described by the recharge-
oscillator theory (Jin 1997; Meinen and McPhaden 2000)
is debated. Kug et al. (2009, 2010) concluded that the
recharge/discharge mechanism is not active in CP events
based on their observational analysis. However, Ren and
Corresponding author: Bowen Zhao, bowen.zhao@yale.edu Jin (2013) argued that removing contamination from

ENSO is the dominant mode of climate variability on
interannual time scales—its warm phase El Nifio and cold
phase La Nifia exert large impacts over the tropical
Pacific and the entire globe (e.g., Philander 1990; Clarke
2008; Sarachik and Cane 2010). Thanks to continuing
research efforts during the past several decades, the sci-
entific community has achieved a growing understanding
of ENSO mechanisms and significant skills in forecasting
El Nifio (e.g., Guilyardi et al. 2009, 2012; Fedorov and
Brown 2009; McPhaden 2015; Hu and Fedorov 2016,
2017, 2018; Wang et al. 2017; Timmermann et al. 2018,
and many other studies). Yet challenges persist: the cur-
rent prediction skill for El Nifio and La Nifia remains
rather limited and there is no clear consensus on how
changes in the background tropical climatology can shape
ENSO characteristics on decadal and longer time scales
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FIG. 1. Observed (a) SST and (b) precipitation anomalies averaged over the eastern
tropical Pacific (150°-90°W) as a function of latitude and time; (a) and (b) share a common
colorbar. Note in (b) that during El Nifio events before the year 2000 the ITCZ, as marked by
the precipitation maximum, typically migrated southward across the equator, but since then
has remained in the Northern Hemisphere. Data are from the ERA-Interim reanalysis.
Anomalies are computed with respect to the 1979-2014 climatology.

decadal variability does reveal the recharge/discharge
process in both EP and CP events. Moreover, Fedorov
et al. (2015) and Hu and Fedorov (2016) further demon-
strated that the thermocline feedback operates in both
types of El Nifio.

The relative frequency of CP El Nifio events has ar-
guably increased since the end of the twentieth century
(McPhaden et al. 2011). This recent transition toward
generally weaker El Niflo conditions contrasts the
broadly discussed ENSO shift toward stronger El Nifio
events in the late 1970s (e.g., Fedorov and Philander
2000, 2001; Wang and An 2002; Guilyardi 2006) which
manifested in a sequence of exceptionally strong warm
events in the 1980s and 1990s. Following ENSO shifts,
the interannual behavior of the ITCZ also changes: in
the recent CP-event dominated period, the cold tongue
does not warm sufficiently during El Nifio; conse-
quently, the ITCZ has not crossed the equator since the
year 2000 as was typical in the 1980s and 1990s. [Even in
2015 the ITCZ precipitation maximum stayed north of
the equator; see Fig. 1; also see Hu and Fedorov (2018).]
Whether the observed ENSO cycle shifts are related
to anthropogenic warming (e.g., Yeh et al. 2009;
McPhaden et al. 2011) or low-frequency internal climate
variability such as the Atlantic multidecadal oscillation

(Dong et al. 2006; Zanchettin et al. 2016; Levine et al.
2017; Hu and Fedorov 2018) or merely happen at ran-
dom (Wittenberg 2009; Wittenberg et al. 2014) is still
debated.

The gradual strengthening of mean zonal winds has
been suggested as one of the possible causes for the
observed increase in the frequency of CP events during
the past two decades (e.g., Yeh et al. 2009; Hu et al. 2013,
2017; Hu and Fedorov 2018). In fact, changes in mean
easterly winds and mean ocean thermocline as part of
changes in the background state of the tropical Pacific
are often invoked as a potential mechanism for long-
term modulations of the ENSO cycle (Fedorov and
Philander 2000, 2001; Yeh et al. 2009; Collins et al.
2010). However, much of our understanding about mean
state modulation of ENSO has been built on interme-
diate coupled models (e.g., Battisti and Hirst 1989;
Fedorov and Philander 2000, 2001; Fedorov et al. 2003;
Fedorov 2010; Wang and An 2002; Bejarano and Jin
2008; Ren and Jin 2013; Xie and Jin 2018) whereas few
studies, to our knowledge, have examined the mean
state—ENSO relation by conducting experiments with
fully coupled GCMs (Dong and Sutton 2007).

Thus, the main goal of this study is to examine sys-
tematically the relation between the background state of
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FIG. 2. (a) Observed trends in SST (colors; K decade™ ') and
surface winds (vectors; ms~ ! decade ') in the tropical Pacific from
1979 to 2014. Standard deviation of (b) SST and (c) precipitation
anomalies along the equator for years 1979-2000 (black) and years
200014 (red). Note the strengthening of mean cross-equatorial
winds in the eastern equatorial Pacific and of zonal winds in the
western equatorial Pacific, the reduction in variance of the eastern
Pacific SST and precipitation, and the shift of the variance maxi-
mum from the eastern to central equatorial Pacific. Data are from
the ERA-Interim reanalysis.

the tropical Pacific and El Nifio within a comprehensive,
fully coupled climate model (CESM 1.2.2), focusing on
the roles of mean equatorial zonal wind and cross-
equatorial meridional wind in modulating the ENSO
cycle. This study is motivated in part by the observations
of the tropical Pacific over the past several decades
suggesting that from 1979 to 2014 zonal winds
strengthened by roughly 30% (e.g., McPhaden et al.
2011; Hu et al. 2013; England et al. 2014; Hu and
Fedorov 2016) and meridional winds strengthened by
40%-50% according to the ERA-Interim dataset
(Fig. 2a; see also Hu and Fedorov 2018). This wind
strengthening was paralleled by a shift in El Nifio
properties at the end of the twentieth century, reflected
in the reduction of SST and precipitation variability in
the equatorial eastern Pacific (Figs. 2b,c). Another mo-
tivation comes from the analyses of GCM biases show-
ing that typical climate models have too strong zonal
winds (Burls et al. 2017) but too weak cross-equatorial
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winds (Hu and Fedorov 2018). How such wind changes
and model biases can affect El Nifio is the main question
of this study.

