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ABSTRACT

The South Pacific convergence zone (SPCZ) exhibits well-known spatial displacements in response to
anomalous sea surface temperatures (SSTs) associated with the El Nifio-Southern Oscillation (ENSO).
Although dynamic and thermodynamic changes during ENSO events are consistent with observed SPCZ
shifts, explanations for these displacements have been largely qualitative. This study applies a theoretical
framework based on generalizing arguments about the relationship between the zonal-mean intertropical
convergence zone (ITCZ) and atmospheric energy transport (AET) to 2D, permitting quantification of SPCZ
displacements during ENSO. Using either resolved atmospheric energy fluxes or estimates of column-
integrated moist energy sources, this framework predicts well the observed SPCZ shifts during ENSO, at least
when anomalous ENSO-region SSTs are relatively small. In large-amplitude ENSO events, such as the 1997/
98 El Nino, the framework breaks down because of the large change in SPCZ precipitation intensity. The
AET framework permits decomposition of the ENSO forcing into various components, such as column ra-
diative heating versus surface turbulent fluxes, and local versus remote contributions. Column energy source
anomalies in the equatorial central and eastern Pacific dominate the SPCZ shift. Furthermore, although the
radiative flux anomaly is larger than the surface turbulent flux anomaly in the SPCZ region, the radiative flux
anomaly, which can be viewed as a feedback on the ENSO forcing, accounts for slightly less than half of SPCZ
precipitation anomalies during ENSO. This study also introduces an idealized analytical model used to
illustrate AET anomalies during ENSO and to obtain a scaling for the SPCZ response to an anomalous
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equatorial energy source.

1. Introduction

The South Pacific convergence zone (SPCZ) is a di-
agonally oriented band of precipitating deep convection
extending from the equatorial western Pacific to the
Southern Hemisphere (SH) midlatitudes of the central
Pacific (see Fig. 1). SPCZ precipitation exhibits sig-
nificant variability across a range of time scales, with
this variability having significant implications locally and
remotely. The SPCZ strongly impacts the human and
natural systems of many island nations in the South Pacific
(Murphy et al. 2014). For example, the poleward edge of
the SPCZ represents a location for tropical cyclogenesis,
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with changes in SPCZ position or intensity modulating
tropical cyclone formation, tracks, and intensity (Vincent
et al. 2011). Moreover, variability within the SPCZ may
induce variability in the middle and high latitudes of the
Southern Hemisphere via atmospheric teleconnections
(Clem and Renwick 2015).

The El Nifio-Southern Oscillation (ENSO) accounts
for much of the observed interannual variability of SPCZ
rainfall (Trenberth 1976; Folland et al. 2002; Widlansky
et al. 2011). Matthews et al. (1996) and Matthews (2012)
further demonstrated variability of SPCZ rainfall on
intraseasonal time scales related to the occurrence of
active phases of the Madden-Julian oscillation (MJO)
in the vicinity of Indonesia, while Niznik et al. (2015)
emphasized the role of synoptic-scale interactions with
SH midlatitude disturbances. In fact, the variability of
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FIG. 1. SPCZ region precipitation climatology from CMAP (line
contours; in units of mm day ') and precipitation composite
difference for El Nifio minus La Nifia conditions (shading; in
mm day ') for DJF. Stippling indicates grid points for which the
differences are significant at the 99% level according to Welch’s
t test. The black line denotes the cross-SPCZ transect along which
precipitation is sampled in subsequent figures.

SPCZ convection often reflects interactions across
multiple time scales; for example, the phase of ENSO
or the MJO may modify the behavior of synoptic-scale
interactions with SPCZ convection (Matthews 2012).
Kidwell et al. (2016) examined various metrics for
characterizing SPCZ variability (e.g., intensity, areal
extent, centroid latitude) and found that these metrics
behave differently depending on the time scale of the
variability.

SPCZ variability in response to ENSO, the primary
focus of this study, has been typically interpreted in
terms of spatial displacements of the entire SPCZ
rainband or its axis of maximum precipitation. However,
studies have drawn somewhat different conclusions about
the nature of these SPCZ displacements. For example,
Salinger et al. (2014) identify eastward displacements of
the SPCZ from sea level pressure data on the order
of 1°-3° during El Nifio and westward displacements
of similar magnitude during La Nifia. On the other
hand, Haffke and Magnusdottir (2013) suggest that,
while the SPCZ shifts primarily northward during El
Nifio events, it also frequently assumes a more zonal
orientation. During some El Nifio events, the SPCZ
and eastern Pacific intertropical convergence zone
(ITCZ) effectively merge near the equator, leading to
so-called zonal SPCZs, while in others the SPCZ and
ITCZ remain distinct (Vincent et al. 2011; Borlace et al.
2014). Choi et al. (2015) applied an iterative procedure
to decompose tropical Pacific precipitation anoma-
lies during ENSO into meridional and zonal shifts
and concluded from this that more than 90% of the
anomalous precipitation signature during ENSO can
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be attributed to such displacements, as opposed to
changes in precipitation intensity or amplitude. An-
alyzing a multidecadal record of twentieth-century
SPCZ displacements recorded in sea surface salinity,
Juillet-Leclerc et al. (2006) show that prior to 1970,
the SPCZ experienced relatively few ENSO-related
spatial displacements, but since that time such dis-
placements have become more commonplace.

Forcing of SPCZ precipitation by ENSO has been
attributed to both anomalous sea surface temperatures
(SSTs) and associated atmospheric processes (Lorrey
et al. 2012). One way of understanding the SST impact
is through regulation of low-level moist static energy
(MSE). In particular, during El Nifio events, when SSTs
are anomalously warm throughout the eastern and cen-
tral equatorial Pacific, low-level MSE increases through
the effect of increases in both temperature and moisture
in the boundary layer (Neelin and Held 1987). Enhanced
low-level MSE during El Nifio may be expected to
support precipitating deep convection in the otherwise
climatologically unfavorable region for deep convection
(in a thermodynamic sense) located to the northeast of
the SPCZ. Takahashi and Battisti (2007) and Lintner and
Neelin (2008) also highlight the potential role of south-
easterly trade wind variability, particularly in determin-
ing the position of the eastern margin of the SPCZ: with
the slackened trades during El Nifio, horizontal advection
of relatively low MSE (cool and dry) air into the SPCZ
from the southeastern tropical Pacific is suppressed,
which supports convection occurring to the east of its
mean position. Other studies, particularly at high fre-
quencies, have emphasized upper-level forcing asso-
ciated with extratropical-tropical interactions, Rossby
wave dynamics, and equatorial waves (Matthews et al.
1996; Widlansky et al. 2011; Matthews 2012)

While past work has no doubt provided much in-
sight into potential physical mechanisms underlying
the SPCZ spatial displacements, many of the studies
have been largely qualitative. What we seek is a more
quantitatively oriented framework to address how much
the SPCZ shifts in response to ENSO forcing. Further-
more, we aim eventually to develop a theory that pre-
dicts these shifts given the ENSO-related changes in
SST, rather than merely diagnosing them from variables
such as MSE that already include the atmospheric re-
sponse. To that end, in this study, we diagnose SPCZ
displacements associated with ENSO in the context of
divergent atmospheric energy transport (AET), fol-
lowing an approach developed by Boos and Korty
(2016), hereafter BK2016. As we discuss further in
section 4, the BK2016 framework generalizes to two
dimensions (latitude and longitude) prior vertically in-
tegrated energy budget theories for the latitude of the
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zonal-mean ITCZ position (e.g., Broccoli et al. 2006;
Kang et al. 2008; Donohoe et al. 2013; Bischoff and
Schneider 2014). A related energy-budget perspective
on zonally varying meridional shifts in the ITCZ was
presented by Adam et al. (2016).

To be clear, theory relating precipitation changes
to column energy sources via the vertically integrated
atmospheric energy budget dates back to Neelin and
Held (1987), who used that framework to understand
aspects of the atmospheric changes occurring during
ENSO; the Neelin—-Held framework, however, em-
phasized the control of precipitation by local changes
in both column energy sources and a moist stability
(the ““gross moist stability’’). More recent energy budget
frameworks, including BK2016, quantify rainfall spa-
tial displacements in response to remote changes in
column energy sources and do not require specifica-
tion of a gross moist stability; these frameworks are,
however, more limited in that they quantify only
precipitation shifts and not changes in precipitation
amplitude.

Despite such limitations, we choose to apply an
energetics framework here because it goes beyond the
more qualitative notion of the SPCZ rainfall shifting
in response to, for example, upstream MSE or trade
wind perturbations, as in previous studies. Under this
framework, it is possible to diagnose ENSO-related
SPCZ displacements in terms of contributions from
component processes or mechanisms, such as surface
turbulent fluxes versus column radiative fluxes, as we
show further below. Note that our emphasis on AET
does not exclude the potentially important contribu-
tion of ocean dynamics in generating the distribu-
tion of tropical rainfall, as suggested by studies using
coupled ocean—atmosphere models (Kang et al. 2018).
However, our work contrasts with previous studies
that quantified ocean feedbacks on the atmospheric
response to exogenous forcings (e.g., Green and
Marshall 2017; Schneider 2017) in that we essen-
tially use the atmospheric energy budget to obtain the
tropical rainfall response caused by the ocean dy-
namical changes occurring in ENSO. In other words,
we seek the direct atmospheric response to a given
change in ocean surface evaporation, as well as the
indirect atmospheric response resulting from radia-
tive feedbacks on that ocean forcing. More generally,
our approach provides an example of how energetic
constraints can be useful in elucidating and inter-
preting regional climate variability, which echoes the
recommendation of a recent review by Biasutti et al.
(2018) for continuing applications of such constraints
to diagnose the behavior of monsoon systems and
regional rainbands in the tropics.

LINTNER AND BOOS

1841

TABLE 1. CPC classifications of DJFs by ENSO phase. Years
indicated correspond to January (e.g., 1980 is December 1979-
February 1980). Strong El Nifio DJFs, with ONI values above 2°C,
are indicated in bold.

Phase (No. of DJFs)
El Nifio (13)

DIJF years

1980, 1983, 1987, 1988, 1992, 1995, 1998,
2003, 2005, 2007, 2010, 2015, 2016
1981, 1982, 1986, 1990, 1991, 1993, 1994,
1997, 2002, 2004, 2013, 2014
1984, 1985, 1989, 1996, 1999, 2000, 2001,
2006, 2008, 2009, 2011, 2012

Neutral (12)

La Nina (12)

2. Data

We analyze observed monthly-mean precipitation
data from the Climate Prediction Center (CPC) Merged
Analysis of Precipitation (CMAP; Xie and Arkin 1997),
provided by NOAA/OAR/ESRL PSD, Boulder, Colo-
rado, from their website at http://www.esrl.noaa.gov/psd
for austral summer [December—February (DJF)] 1979-
2016. Austral summer is the season during which SPCZ
convection is most intense and its areal extent is maxi-
mized (Vincent 1994). Austral summer also corresponds
to the season when ENSO events typically reach
maturity. We distinguish DJFs based on ENSO phases
defined according to the oceanic Nifio index (ONI),
and following the CPC phase categorizations for 3-month
intervals, summarized in Table 1. DJFs are designated
by the year of January (e.g., 1980 refers to December
1979-February 1980). Apart from spanning a range of
ONI values, the ENSO events analyzed here encom-
pass different flavors of ENSO, the so-called eastern
Pacific (EP) and central Pacific (CP) types (Kao and
Yu 2009). The richness of ENSO diversity should be
kept in mind when interpreting the SPCZ or other
regional responses, as details such as the spatial dis-
tribution of SST anomalies during ENSO events may
exert a strong impact on the regional manifestation of
ENSO-related variability (Capotondi et al. 2015; Yeh
et al. 2018).

We obtain atmospheric energy fluxes from ERA-Interim
(Dee et al. 2011), the most recent reanalysis of the
European Centre for Medium-Range Weather Fore-
casts (ECMWF). Specifically, we use monthly mean
atmospheric moist energy fluxes, vertically integrated
over the full depth of the atmosphere, for 1979-2016,
as provided by the National Center for Atmospheric
Research (http:/climatedataguide.ucar.edu/climate-data/
era-interim-derived-components). These fluxes are derived
from 6-hourly estimates of the atmospheric state after
eliminating the residual from the vertically integrated,
time-dependent mass budget for each 6-hourly state
estimate by subtracting a barotropic wind from the
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horizontal wind at each level (Trenberth 1997; Trenberth
et al. 2001). Doing so eliminates any column-integrated
mass budget residual caused by analysis tendencies,
sampling, or numerics via a barotropic correction; the
corrected winds are then used to calculate vertically
integrated, monthly mean atmospheric energy fluxes.
For reference, we note that previous studies have
documented the magnitude of the column-integrated
energy budget residuals in ERA-Interim. In the global
mean, the mass-adjusted energy budget residual in the
ERA-Interim reanalysis itself is 8§ Wm ™2 (Berrisford
et al. 2011); Trenberth et al. (2001) found that the
native model-level column-integrated energy flux di-
vergence could be replicated to within about 2 W m >
over ocean. We use vertically integrated energy fluxes
computed via the Trenberth et al. methodology, and so
expect a similar level (i.e., on the order of 10 Wm™?) of
error. Residuals of this size are modest compared to
anomalies on the order of 50 Wm ™2 in surface and ra-
diative fluxes that occur during ENSO (see Fig. 10).