While equatorial zonal winds have been long consid-
ered an important factor controlling ENSO properties
(e.g., Fedorov and Philander 2000, 2001; Fedorov 2010;
Xie and Jin 2018), we rationalize our consideration of
mean cross-equatorial winds as follows. Some future
climate projections (Xie et al. 2010; He and Soden 2015)
suggest a north-south dipole-like change across the
equator in the eastern Pacific SST warming pattern
(both the northeastern and southeastern subtropical
Pacific become warmer but the northern regions warm
more), which should result in a strengthening of cross-
equatorial winds. Figure 2a hints to such a dipole-like
structure in the observed SST trends—the cooling of the
southeastern subtropical Pacific and a slight warming
north of the equator extending from the Caribbean Sea,
which favors stronger meridional winds. In addition,
recent studies of the Pacific meridional modes (PMM)
have proposed a mechanism of subtropical SST anom-
alies influencing equatorial ENSO dynamics via the
wind-evaporation-SST (WES) feedback (Chang et al.
2007; Zhang et al. 2014; Di Lorenzo et al. 2015). Further,
several studies of the failed 2014 El Nifio discuss a role
for strong cross-equatorial (meridional) wind anomalies
in impeding the expected El Niflo evolution during that
year (Min et al. 2015; Zhu et al. 2016; Wu et al. 2018).
While the latter example occurs on intraseasonal time
scales, eastern subtropical Pacific SST anomalies and the
associated cross-equatorial winds could also play a role
in the low-frequency modulation of the ENSO cycle. To
summarize, our study allows us to compare and contrast
the respective roles of background zonal and meridional
winds in ENSO dynamics.

This paper is organized as follows. Section 2 gives a
brief introduction to the coupled model used and the
experimental setup. The results from the numerical ex-
periments and diagnostics of relevant mechanisms are
presented in section 3. A summary and brief discussion
are given in section 4.

2. Model setup and experimental approach:
Imposing mean state changes

Numerical experiments in this study are conducted
with the fully coupled Community Earth System Model
(CESM 1.2.2) with CAMS physics (Hurrell et al. 2013)
developed at the National Center for Atmospheric
Research (NCAR). The model is run with a horizontal
resolution of approximately 2° for the atmospheric and
land components, and approximately 1° for the ocean
and ice components (the ocean resolution becomes
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FIG. 3. Perturbing the mean state of the tropical Pacific. (a)-(c) Induced mean SST (colors; K) and wind stress
(vectors; dyne cm™?) changes in the perturbation experiments relative to the control. Surface heat flux perturba-
tions have been added in the marked boxes in the eastern Pacific north and south of the equator. The magnitudes
and signs of the imposed perturbations are indicated in the names of the experiments (see text for further details).
The perturbations are designed to induce zonal [in (a)] or meridional [in (b) and (c)] mean wind changes. (d)—(f)
Mean thermocline depth for the control (black) and perturbed runs (red) introduced in the left column. Note that in
the NH-15/SH-5 experiment the thermocline deepens in the central/western tropical Pacific due to the strengthened
easterly winds while in the NH+30/SH-10 and NH+40/SH-12 experiments the thermocline slope is not affected as

zonal winds barely change.

successively finer in the vicinity of the equator, reaching
roughly 0.3° of latitude at the equator). The atmosphere
has 30 vertical levels while the ocean has 60 vertical
levels, with 20 levels concentrated within the top 200 m.
All runs use preindustrial (the year 1850) radiative and
boundary conditions before the heat flux perturbations
are added.

To generate changes in mean equatorial winds, we
add localized anomalies in surface heat fluxes to the
ocean component of the coupled model. These surface
flux perturbations are imposed over two regions of the
northeastern and southeastern tropical/subtropical Pacific
on both sides of the equator (150°-80°W, 5°-25°N, and 25°-
5°S, shown as boxes in Fig. 3). Additional sensitivity ex-
periments with surface heat flux perturbation imposed
over the 10°-30°N and 10°-30°S latitudinal bands, located
farther from the equator, yield similar results (not shown),
so it appears that the imposed perturbation fluxes do not
directly affect equatorial ocean dynamics important for
ENSO. We also refer the readers to the study of Hu
and Fedorov (2018), who superimposed anomalous

cross-equatorial wind stress forcing onto the model-
generated wind stress. While that study yielded gener-
ally similar conclusions as our study, our approach of
inducing wind anomalies is more physical as it does not
affect ocean—atmosphere coupling.

To strengthen mean zonal winds, we add negative heat
flux perturbations to both regions; the same-sign pertur-
bations imposed on each side of the equator reinforce
changes in zonal winds but minimize any changes in
meridional winds (Fig. 3a). The result is roughly analo-
gous to imposing a linear combination of the North
Pacific and South Pacific meridional mode patterns of the
same sign: while the imposed northern cold SST anom-
alies tend to induce enhanced northeasterly trade wind,
the southern cold anomalies tend to induce enhanced
southeasterly trade winds; their zonal components add
constructively but their meridional components cancel
each other. For example, in the experiment denoted
NH-15/SH-5 we superimpose a constant heat flux of
roughly —15Wm? in the box north of the equator
and —5 W m? in the box south of the equator. It turns out
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that we consistently need the Northern Hemisphere
(NH) perturbation heat flux to be about 3 times stronger
than the Southern Hemisphere (SH) heat flux to keep
meridional winds unchanged (see a detailed discussion
below). In response to the stronger zonal winds, the
equatorial thermocline steepens as expected (Fig. 3d).