Here we consider averages of monthly mean fluxes of
total energy (including latent heat and kinetic energy)
over DJF of El Nifio and La Nifia years to obtain the
respective composites. The same procedure is used to
obtain the vertically integrated fluxes of dry static en-
ergy and of moisture. We also use estimates of the source
of moist energy to each atmospheric column, as given
in ERA-Interim. As described in the next section,
this source comprises the sum of surface sensible heat
flux, surface latent heat flux, and net radiative flux
convergence integrated over the depth of the atmo-
sphere. Unlike the energy fluxes described in the
previous paragraph, which are obtained from ana-
lyzed winds, temperature, humidity, and pressure,
this column energy source is less directly constrained
by observations.

In several of our analyses presented below, we as-
sess statistical significance through an iterative boot-
strapping procedure. In each iteration, we perform the
selected analysis using a random sampling of four El
Nifio events and four La Nifia events; 2000 iterations
are obtained and the result of an analysis at a partic-
ular horizontal point is deemed statistically significant
when the 2.5th and 97.5th percentiles of the sampling
distribution have the same sign. Note that because of
the small number of ENSO events involved, this procedure
may overestimate significance, but the conclusions of our
analysis are unlikely to be impacted by this.

3. Overview of the SPCZ response to ENSO

Figure 1 illustrates the austral summer composite dif-
ference of CMAP precipitation for El Nifio minus La
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Nifia phase conditions (shading); for reference, the DJF
climatology over all years is also depicted (line contours).
The composite difference exhibits the well-known spatial
pattern of ENSO in the Pacific region, with anomalously
high precipitation close to the equator over the central
and eastern Pacific and anomalously low precipitation
in the surrounding “‘horseshoe’ over the western Pacific.
The leading mode of an empirical orthogonal function
analysis over this region yields a spatial pattern very
similar to Fig. 1 (not shown). Within the SPCZ spe-
cifically, positive and negative anomalies occur, re-
spectively, to the northeast and southwest of the axis
of highest climatological DJF rainfall.

To further quantify and interpret the SPCZ response
to ENSO, we analyze the behavior of the precipitation
sampled along the cross-SPCZ transect highlighted in
Fig. 1. The behavior described below is relatively in-
sensitive to the precise orientation or location of this
transect, as long as it crosses the core of the SPCZ
equatorward of 15°S. Poleward of this latitude, the slope
of the SPCZ (i.e., the change in the rainband’s latitude
with longitude) is steeper and the maximum rainfall is
reduced, as seen by the more north-south orientation of
the climatological isohyets. This portion of the SPCZ is
subject to stronger influences from transient mid-
latitude disturbances than is the more tropical portion
(Niznik and Lintner 2013; van der Wiel et al. 2015;
Niznik et al. 2015).

Figure 2a illustrates the interannual time series of
standardized DJF ONI (black), maximum precipitation
rates along the cross-SPCZ transect (MAX; green)
and locations of the maximum precipitation along the
transect (LOC; orange). Each time series is standardized
by normalizing by its interannual standard deviation
and is thus dimensionless. Both MAX and LOC covary
with ONI (r = 0.62 and r = 0.77, respectively; p < 0.01):
for a +1-K anomaly in ONI, MAX increases by
1.3mmday ', while LOC moves 1.5° to the east and 1.1° to
the north along the transect. MAX and LOC are, of course,
mutually significantly correlated (r = 0.58, p < 0.01).
However, the quantitative sensitivities of the responses
of SPCZ intensity and location to ENSO vary with the
amplitude of ONI anomalies. In particular, excluding
from the regression the three largest El Nifio events over
the period analyzed (i.e., 1983, 1998, and 2016) decreases
the correlation between MAX and ONI (r = 0.46; p <
0.01) and reduces the regression slope (1.0mmday ' K1),
while the correlation of LOC and ONI remains approx-
imately the same, with a slight increase in the regression
slope (1.6° longitude K™ 1). It is worth noting the rather
large negative excursion of LOC in 2000, which occurred
under La Nifia conditions. During this particular DJF, the
rainfall over the SPCZ region was anomalously low, and
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FIG. 2. ENSO variability along the SPCZ transect. (a) Standardized
anomalies of ONI (black), maximum precipitation rate along the
transect (green), and location of the maximum precipitation (or-
ange). For the latter, positive (negative) anomalies correspond to a
more northeastward (southwestward) location. (b) Composites of
along-transect precipitation (solid lines) for ENSO neutral years
(gray), El Nifio years (red), and La Nifia years (blue). Also shown is
the composite of precipitation for the three strongest El Nifio
events, 1983, 1998, and 2016 (red line with squares). Dashed red
and blue lines correspond to shifts of the neutral condition com-
posites that best approximate, respectively, the El Nifio and La
Nifa phase composites.

the precipitation along the transect exhibited two maxima.
Because the more westward (poleward) maximum ex-
ceeded the more eastward (equatorward) maximum,
LOC in 2000 is determined by the westward maximum,
although the eastward maximum is closer to the location
of peak rainfall during other La Nifia events. Defining a
weighted location would reduce the prominence of this
particular anomaly.

Composites of the cross-SPCZ transect rainfall pro-
files for neutral, El Nifio, and La Nifia years are depicted
in Fig. 2b. For comparison, we have also shifted the
neutral year profile along the transect by an amount that
minimizes the root-mean-square difference with respect
to either the El Nifio or La Nifia composite profiles
(dashed lines). Overall, shifting the neutral phase pro-
files agrees well with the profiles occurring during El
Nifio or La Nifia conditions, although the shifted profile
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underestimates the amplitude during El Nifio and over-
estimates it during La Nifa. For the precipitation along
the transect corresponding to the three strongest El Nifio
events (squares), shifting of the neutral phase profile
much less adequately captures the observed behavior, as
the amplitude of the strong El Nifio profile exceeds the
neutral phase profile by ~35%. These results illustrate
the extent to which the SPCZ changes during ENSO
forcing may be viewed as a spatial displacement of
precipitation rather than a change in precipitation in-
tensity: although ENSO affects both the position of
maximum SPCZ rainfall and its intensity, the former
is more strongly affected, especially when the stron-
gest El Nifio events are excluded. Qualitatively, this
simple demonstration agrees with the more general
analysis of the decomposition of tropical Pacific pre-
cipitation anomalies into zonal and meridional shifts
of Choi et al. (2015).

Having quantified the observed SPCZ shifts for ENSO
events, we now turn to application of the quantitative
theory of SPCZ displacements based on constraints
imposed by AET applied in 2D, following BK2016. In
the next section, we review the principal features of this
framework.

4. Review of 2D energy budget constraints

The notion of connecting the position of regions of
tropical rainfall to remote energy sources may be traced
to studies linking meridional shifts in the zonal-mean
ITCZ to interhemispheric imbalances in atmospheric
energy sources, which were developed largely in the
context of paleoclimate (e.g., Chiang and Bitz 2005;
Broccoli et al. 2006). According to this paradigm, the
presence of a positive anomalous energy source in one
hemisphere leads to the development of an anomalous
cross-equatorial Hadley circulation, which acts to re-
duce interhemispheric thermal imbalance through net
export of energy from the warmer to cooler hemisphere.
With anomalous displacement of the rising branch of the
Hadley circulation toward the positive anomalous en-
ergy source, the net flux of dry static energy from the
warmer to the cooler hemisphere is enhanced. Since
the zonal-mean ITCZ lies in the rising branch of the
Hadley circulation, it too migrates toward the heating
anomaly. Current-day observations and paleoclimate
model simulations indicate northward displacement of
the zonal-mean ITCZ of ~3° latitude for every 10"° W
[i.e., 1 petawatt (PW)] of anomalous net southward
energy transport across the equator (Donohoe et al.
2013; Bischoff and Schneider 2014).

Recent efforts, including BK2016 and Adam et al.
(2016), have sought to extend the application of the
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zonal-mean ITCZ-AET framework to two dimensions,
in latitude and longitude, in order to interpret shifts in
regional rainfall features. The motivation for doing so is
that the zonal-mean ITCZ is itself an average over dis-
tinct regional ITCZs and monsoonal/continental pre-
cipitation maxima. Such regional-scale precipitation
maxima may exhibit greater sensitivity to climate forc-
ing than the zonal-mean ITCZ; for example, estimates
of regional shifts derived from paleoproxies for both
the mid-Holocene and Last Glacial Maximum indicate
anomalous meridional excursions of 5° or more, while for
the same periods the zonal-mean ITCZ is estimated to
have shifted by less than 1° latitude (McGee et al. 2014).
Moreover, zonal shifts in precipitation may be as large as
or even exceed meridional shifts, which may greatly affect
the interpretation of localized variations in hydroclimate.

Generalizations of these ideas to two dimensions (Adam
et al. 2016; BK2016) proceed by introducing an MSE
flux potential y, which is related to the (horizontal)
divergence of column-integrated MSE transport via
Poisson’s equation:

V2x =V (hu), 1)

where u is the horizontal wind, & = ¢, T + L,q + ® is the
MSE, ® = gz is the geopotential, g is gravitational ac-
celeration, and (---) indicates mass-weighted vertical
integration over the atmosphere from surface pressure
ps to the top of the atmosphere (at p =0), that
is, (---)=[0*--(dplg). We denote the horizontal di-
vergent component of the column-integrated MSE
transport as (dyx, d,x) = (un, vy), with all derivatives
evaluated in spherical coordinates but written here in
Cartesian coordinates for simplicity.

For a meridional overturning circulation, the ascend-
ing branch of the circulation occurs along an energy flux
equator (EFE), that is, a latitude for which v, =0 and
dyv;, > 0. Similarly, for a zonal overturning circulation,
the ascending branch occurs along an energy flux prime
meridian (EFPM), a longitude for which u, =0 and
dxuy > 0. The essential assumption of the BK2016 frame-
work is that spatial displacements in the tropical pre-
cipitation field follow spatial displacements of the EFE
or EFPM; that is, it is a 2D analog to the zonal-mean
EFE. Thus, for two climate states differing in terms of
the spatial positions of their EFEs and/or EFPMs, a
simple remapping relates the precipitation fields of
the two states:

P2(¢_¢/’A _/\,):Pl((b’/\)' (2)

Here, the latitude and longitude shifts, ¢’ and A’, are
given by
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d)/ = ((750,2 - ¢01)®(A¢ - ‘¢ - ¢0‘1|)’ (3)
A= (’\0,2 - A0,1)®(A)‘ — A —/\0,1|),

where ¢,; and Ag; denote, respectively, the latitude of
the EFE and the longitude of the EFPM in climate state
i, O is the Heaviside function, and A¢ and A\ are zonal
and meridional intervals over which shifts are computed
(i.e., Ap =20° latitude and AA = 80° longitude specify
the range of influence of the EFE or EFPM shifts). Note
that ¢,; and Ag; are functions of longitude and latitude,
respectively. Under conditions for which multiple EFEs
exist at a given longitude, a mean ¢’ is computed; mul-
tiple EFPMs at a given latitude are treated analogously.
While Eq. (1) provides a direct approach for comput-
ing x, and hence the divergent AET, from winds and
MSE, it is further possible to compute y using sources
(and sinks) of MSE, or the energy fluxes into (and out of)
the column. To see this, consider the vertically integrated
MSE equation, which can be obtained by combining the
vertically integrated atmospheric thermodynamic and
moisture conservation equations (see Neelin 2007):

d/(c,T+L,gq) +w-V(c,T+Lg))+ (wd h)
=FE+H+R, 4)

where the terms on the right-hand side are (surface) latent
heat flux E, sensible heat flux H, and column radiative
heating R, the latter comprising both shortwave and
longwave contributions at both the top of the atmo-
sphere and the surface. Assuming steady-state condi-
tions, applying continuity V - u + 9,0 = 0, and integrating
the vertical advection term by parts, Eq. (4) becomes

(V- (hu)) — (u-V) = E+ H +R. (5)

The second term on the left-hand side is the vertically
integrated horizontal advection of geopotential. Com-
bining Eqgs. (1) and (5) and neglecting advection of
geopotential, which represents a (relatively small) rate
of conversion to kinetic energy, we have

Vix~E+H+R. (6)

The linearity of Eq. (6) implies that y can be decomposed
into additive contributions of each of the energy source
terms on the RHS; we will make use of this property below.