Next, to strengthen meridional (cross-equatorial)
winds, we add a positive heat flux of about 30 Wm? to
the northern box, and a negative heat flux of ~ —10 W m?
to the southern box (Fig. 3b; experiment denoted as
NH+30/SH-10). The effect of such opposing heat flux
perturbations on both sides of the equator is to reinforce
changes in mean meridional winds but minimize changes
in zonal winds. This result of such a forcing could be un-
derstood as imposing the North Pacific and South Pacific
meridional mode patterns of opposite signs; the ocean
response is also similar to a shallow-water model solution
with asymmetric thermal forcing (Fig. 2 in Gill 1980).
Further, the readers could draw an analogy with the South
Asian monsoon, wherein cross-equatorial winds change
direction seasonally following the interhemispheric ther-
mal gradient. Consistent with small zonal wind changes,
the equatorial thermocline remains largely unaffected
(Fig. 3e). In our third experiments, we strengthen the
opposing heat flux forcing on both sides of the equator by
about 20% (Figs. 3c and 3f; the NH+40/SH-12 experi-
ment) in order to demonstrate the robustness of our re-
sults for meridional wind modifications.

As mentioned above, to modify mean winds we impose
NH heat flux perturbations about 3 times stronger than
SH heat flux perturbations, which ensures an approxi-
mate cancellation of either zonal or meridional wind
changes, depending on the chosen sign of the flux per-
turbation in each hemisphere. This is because ocean re-
sponse to the imposed heat flux perturbations involves
two feedbacks: a negative SST-latent heat flux feedback
and a positive wind—evaporation-SST (WES) feedback.
However, the positive WES feedback is much stronger
south of the equator due to stronger trade winds there
while the negative SST-latent heat flux feedback is much
stronger north of the equator due to the warmer back-
ground SSTs. Thus, we need a stronger heat flux pertur-
bation north of the equator, which ultimately results from
the north-south asymmetry in the eastern tropical Pacific
climatology. On the other hand, the shortwave and
longwave radiation response, if normalized by the mag-
nitude of SST anomalies, is very similar in both regions,
indicating similar cloud/convection response (not shown).

Changes in the annual mean climatology

The induced changes in the annual mean equatorial
wind stress and subsurface temperature are summa-
rized in Fig. 4. As mentioned above, in the NH-15/SH-5

ZHAO AND FEDOROV

2079

experiment equatorial zonal wind strengthens signifi-
cantly (by ~30%, similar to the observed changes during
1979-2014; see above), while meridional wind remains
the same. In this experiment the equatorial ocean cools
by ~1°C in the top 100 m due to the combined influence
from enhanced evaporation, upwelling and zonal ad-
vection but warms at depth in the west by up to 2°C due
to the thermocline deepening.

We note here that the equatorial thermocline responds
to zonal wind strengthening on decadal and longer time
scales differently than on ENSO time scales (e.g., Fedorov
2010). Specifically, changes in the thermocline slope on
ENSO time scales typically involve deepening in the west
and shoaling in the east; in contrast, persistent/slow zonal
wind strengthening increases the tilt but also increases ba-
sinwide ocean heat content along the equator, so that the
deepening of the mean thermocline partially or completely
compensates the thermocline shoaling in the east (as
seen in the NH-15/SH-5 case). In the NH+30/SH-10 and
NH+40/SH-12 simulations, annual mean equatorial zonal
wind stress strengthens slightly in the west but weakens in
the east, so that the zonal mean remains largely unchanged.
These small residual wind stress anomalies propagate
westward over the course of the year, possibly contributing
to the interesting subsurface temperature pattern evident in
Figs. 4h and 4j through the fast, local dynamical balance
between the thermocline slope and equatorial zonal wind
stress, that is, (9h/dx) « 7, where 4 and 7, denote anomalies
in thermocline depth and zonal wind stress.

Meanwhile, annual mean cross-equatorial winds
strengthen in the NH+30/SH-10 and NH+40/SH-12
runs (the meridional wind strength increases by about
80% in the former and almost doubles in the latter,
which is nominally greater than the observed 50%
change during 1979-2014, see above; however, one should
keep in mind that mean cross-equatorial winds simulated
by the model in the Control experiment are actually weaker
than the observed). As zonal mean zonal wind stress does
not change much, the equatorial SSTs do not change much
in these two runs. However, the equatorial ocean warms
significantly below the thermocline while it cools in the east
just above the thermocline. Thus the eastern equatorial
Pacific exhibits a weaker stratification around the thermo-
cline, which could potentially weaken the (positive) ther-
mocline feedback (Fedorov and Philander 2001). The cause
of these temperature anomalies will be discussed in detail
below. To summarize, the mean state changes in the zonal
and meridional wind perturbation experiments are very
different, consistent with the fact that zonal wind
strengthening dominates in the first experiment while
meridional wind strengthening dominates in the second two.

Also note that in all three perturbed runs, there is no
clear increase or decrease in the equatorial SST zonal
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FI1G. 4. Mean changes along the equator (averaged in the band 5°S-5°N) induced in the perturbation experiments for (a)—(c) mean zonal
and (d)-(f) meridional wind stress, and for (g)-(j) ocean subsurface temperature. Mean isotherms from the control experiment are also
shown in the bottom row. (left) NH-15/SH-5, (middle) NH+30/SH-10, and (right) NH+40/SH-12 experiments, respectively. Note that
zonal wind stress changes substantially in the NH-15/SH-5 run but only little in the NH+30/SH-10 and NH+40/SH-12 runs. Also note the
increase in meridional wind stress in the NH+40/SH-12 run, corresponding to a stronger forcing in this run.

gradient. In the case of perturbed zonal winds this could
indicate that the tropical mean state is in a “‘saturated”
regime such that the strengthening of mean zonal winds
does not affect the zonal SST gradient (Liu and Huang
1997; Burls and Fedorov 2014; Fedorov et al. 2015).
However, since this model suffers from the too cold cold
tongue and too strong easterly wind biases relative to the
observations, as many other coupled models do (Hurrell
et al. 2013; Li and Xie 2014), whether this ‘“‘saturation”

regime is applicable to the present-day ocean remains to
be seen.

3. Results: Changes to the ENSO cycle

a. Simulated changes in ENSO

In this section, we examine changes in the ENSO cycle
in response to our imposed heat flux forcing and the
resultant changes in wind stress. We first focus on the
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FIG. 5. Standard deviation for (a),(c),(e) SST anomalies and (b),(d),(f) precipitation anomalies along the equator
for the control (black) and perturbation (red) experiments. Note the reduction in standard deviation in the eastern
equatorial Pacific and the general weakening of the ENSO signal in the perturbed runs, indicating a shift from
stronger EP events to weaker CP events, analogous to the observations (cf. Fig. 1). Thus, background cross-
equatorial meridional winds play a similar role as background equatorial zonal winds in changing the ENSO cycle

characteristics.

GCM results and later investigate the causes of the
simulated ENSO changes using the Bjerknes stability
index (Jin et al. 2006).

The Nifio-3 standard deviation decreases from 1.28°C
in the control run to about 0.79°,1.11°, and 0.90°C in the
three perturbed runs, respectively. Variability in both
SST and precipitation is reduced especially east of the
date line (Fig. 5), which is similar to the observations of
the past two decades (Fig. 2).

As we mentioned earlier, the reduction in eastern
Pacific SST anomalies during recently observed El Nifio
events has been accompanied by changes in the ITCZ
behavior—the ITCZ is less likely now to cross the
equator during warm events (Fig. 1). This relation also
holds in our numerical experiments. While SST anom-
alies remain meridionally symmetric with respect to the

equator in the perturbed runs (not shown), the ITCZ
movements are more confined to the NH in the per-
turbed runs (Fig. 6): the frequency of the ITCZ crossing
the equator decreases from ~8 per century in the control
run to essentially no crossing in the NH-15/SH-5 run and
to about 2 to 3 crossings per century in the NH+30/SH-10
and NH+40/SH-12 runs.

The similarity between the simulated ENSO changes
in the perturbation experiments and the observed
changes since the year 2000 suggests that the observed
strengthening of zonal as well as cross-equatorial winds
could have been responsible for the ENSO cycle shifts
around year 2000. Note that our induced zonal wind
change in the NH-15/SH-5 run is approximately of the
same magnitude as the observed zonal wind change
while the imposed meridional wind change in NH+40/
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FIG. 6. Precipitation anomalies averaged over the eastern tropical Pacific (150°-90°W) as a
function of latitude and time, for (a) the control run and (b)—(d) the perturbation experi-
ments. Only model years 1000 to 2000 are shown for clarity. Whereas SST anomalies in the
perturbed runs are still nearly symmetric with respect to the equator (not shown), precipi-
tation anomalies are now more confined to the Northern Hemisphere due to the imposed

forcing and the shift in El Nifio characteristics.

SH-12 run is almost double the observed value based on
the trend for 1979-2014. This suggests that in nature the
effect of the meridional wind strengthening on ENSO
might be generally weaker, though still important, than
the contribution from the zonal wind strengthening.

b. Analyzing the key mechanisms: The Bjerknes
stability index

Within the recharge—discharge oscillator framework,
Jin et al. (2006) proposed to use a stability index to
quantify the net strength of major feedbacks affecting

SST in the eastern/central equatorial Pacific as part of
the ENSO cycle. This index, referred to as the Bjerknes
stability index (/gj), has been employed to explain
changes in ENSO cycles in both observations (Liibbecke
and McPhaden 2013, 2014) and GCMs (Kim and Jin
2011b; Manucharyan and Fedorov 2014). Here we use
the Bjerknes index to diagnose the causes of weaker east-
ern Pacific SST anomalies in the perturbed runs, corre-
sponding to the shift of the dominant El Nifio “flavor” from
EP to CP. The Ig; index definition in this study closely
follows the notations of Manucharyan and Fedorov (2014),
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TABLE 1. Definitions of key parameters used in the computation
of the Bjerknes index Ig;. We use angle brackets to indicate taking
a volume average from the ocean surface to the base of the mixed
layer over the Nifio-3 region; we also use square brackets to indi-
cate taking a volume average over the entire equatorial Pacific
(150°E-90°W), not just the Nifio-3 region.