5. SPCZ response to ENSO in the energy
budget framework

As a first application of BK2016 to interpret the ob-
served SPCZ response to ENSO, we solve Eq. (1) using
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FIG. 3. ENSO neutral condition precipitation (shading; in
mm day '), MSE flux potential (line contours; contouring interval
is 0.2 PW, with the zero contour omitted), and divergent MSE flux.
Also shown are the locations of the energy flux equator and energy
flux prime meridians for neutral conditions.

the resolved thermodynamic and wind fields from ERA-
Interim to compute the MSE flux. Figure 3 depicts the
DIJF climatological y and (uy, v;,), along with the clima-
tological mean DJF rainfall and the locations of the EFE
and EFPM. Note that because of the definition of y in
Eq. (1), the divergent energy flux is directed up the gra-
dient of y. Similarly, Fig. 4 shows El Nifio minus La Nifia
composite differences of the MSE flux potential, di-
vergent flux, and rainfall, along with the locations of
the EFE and EFPM for both El Nifio and La Nifa
phases (red and blue contours, respectively). Note that
for El Nino we have excluded 1983, 1998, and 2016,
since these El Nifios involve a much larger change in
precipitation amplitude, as demonstrated in Fig. 2b. In-
cidentally, these excluded El Nifio events are all of the
eastern Pacific type although, as Paek et al. (2017) note,
the 2016 event shared some behavior with the central
Pacific type. Similar figures are presented in BK2016,
although that study shows annual means and does not
explicitly estimate precipitation anomalies by application
of Eq. (2). Here we briefly review some aspects of the
energetics relevant to the ENSO-SPCZ connection.
Climatologically, the western Pacific warm pool
represents a region of net divergence of column MSE
flux, with net export of energy to higher latitudes as well
as zonally within the tropics. In the western Pacific warm
pool, intense heating of the troposphere by deep con-
vection tends to dominate over net radiative cooling
(L’Ecuyer and Stephens 2007), leading to the energy ex-
port implied by the column MSE flux. A secondary mini-
mum in y, and thus a region of net MSE flux divergence,
occurs over tropical South America. In terms of the large-
scale circulation, the rising branches of both the large-scale
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FIG. 4. Observed El Nifio minus La Nifia condition composite
differences of precipitation (shading; in mm day '), MSE flux po-
tential difference for El Nifio minus La Nifia phase conditions (line
contours; contouring interval is 0.04 PW, with the zero contour
omitted), and the anomalous divergent MSE flux (arrows). Also
shown are the locations of the energy flux equator and energy flux
prime meridians for El Nifio and La Nifia phase conditions (red and
blue contours, respectively).

meridional (Hadley) and zonal (Walker) overturning cir-
culations are additive in the western Pacific warm pool
region. For El Nifio minus La Nifa, y is reduced over the
central and eastern Pacific and increased over the western
Pacific, in concert with El Nifio phase warming of SSTs to
the east that ultimately increases the input of energy to the
atmospheric column there. The El Nifio minus La Nifia
phase divergent energy flux has a zonal component
directed from the eastern to western Pacific.

The climatological EFE for DJF tends to occur in low
latitudes of the SH, consistent with the rising branch of
the Hadley circulation occurring there in austral sum-
mer. The EFE more closely follows the SPCZ over the
central Pacific compared to the ITCZ. This correspon-
dence between the EFE and SPCZ rather than the ITCZ
may be understood in terms of the differences in char-
acter of deep convection in the SPCZ and ITCZ: while
low-level convergence is stronger in the ITCZ, SPCZ
convection tends to be deeper (Wang and Li 1993) and
to produce a larger net column-integrated export of
energy (Back and Bretherton 2006; Peters et al. 2008).
Two EFPMs are observed, given the occurrence of
two tropical maxima in y.

Applying Eq. (2) to estimate the precipitation field for
El Nino conditions, relative to observed La Nifa con-
ditions as a baseline, and subtracting the La Nifia com-
posite rainfall yields the difference map depicted in
Fig. 5a. Here, significance (as indicated by the stippling)
is assessed through a bootstrapping with replacement
sampling as discussed in section 2. Comparing these
precipitation anomalies to those depicted in Fig. 4
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retical estimate for El Nifio (dashed).

reveals some common regional features, not only over
the SPCZ region but also over the Maritime Continent
and northern Indian Ocean and along the Atlantic ITCZ.
Figure 5b highlights the precipitation profiles along the
cross-SPCZ transect. The theoretical estimate for El Nifio
(dashed red line) reasonably matches the observed El Nifio
profile (solid red line), although it slightly underestimates
the anomalous precipitation maximum to the northeast and
slightly overestimates the minimum to the southwest. In
section 7, we will further deconstruct the SPCZ shift by
considering contributions from different processes related
to, or different aspects of, the ENSO forcing.

Of course, the theoretical prediction also fails to
capture some of the features of the observed pre-
cipitation differences between El Nifio and La Niia.
Most prominently, the theory predicts negative near-
equatorial El Nifio phase precipitation anomalies along
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FIG. 6. Observed precipitation (solid lines) and estimated me-
ridional component of the divergent MSE flux (X symbols) for El
Nifio and La Nifia conditions (red and blue, respectively) at 140°W.
Also shown is the El Nifio profile from theory (dashed red line).

the ITCZ in the northeast tropical Pacific, with positive
anomalies just to the north, in stark contrast to the ob-
servations, which exhibit anomalies of the opposite sign
here. This disagreement occurs because the theory only
considers shifts in the zero lines of the divergent en-
ergy flux, and the divergent energy flux is nonzero and
northward across the east Pacific ITCZ in the basic state
(see vectors in Fig. 3). When the MSE source increases
in the equatorial east Pacific during El Nifio, the north-
ward energy flux across the east Pacific ITCZ increases,
corresponding to an equatorward shift in the entire
distribution of the meridional energy flux; this shift is in
the same direction as the ITCZ shift (Fig. 6), showing
that the theory would be correct if it were based more
generally on horizontal shifts in the entire energy flux
distribution rather than on the particular shifts of the
zero lines of that distribution. In the annual mean, there
are two EFEs in the east Pacific during La Nifia, one
corresponding to the SPCZ and one to the ITCZ, and
they both shift toward the equator during El Nifio (see
Fig. 2d of BK2016, and Adam et al. 2016), but in our
analyses of the DJF state, there is only one EFE in the
southeastern Pacific.! Of course, both shifts and changes