Parameter Definition
Ka [7] = o (T")
Bll <u/> = Bl[[T,/t]
B (W) =—=B,[7.]
Bn (h') = Bul7.]
an (A (W) T5om) = an(h')
a 0, = —ay(T)
_ (@ _(=2yv) (A (W)w) T
2IBJ _as - L_ L2 H MaBu E
x y m

1)

where T denotes SST, 7, is zonal wind stress, A is ther-
mocline depth, and u, v, and w are the zonal, meridional,
and vertical velocity components, respectively. Overbars
denote climatological time mean values; angle brackets
indicate taking a volume average from the ocean sur-
face to the base of the mixed layer over the Nifio-3 re-
gion; when defining some of the equation parameters
(Table 1), we also use square brackets to indicate
taking a volume average over the entire equatorial
Pacific (150°E-90°W), not just the Nifio-3 region. We
also use primes to indicate anomalies relative to time-
mean values. The length scales L, and L, give the zonal
and meridional extent of the averaging region while H,,
represents the mixed layer depth (50 m). Our conclu-
sions remain qualitatively similar if we modify the zonal
or meridional extent of volume averaging. We refer the
reader to Jin et al. (2006), Kim and Jin (2011a), and
Manucharyan and Fedorov (2014) for further details.
Parameters «,, wq Bu» Bw, Bn, and a; are sensitivity
parameters estimated from the observations using a least
squares linear regression method (Table 1). Parameter a
describes the SST thermal damping strength; u, describes
the basinwide zonal wind stress response to eastern
Pacific SST anomalies; B,, 8., and B, describe the re-
sponse of eastern Pacific zonal current, upwelling, and
thermocline depth, respectively, to equatorial zonal wind
stress anomalies; a; describes the subsurface (50m)
temperature response to thermocline movement, which
depends on ocean stratification around the thermocline.
Accordingly, the terms on the right-hand side of
Eq. (1) represent thermal damping, dynamical damping
by mean zonal and meridional currents and by mean
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upwelling, and the zonal advection, Ekman, and ther-
mocline feedbacks. The last term arises from the cou-
pling between eastern Pacific SST and western Pacific
thermocline depth (Jin 1997; Kim and Jin 2011a), where
e is the oceanic damping rate of western Pacific ther-
mocline anomalies. This term is small and remains fairly
constant across different experiments, and as such is
omitted from the analysis.

For the control run, we obtain a slightly positive sta-
bility index (~0.1yr '), consistent with the notion that
the ENSO cycle is close to being neutrally stable in
the observations and in many GCMs (Fedorov and
Philander 2000; Kim and Jin 2011b). The magnitudes of
all terms contributing to Igj, except for the ¢ term, are
shown for the control run in Fig. 7a. As expected, in the
control run the damping term is dominated by the mean
upwelling dynamical damping (W gamp), followed by the
thermal damping. The zonal advection and thermo-
cline feedbacks contribute to the growth of temperature
anomalies the most while the Ekman feedback con-
tributes much less.

Note that advection by mean meridional current of
anomalous temperature (Vgamp) makes a nontrivial
positive contribution to the growth of eastern Pacific
SST anomalies, consistent with what Hu et al. (2016)
found in an ocean reanalysis (Global Ocean Data
Assimilation System). This positive contribution comes
from the fact that the mean poleward meridional ve-
locity (due to Ekman divergence) in the model acts to
broaden SST anomalies, creating a positive contribution
to SST anomalies when averaged over the Nifio-3 region
(5°S-5°N). This positive contribution is different from
conventional positive feedbacks in the sense that by it-
self it cannot not maintain SST anomaly growth but it
can however contribute to positive feedbacks by warming
SST and weakening the trade winds.

The stability index /gy becomes negative for all per-
turbed runs: its magnitude is approximately —0.64yr '
in the NH-15/SH-5 run, —0.4yr ' in the NH+30/SH-10
run, and —0.62yr ' for the NH+40/SH-12 run. The
corresponding changes in the stability indices and their
contributions from different terms in the perturbed ex-
periments relative to the control are shown in Figs. 7b—d.

c. Changes in damping terms

Let us first examine the NH-15/SH-5 run (i.e.,
changing mean zonal winds). The thermal damping (the
HF term) weakens as a result of mean SST cooling,
which implies a weaker negative latent heat feedback
(due to the exponential dependence of latent heat flux
on SST stemming from the Clausius—Clapeyron rela-
tion) as well as a more positive low cloud feedback
(more low clouds) in the eastern tropical Pacific. The
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FiG. 7. Different terms contributing to the Bjerknes stability
index Ig;. (from left to right) Thermal damping (HF), damping by
mean zonal current (Ugamp), damping by mean meridional current
(Vdamp), damping by mean upwelling (Wqamp), zonal advection
feedback (zonal), Ekman feedback (Ekman), thermocline feed-
back (Thmcline), and the sum of all these terms. Values shown are
(a) for the control run and (b)—(d) the differences between each
perturbed run and the control run. Note the reduction in the zonal
advection (zonal) and thermocline (Thmcline) feedbacks contrib-
utes most to the reduction in /gy in the NH+30/SH-10 and NH+40/
SH-12 runs, in (c) and (d) respectively. Note that the sum is dif-
ferent from Igy by a factor of 2 (see text). The term ¢ in Eq. (1) is
neglected.

term due to anomalous advection by the mean meridi-
onal current (Vgamp) is more positive while the damping
by mean upwelling is more negative in this run. This
partial cancellation is due to the enhancement of both
the mean meridional current and mean upwelling as a
response to the trade wind strengthening. In fact, the
oceanic subtropical cells (STCs) become stronger. Thus,
total damping (thermal damping plus dynamical damp-
ing) actually weakens and hence cannot explain the
weakening of eastern Pacific El Nifio SST anomalies; the
weakening of El Nifio anomalies is then necessarily a
result of weaker positive feedbacks.