! Bischoff and Schneider (2014) discuss a related scenario in
which a double ITCZ responds to changes in an equatorial energy
source, and use a third-order Taylor expansion to approximate the
EFE and ITCZ shifts in terms of changes in the equatorial energy
source and equatorial energy flux. However, their treatment still
identifies the ITCZ with a zero line of the northward energy flux.
Using their third-order expansion would not improve our theory in
the east Pacific because we obtain the exact global distribution of
the divergent energy flux anomaly from the anomalous MSE
source by inverting the Laplacian.
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in amplitude of the full distribution of divergent energy
fluxes can be related to circulation changes through
the theory introduced by Neelin and Held (1987), but
that requires knowledge of the unconstrained gross
moist stability. Viewed from a thermodynamic per-
spective, the equatorward shift of the east Pacific ITCZ
during El Nifio is consistent with increasing near-
equatorial low-level MSE. In particular, under La Nifia
or even neutral conditions, this region is too cool, dry,
and stable to support precipitating deep convection.
With warming and moistening of the boundary layer
there during El Nifo, the region becomes thermo-
dynamically favorable in supporting precipitating deep
convection.

Another difference between the theoretical pre-
diction and observations involves the predicted regional
increase of precipitation along the western coastline of
South America and the broad decrease along the eastern
coastline. This behavior follows from the El Nifio phase
westward displacement of the EFPM crossing South
America. Under observed El Nifio conditions, above-
normal rainfall does occur along coasts of Peru and
Ecuador, but the anomalies are zonally rather confined.
In fact, note that no positive anomalies are evident in
this coastal region in Fig. 4 (which is based on a coarse-
resolution product). However, it is not unreasonable to
expect poor agreement in the west, given the presence
of the Andes as a topographical barrier: in fact, the
increased western coastal rainfall likely represents a
more direct and local thermodynamic response to
warming over the eastern Pacific (Bendix and Bendix
2006) that should not be expected to be captured by a
theory that only predicts shifts in the rainfall distribu-
tion. Moreover, the subtropical southeastern portion of
South America typically experiences increased rainfall
during El Nifio (Carvalho et al. 2004). Over southeastern
South America, previous studies have attributed pre-
cipitation anomalies during El Nifio phase to a forced
extratropical Rossby wave train (Carvalho et al. 2004;
Grimm and Tedeschi 2009), which is not accounted for
by the simple shift framework.

To summarize our findings thus far, although the
ENSO shift paradigm based on BK2016 clearly does
not account for all regional-scale precipitation fea-
tures, we nonetheless regard the good agreement in
the vicinity of the SPCZ as motivating its applica-
bility there. In the next section, we develop a sim-
plified model for the interaction between two linear
and uniform MSE sources—one oriented diagonally,
corresponding to the SPCZ, and one oriented zon-
ally, corresponding to El Nifio conditions—that ex-
hibits shift behavior analogous to what we have seen
above.
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6. Idealized analytic model for the shift of a linear
convection zone in the presence of a linear
heating anomaly

We now describe an idealized analytic model that
enables further quantitative understanding of the dis-
placement of the SPCZ in the presence of ENSO
forcing. Consider a domain in Cartesian coordinates
which is infinite in both the zonal (x) and meridional
(v) directions, with an equator at y =0 (Fig. 7). We
define a mean state comprising an MSE source of
strength Fj applied over a band of width 2d; oriented
an angle « relative to the zonal direction; this mean
state represents the column MSE source associated
with the SPCZ. The center of this MSE source crosses
the equator at x = x; (taken on the left-hand side of the
domain in Fig. 7). From Gauss’s theorem, the mean
state divergent MSE flux is given by

(g, v,) = Fyd(x, y)(sina, cose), (7
where
d, :y=d, — (x — x,) tane
d(x,y) = { (x —x,)sine + ycosa : otherwise. (8)

—d,:y=—d,— (x — x,) tana

The MSE flux potential for the mean state is

1
idz(x,}’) Hd(x,y)| =d,

X, = ) : )
d|d(x,y)| — id,z otherwise

Note that the center line along the MSE source, where
d(x, y) =0, represents both an energy flux equator and
an energy flux prime meridian for the mean state (solid
gray line in Fig. 6), since both d,vy > 0 and 9,1y > 0in the
right half plane bounded by the SPCZ axis.

Suppose further that an anomalous MSE source of
strength F’ is added in a band along the equator, also of
width 2d;; this anomalous source is intended to represent
MSE forcing associated with El Nifio conditions. Again
from Gauss’s theorem, the MSE flux and associated flux
potentials for this MSE source are

d:y=d,
(', v)=(0,F){ y: otherwise, (10)
—d,: y=—d,
1
Eyz : ‘y| Sd[
X = (11)

1
dlyl —Ed,z : otherwise
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FIG. 7. MSE sources (shading), MSE flux potential (contours),
and divergent flux components (arrows) for the toy model of the
SPCZ shift in response to ENSO. The red region corresponds to
the mean state MSE source and the blue region to the pertur-
bation source associated with El Nifio conditions, with purple
denoting the overlap of the mean and perturbation MSE sources.
The solid gray line is the mean state EFE, while the dashed line is
the EFE during El Nifio conditions.

The total MSE flux, the sum of Egs. (7) and (10), defines
the locations of any EFE or EFPMs for the El Nifio
state; the total MSE flux, along with contours of the
total MSE flux potential, the sum of Egs. (9) and (11), is
also depicted in Fig. 7 (purple arrows and contours, re-
spectively). In the El Nifio state, the EFPM remains
collocated with the mean SPCZ, since v’ =0. On the
other hand, the EFE (dashed gray curve) shifts in the El
Nifio state relative to its position in the mean state, to-
ward the equatorial region of anomalous MSE forcing.
Note that in the “wedge” between the SPCZ and FEl
Nifio MSE sources, the magnitude of the MSE flux is
small compared to regions on either side of these sour-
ces, owing to the cancellation of MSE fluxes associated
with each source within the wedge region. Assuming a
mean state MSE source in the SPCZ of order 75 W m >
and an El Nifio-related heating (a perturbation MSE
source) on the order of 25Wm ™2 (see Fig. 10), both
of which are applied over bands of width 2d, (corre-
sponding to 10°), and oriented relative to one another
at an angle corresponding to the mean SPCZ slope
[18° according to Haffke and Magnusdottir (2013)],
our analytic model predicts a northward shift of the EFE
by ~1.8° latitude near the midpoint of the SPCZ di-
agonal (~160°W).