Next, let us look at the damping term changes in the
two meridional wind experiments, the NH+30/SH-10
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and NH+40/SH-12 runs. Whereas all major positive
feedback terms become weaker again, the mean damp-
ing terms remain relatively unchanged. The different
responses of the damping terms between the two me-
ridional wind experiments and the zonal wind experi-
ment arise from different mean state changes. As
mentioned in section 2, the equatorial SST changes very
little in the two meridional wind experiments as their
mean zonal wind stress is almost unaffected, which ex-
plains the weak change in the thermal damping strength
(the HF term).

Changes in the mean currents in the meridional ex-
periments are also different from those in the zonal wind
experiment. In the NH-15/SH-5 run, both the NH and
SH subtropical cells strengthen, corresponding to a net
strengthening in mean equatorial upwelling and Ekman
divergence when averaged over 5°S-5°N (not shown).
However, in the two meridional wind experiments, the
mean upwelling and mean Ekman divergence, again
averaged over 5°S-5°N, remain largely unchanged due
to the cancellation between these effects north and
south of the equator. As shown in Fig. 8a, the induced
wind stress curl change is roughly symmetric with re-
spect to the equator. As the Coriolis parameter changes
sign across the equator, the mean upwelling changes are
of opposite sign north and south of the equator and
hence generate almost no upwelling change within the
5°S-5°N band.

The mean meridional current changes are southward
on both sides of the equator in response to the meridi-
onal wind stress changes (Fig. 8b), and they should have
opposite contributions to the growth of equatorial SST
anomalies that peak at the equator [since y changes sign
across the equator in the third term on the right-hand
side of (1)]. Therefore, when averaged over the band
5°S-5°N, the mean meridional advection term (i.e.,
Vdamp) does not change much. The mean zonal current
dynamical damping contributes little in the control run
(Fig. 7a), and the mean zonal current changes again
exhibit opposite signs north and south of the equator,
yielding only a small Ugamp change in Figs. 7c and 7d.

d. Changes in positive feedbacks

Now let us examine the reduction in positive feed-
backs in more detail. Because the Ekman feedback
contributes little in CESM model (Fig. 7a), we focus on
the thermocline feedback and zonal advection feed-
backs. We decompose changes in these two feedbacks
into their main components (Fig. 9). To the first order,
the relative change in each positive feedback (in per-
cent) is equal to the sum of relative changes in its
constituting components [(dz/z) = (dx/x) + (dyly) for

z = xy].
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FIG. 8. Induced mean anomalies in (a) mean wind stress (vectors)
and wind stress curl (color shading), (b) meridional streamfunction
(colors) averaged between 120°E-80°W, and (c) eastern Pacific
subsurface mean temperature (colors) averaged between 150°-
90°W in the NH+30/SH-10 experiment relative to the control.
Contours in (b) and (c) indicate the corresponding climatology
from the control run, which shows the Pacific subtropical cells
(STCs) and the upper ocean thermocline. Note that the mean
equatorial upwelling changes very little. The generally contour-
clockwise STC response explains the small changes in Wqamp and
Vdamp in Fig. 7c. Similar results can be obtained for the NH+40/
SH-12 run.

Surprisingly, the atmospheric sensitivity parameter u,
barely changes even though there is a clear westward
shift of wind stress anomalies (not shown), accompa-
nying the westward shift in SST and precipitation
anomalies (Fig. 5). On the other hand, changes in
B coefficients contribute to both positive feedbacks the
most. Previous studies using ocean reanalysis products
have argued that the shift in ENSO after the year 2000 is
associated with a weakening of u, (i.e., the sensitivity of
zonal wind anomalies to SST anomalies) and 3, (i.e., the
sensitivity of thermochline depth anomalies to zonal
wind anomalies) after year 2000 (e.g., Liibbecke and
McPhaden 2014), which is different from what we see
here. The westward shift of wind stress anomalies could
only partially cause the decrease in B, (i.e., the sensi-
tivity of zonal current anomalies to zonal wind anoma-
lies) and B;, by reducing the local component of zonal
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current anomalies and increasing the propagation dis-
tance and hence the damping of Kelvin waves. The
weaker stratification, however, is expected to increase
By following a simple 1.5-layer shallow-water model
argument: the ratio between thermocline depth varia-
tions (VA4) and sea surface height variations (V7) should
increase according to the relation Vi = —[p1/(p2 — p1)]V7,
where /1 and ) are anomalies in the thermocline depth
and sea surface height respectively, and p; and p, de-
note the densities of the active upper layer and the
motionless deeper layer in the shallow-water model.

Yet, Dewitte (2000) and subsequent studies (e.g.,
Thual et al. 2013) argue that a weaker stratification
could weaken the thermocline feedback through the
reduction of the efficiency of mechanical energy transfer
from the winds to ocean motion, especially for oceanic
baroclinic modes 2 and 3 (i.e., the projection coefficient
P, in their studies). This efficiency decrease would affect
both our B, and B;, as we define them as regressions of
zonal current and thermocline depth anomalies onto
wind stress anomalies. The meridional scale and zonal
fetch of wind stress anomalies could potentially also
influence B, and B, by influencing this transfer effi-
ciency. Further studies are needed to fully address these
questions, which goes beyond the scope of this paper.
[See Brown and Fedorov (2010) and Brown et al. (2011)
for a detailed discussion of the wind energy transfer
efficiency in GCMs which depends on various factors
from ocean stratification and thermocline depth to the
details of friction parameterization in the models.]

Earlier studies often assert that enhanced upwelling
would increase the thermocline positive feedback (e.g.,
Collins et al. 2010), which is indeed observed in Fig. 9d
for our NH-15/SH-5 run. However, (W) also decides the
mean upwelling damping term (Wgamp = — (w)). The net
contribution from enhanced upwelling is clearly nega-
tive in our NH-15/SH-5 run.

As already mentioned above, changes in the mean
ocean temperature field, especially vertical stratifica-
tion, directly influence positive feedbacks through the
terms including (97/0x) and a;, in the Bjerknes index
definition [Eq. (1)]; in addition, they can influence the
equatorial wave dynamics (and hence B, and ;)
through the efficiency of wind energy transfer to the
thermocline (Dewitte 2000; Brown and Fedorov 2010;
Brown et al. 2011). These two terms represent the mean
state change, and it is worth looking into the causes of
their changes. In the NH-15/SH-5 run the zonal tem-
perature gradient change largely results from the ther-
mocline deepening in the west induced by the enhanced
zonal wind stress. The weaker eastern Pacific stratifica-
tion also results from the equatorial zonal wind change
and induces a strong surface cooling (Fig. 4).
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In the two meridional wind experiments, the zonal
and vertical temperature gradient change might be
due in part to the residual zonal wind stress as com-
mented above. However, a better understanding could
be gained if we examine an eastern Pacific meridional
section (Fig. 8c, here an average between 150°-90°W
is used). The mean temperature change along this sec-
tion exhibits a quadrupole pattern with cooling south of
the equator and warming north of the equator near the
ocean surface, but an opposite pattern at around the
depth of the thermocline. Apparently, the near-surface
temperature changes arise as a direct response to the
induced wind stress changes and heat flux forcing:
cooling south of the equator is due to the intensified
winds and imposed negative heat flux, while the oppo-
site is true north of the equator. The temperature
changes at depth are dynamically consistent with the
induced mean anomalies in wind stress curl (Fig. 8a) and
the subtropical cells (Fig. 8b): a positive change in wind
stress curl induces downwelling (upwelling) anomalies
south (north) of the equator and hence positive (negative)
mean temperature anomalies around the thermocline.

Note however that the quadrupole pattern is not
perfectly symmetric: the temperature anomaly north of
the equator is shallower than that south of the equator.
Recall that temperature anomalies resulting from
anomalous upwelling/downwelling should be located
around the depth of mean vertical temperature gradient
maximum (i.e., the thermocline). Therefore, the tem-
perature anomalies being shallower north of the equator
is a result of the mean thermocline being shallower
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FIG. 9. Decomposing relative changes (in percent) of the two main positive feedbacks into key components.
(a)-(c) Decomposition of the zonal advection feedback w,8,(dT/dx). (d)—(f) Decomposition of the thermocline

feedback p,B,a; (W/H,,). Note that —(9T/ax) is shown in (a)-(c).

there, which in turn results from a large climatological
wind stress curl (and mean upwelling) associated with
the ITCZ. When averaged over the equatorial band
(5°S-5°N), this asymmetry in the mean temperature
change yields the cold core right above the thermocline
in the eastern equatorial Pacific seen in Fig. 4. On the
other hand, as the mean temperature field is quite
symmetric with respect to the equator in the western
Pacific, temperature anomalies there have similar depth
(not shown), which explains why the cold mean tem-
perature anomalies are confined to the eastern Pacific.

In short, the asymmetry in mean temperature changes
in response to the imposed forcing is due to the spatial
asymmetry in the climatological temperature field as-
sociated with the northerly mean position of the ITCZ.
Another factor contributing to the weakened stratifica-
tion in the eastern equatorial Pacific (Fig. 4) is a signif-
icant warming below the thermocline (Fig. 8c). We do
not have a clear explanation for this broad warming
but suspect that it might be due to the advection by the
mean Equatorial Undercurrent of positive temperature
anomalies that originated south of the equator.

To summarize, our analysis suggests that the weak-
ening of the oceanic sensitivity parameters contributes
most to the ENSO cycle shift in all of our perturbed
runs, in part consistent with what was found for the
ocean reanalysis products (Liibbecke and McPhaden
2014). However, the strengthening of the zonal tem-
perature gradient and the weakening of the ocean
stratification in the eastern equatorial Pacific might be
what initiates the weakening of the advection and
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FIG. 10. Hovmoller diagrams showing SST anomalies (in °C) of El Nifio composites for (a) the control run and (b)—(d) the perturbed
runs. Green contours denote 28°C isotherms (the warm pool eastern edge). Time runs from top to bottom (1 = January; 12 = December).
Note the stronger El Nifio amplitude, greater eastward expansion of the warm pool during the event peaks, and subtle differences in the
direction of anomaly propagation in the control run as compared to the perturbation experiments.

thermocline feedbacks and finally leads to the westward
shift of the ENSO-related SST/wind stress/precipitation
anomalies. (As part of the changes, the ITCZ is forced to
stay north of the equator.) The cause of the (47/6x) and
a,, change is thermocline steepening and surface cooling
in the NH-15/SH-5 run but is more complicated in the
NH+30/SH-10 and NH+40/SH-12 runs.