We can also use the idealized model to examine how
the SPCZ responds as the strength of the perturba-
tion MSE source in the equatorial ENSO region varies.
Figure 8 depicts the latitude of the EFE at a particular
longitude (here 160°W) as a function of F’, assuming
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ridge (red symbols) as a function of the anomalous MSE source at
160°W. Here the anomalous MSE source has been normalized by
the mean state MSE source (Fy = 1).

Fy =1, in units of column MSE source (blue symbols).
As expected, for a fixed SPCZ source, the latitude of the
EFE shifts equatorward with an increase in the strength
of the ENSO region perturbation MSE source. From the
mean and perturbation meridional MSE fluxes, vy and
v/, and for conditions under which the EFE remains
within d; of its mean state position, the EFE occurs at a
latitude y satisfying

0=v, +v = F,(x —x,) sina cosa + F,y cos’a — F'd, .
(12)
At a given longitude, differentiating Eq. (12) allows us

to determine how a change in y scales with a change in
F', which upon rearranging yields

op dl
8F'/F, acos’a’

(13)

where y = a¢, with a denoting the radius of Earth. The
scaling in Eq. (13) represents nothing more than a local
form of the zonal-mean scaling for ITCZ latitude. That
is, since the (southward) energy flux from the ENSO
source region is —F’d; and the divergence of the me-
ridional energy flux from the SPCZ is Fycos’a, the two
quantities are analogous to the zonal-mean scaling given
by Eq. (3) of Bischoff and Schneider (2014). Reformu-
lated with units as in the zonal-mean scaling, the SPCZ
shifts equatorward by ~1° for every 10 Wm ™2 increase
in ENSO region MSE.

It is worth noting that the EFE latitude jumps at a
value of F’ = 0.94 for the illustrated angle of the SPCZ
diagonal, which reflects the fact that all of the MSE flux
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associated with F' is directed meridionally, so a smaller
value of F'is able to cancel the meridional component of
MSE flux associated with Fy. By symmetry, however,
one might expect a jump to occur at Fy=F =1. To
reconcile this expectation with the EFE/EFPM frame-
work, we consider the more general problem of ridge
detection, where ridges comprise curves defined by the
local maxima of a function of N variables in at least one
of the N — 1 dimensions. To isolate ridges in the MSE
flux potential, it is necessary to compute the eigenvalues
of its Hessian matrix. The criteria for identifying a ridge
can be expressed as

3. x0,x(0,, = 0, )x +[(0,x) = (9,x)°10,x =0,
[(0,0)° = (0,0)°1,, =3, )x — 49, x0,x3, x>0. (14)

The latitude of the ridge as a function of F’ is indicated
by the red symbols in Fig. 8. Significantly, the jump in the
ridge latitude occurs at F’ = 1. For F’ <1, the ridge lat-
itude is slightly poleward of the EFE, whereas for F' > 1
the ridge latitude and EFE are coincident. The above
results suggest that following ridge lines in the MSE flux
potential may provide a better 2D generalization of
the zonal mean EFE theory, albeit with added com-
plexity (i.e., use of the Hessian matrix) that may only
be necessary for large values of a. Our cursory exam-
ination of ridge line behavior in the observations (not
shown) indicates that the EFE and ridge lines shift by
roughly similar amounts, so we suggest that the shifts
obtained from either method are likely not to differ
too much.

Our idealized model could be readily altered by
imposing a distribution of ENSO region MSE that
has a circular instead of a linear geometry, which may
be regarded as a better representation of the spatial
distribution of MSE sources during some El Nifio
events. Another possibility is that the idealized dis-
tributions of F” in the toy model could be applied to the
distribution of the reanalysis climatological mean
MSE sources, allowing for numerical computations of
the sensitivity of EFE and EFPM positions to idealized
equatorial perturbations in a more realistic basic state.
For example, in constructing our model, we have ne-
glected the Pacific ITCZ, although the presence of the
ITCZ would certainly affect the mean EFE/EFPM
positions.

7. Deconstructing the SPCZ energetics response

One of the advantages of the BK2016 framework is
that it permits a posteriori diagnosis of regional re-
sponses, in the SPCZ or elsewhere, to different aspects
or components of the ENSO forcing. In this section, we
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highlight how several of these aspects of the forcing
impact the response.

a. Dry static energy versus latent heat contributions

The resolved vertically integrated MSE flux is the sum
of vertically integrated fluxes of dry static energy (DSE)
and moisture, or latent heat (L,q). Figure 9 illustrates El
Nifio minus La Nifia phase flux potentials associated
with perturbations in the fluxes of either DSE (Fig. 9a)
or L,q (Fig. 9b). To leading order, the spatial pattern of
perturbation flux potential associated with DSE resem-
bles that obtained for MSE (Fig. 4), but with DSE flux
potential values of larger magnitude: the spatial standard
deviation of the DSE flux potential is 75% larger than the
MSE flux potential. By contrast, the perturbation flux
potential associated with L,q effectively opposes that
of MSE, also with larger amplitude than that of MSE,
though smaller than that of DSE. The opposition of DSE
and moisture fluxes is, of course, characteristic of many
tropical circulations (Neelin and Held 1987). Describing
El Nifio-related DSE and L,q divergence anomalies
directly, Mayer et al. (2013) attributed the tendency
for the former to exhibit larger values to an in-phase
relationship between anomalous radiative flux and
moisture convergence, a point to which we return in
the next subsection.

Closer inspection of the DSE, L,q, and MSE pertur-
bation flux potentials indicates some subtle differences
in their spatial distribution. For DSE, the extrema, 0.33
and —0.45 PW, occur near the Philippines (8°N, 125°E)
and close to the date line along the equator (1°S, 166°W),
respectively. The extrema for L,q are approximately
coincident with those for DSE (8°N, 126°E and 3°S,
170°W) but with signs reversed (—0.24 and 0.30 PW). By
contrast, the extrema for MSE, 0.1 and —0.19 PW, occur
over the Indian Ocean (5°S, 91°E) and central Pacific
(0°N, 136°W). Differences in the horizontal structure of
the DSE and L,q flux potentials indicate the existence of
horizontal variations in the gross moist stability, since the
latter can be expressed as the ratio of the Laplacians of the
MSE and L,q flux potentials (e.g., Raymond et al. 2009).