4. Discussion and conclusions

By imposing surface anomalous heat fluxes in targeted
regions in the tropical/subtropical Pacific, we are able
to alter (separately) mean equatorial zonal winds and
cross-equatorial meridional winds in a comprehensive
coupled GCM (CESM). When negative heat fluxes are
imposed on both sides of the equator (the NH-15/SH-5
experiment), only the mean equatorial zonal wind
strengthens. When heat fluxes of opposite signs are im-
posed, only the cross-equatorial wind strengthens. It is
shown that the ENSO cycle exhibits qualitatively similar
changes for both types of perturbations to the mean
state, reducing El Nifio amplitude, and affecting the
location of maximum SST anomalies and the ITCZ
behavior; although in our experiments the zonal wind
effect is generally stronger than the meridional wind

effect, given comparable magnitudes of the imposed
wind changes. Some of the effects of such wind changes
on ENSO are highlighted by the resulting differences
in the typical evolution of El Nifio events (Fig. 10),
including a weaker El Nifio amplitude, smaller eastward
expansion of the warm pool during the peak of the
events, and subtle differences in the direction of anom-
aly propagation in the perturbed experiments relative to
the control.

Weaker eastern Pacific SST El Nifio anomalies in both
types of experiments are accounted for by the weaken-
ing of the positive Bjerknes feedback, which in turn re-
sults largely from the weakening of oceanic sensitivities
to wind stress. The westward shift of wind stress anom-
alies partially explains the reduction in B, (the zonal
current sensitivity) and B, (the thermocline depth sen-
sitivity). The weaker stratification, however, can explain
the decrease in B; only if we invoke the argument of
wind energy transfer to higher baroclinic modes (modes
2 and 3), which is not included in the 1.5-layer shallow-
water model. Other factors such as the meridional scale
and zonal fetch of wind stress anomalies might also
contribute to the decrease in 3.

Ultimately, this study implies that the observed zonal
winds strengthening over the past three decades,
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together with the meridional trade wind strengthening,
could have contributed to the documented shift in
ENSO cycle and the diversity of El Nifio events after the
year 2000. Likewise, the weakening of those winds may
have been responsible for the ENSO shift of the late
1970s. Comparing the magnitudes of the imposed wind
changes with the observations of the past several de-
cades suggests that a larger contribution to the observed
ENSO cycle change may have come from the zonal wind
strengthening and a smaller, albeit important, part from
the meridional wind strengthening. Quantifying the ex-
act ratio of the two effects is difficult because different
periods of observations and different datasets give dif-
ferent values of cross-equatorial wind increase [see
supplementary Fig. 2 of Hu and Fedorov (2018)] and
because model biases result in too weak background
cross-equatorial winds. Thus, changes in both wind
components should be monitored to understand and
anticipate decadal modulations in ENSO, especially
if cross-equatorial winds continue to strengthen with
global warming. Debates continue on whether the ob-
served modulations in ENSO result from internal var-
iability of the tropical ocean—atmosphere system, are
externally forced through changes in the mean state of
the tropical Pacific, or just happen at random. At the
very least, this study demonstrates that changes in
mean zonal and meridional winds of realistic magni-
tudes can lead to ENSO changes comparable to the
observed.

Itis noteworthy that the mean state changes in the two
meridional wind experiments are qualitatively similar,
but have an opposite sign, to changes induced in the
Pacific Ocean within hosing experiments causing the
collapse of the Atlantic meridional overturning circu-
lation (e.g., Zhang and Delworth 2005; Dong and Sutton
2007; Timmermann et al. 2007). In those experiments
weakened cross-equatorial winds corresponded to a
stronger ENSO, whereas in our experiments enhanced
cross-equatorial winds correspond to a weaker ENSO.
This is also consistent with the idea of a remote Atlantic
forcing causing the observed ENSO cycle shift (Hu and
Fedorov 2018; Levine et al. 2017; Kang et al. 2014;
Williamson et al. 2018; Zanchettin et al. 2016).

Our findings are also relevant to the topic of ENSO
future response to global warming, which remains hotly
debated in view of the delicate balance among various
amplifying and damping feedbacks (e.g., Collins et al.
2010; DiNezio et al. 2012; Stevenson 2012; Capotondi
et al. 2015) and the difficulty of separating forced ENSO
changes from internal changes (Wittenberg 2009;
Wittenberg et al. 2014). As climate response to anthro-
pogenic global warming is expected to be somewhat
different in the two hemispheres, with the NH warming
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faster than the SH (Flato and Boer 2001; Xie et al. 2010),
the resulting enhanced north-south asymmetry could
induce a stronger background meridional wind, leading
to a weaker ENSO cycle and more frequency CP events.
However, an enhanced eastern equatorial warming pat-
tern, seen in GCM greenhouse-warming simulations
(Knutson and Manabe 1995; Meehl et al. 2000; Liu et al.
2005; DiNezio et al. 2009; Xie et al. 2010), may coun-
teract the cross-equatorial wind response. In fact, there is
no agreement across the models on the future changes in
cross-equatorial winds (Hu and Fedorov 2018). At the
same time, the anticipated eventual weakening of the
Walker circulation and trade winds (e.g., Vecchi and
Soden 2007; DiNezio et al. 2009) may change the ENSO
cycle in the opposite direction with an uncertain net result.

Another important issue complicating future ENSO
projections is related to persistent model biases. As
mentioned earlier, GCMs tend to overestimate the
equatorial easterly winds (Bellenger et al. 2014; Burls
et al. 2017) while underestimating the cross-equatorial
southerly winds (Hu and Fedorov 2018), which results in
the equatorial cold tongue penetrating too far west and
in the mean state being too symmetric with respect to
the equator. While these two GCM biases may partially
cancel the effects of each other on ENSO simulations,
the resultant error compensation may distort the physics
of both present and future El Nifio. Eliminating such
model biases will be necessary to improve our confi-
dence in climate projections.
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