Because of the relatively large amplitudes of the
perturbation flux potentials associated with DSE and
L,q, the precipitation shifts computed for each of these
components are large enough that one may reasonably
question the validity of the perturbation approach, and
thus we do not show them. However, it should be noted
that during El Nifio the change in DSE supports a
northeastward shift of the EFE, and SPCZ, while the
change in L,q supports a southwestward shift. The net
shift obtained (as in Fig. 5) is northeastward, reflect-
ing the larger amplitude of DSE over L,q. Of course,
how much the SPCZ shifts depends on the degree of
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FIG. 9. (a) As in Fig. 4, but with the flux potential computed
assuming only the perturbation in DSE. (b) As in Fig. 4, but with
the flux potential computed assuming only the perturbation in
latent heating.

cancellation between these, which underscores the need
for their accurate estimation.

b. Column radiative versus surface turbulent fluxes

ENSO exerts substantial influence on the components
of the energy, moisture, and MSE budgets not only lo-
cally in the equatorial Pacific source region but also
across the global tropics (Neelin 2007; Mayer et al.
2013). Additionally, a number of studies have used
models in which various components of the surface en-
ergy, moisture, or atmospheric MSE budgets are pre-
scribed to climatology or otherwise prevented from
adjusting to ENSO to demonstrate more explicitly the
impact of particular mechanisms on the climate re-
sponse to ENSO (Su and Neelin 2002; Neelin et al. 2003;
Chiang and Lintner 2005). From Eq. (6), it is possible to
quantify contributions to the perturbation MSE flux
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potential, and hence the precipitation anomalies that are
obtained from application of BK2016, from individual
MSE sources to the atmospheric column (i.e., radia-
tive, latent, and sensible components). That is, instead
of decomposing the MSE flux divergence into com-
ponents associated with DSE and moisture, as was
done in the previous section, we will now separate it
into components associated with different geographic
regions and different physical processes.

Figure 10 depicts the spatial distribution of the El
Nifio minus La Nifia differences for the sum of anoma-
lous MSE sources (Fig. 10a) as well as the contributions
from anomalous surface turbulent fluxes (Fig. 10b) and
net column radiative heating (Rs — Rtoa) (Fig. 10c).
Tropical surface turbulent fluxes are largely dominated
by surface latent heat fluxes associated with evapora-
tion, since anomalous sensible heat fluxes are small over
tropical oceans (Fairall et al. 1996). The net radiative
heating anomalies are almost entirely produced by the
anomalous cloud radiative forcing (CRF), which in turn
is dominated by the anomalous longwave CRF. De-
composition of the radiative heating anomaly into clear-
sky, CRF, longwave, and shortwave components is not
shown here, but the structural similarity of the precipi-
tation anomaly (Fig. 4) and the radiative heating anomaly
(Fig. 10c) supports the idea that moisture-radiation
effects provide a positive feedback on both the east-
ward shift of west Pacific precipitation maximum and
the northeastward shift of the SPCZ.

Spatially, the anomalous MSE sources induce heating
over much of the equatorial tropical Pacific. This is the
region of maximum anomalous divergent MSE flux evident
in Fig. 4. Although we do not illustrate it explicitly here, the
anomalous MSE flux potential estimated from application
of Eq. (5) is nearly identical to the calculation based on the
directly resolved anomalous MSE fluxes. Elsewhere in the
tropics, the anomalous MSE flux forcing corresponds to a
net cooling of the atmosphere. The total anomalous MSE
source in the eastern Pacific is dominated by anomalous
surface turbulent fluxes (Fig. 10b). In this region, warming
of SST during El Nifio drives higher rates of evaporation
through the thermodynamic component of the latent flux;
that is, saturation specific humidity increases with SST,
although weakening of the trades during ENSO warm
phases should offset some of this thermodynamic forc-
ing through reduced turbulent exchange. Over the north
tropical Atlantic and western North Pacific, reduced
evaporation leads to anomalous tropospheric cooling.

In the equatorial Pacific to the west of the date line as
well as over the SPCZ region, anomalous column radi-
ative forcing dominates (Fig. 10c). Anomalous warming
occurs over the equator and the equatorward margin
of the SPCZ, while anomalous cooling occurs over the
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FIG. 10. El Nifio minus La Nifia condition composite differences
of (a) the total MSE source Qtot (shading; in units of W m™?),
(b) the surface turbulent flux component Qsurf, and (c) the column
radiative flux component Qrad. In each panel, line contours depict
the MSE source for La Nifia phase conditions, with a contour
interval of 25 Wm 2 and with solid (dashed) contours corre-
sponding to positive (negative) values. Contours greater (less)
than or equal to 150 Wm ™2 (—150 W m ™ ?) are highlighted in red
(blue) for emphasis.
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Philippines and along the poleward margin of the SPCZ.
Comparing the spatial distributions of anomalous radi-
ative flux forcing and anomalous precipitation (Fig. 4)
highlights the correspondence between column warm-
ing (cooling) due to surface radiative flux change and
anomalously positive (negative) precipitation. It is worth
noting that the interplay between surface radiative forc-
ing and precipitation appears to vary geographically
(Colasacco-Thumm 2015) and likely depends on differ-
ences in cloud properties and vertical structure (Kubar
et al. 2007).

Clear agreement is evident between the El Nifio mi-
nus La Nifla phase precipitation differences estimated
from analyzed anomalous MSE flux (Fig. 5) and from
anomalous MSE sources (Fig. 11a). Both of the com-
ponent MSE source contributions considered here,
column radiative and surface turbulent fluxes, produce
spatial patterns of precipitation anomalies resembling
the total (Figs. 11b and 11c, respectively), with some
differences following from differences in the distri-
butions of anomalous sources. For example, in the
central and eastern Pacific, precipitation anomalies
associated with the surface turbulent source domi-
nate. Even in the SPCZ region, precipitation anoma-
lies associated with surface turbulent fluxes are larger
than those from column radiation, indicating that
while the cloud feedbacks may be large there, they
contribute slightly less than half of the SPCZ pre-
cipitation anomaly.

¢. MSE sources inside and outside of the principal
ENSO forcing region

Finally, we estimate the precipitation response based
on divergent energy flux potentials computed from
anomalous MSE sources which we have restricted to
either the principal ENSO source region (10°N-10°S,
160°E-85°W; Fig. 12a) or the rest of the domain ex-
cluding this region (Fig. 12b). Note that this definition
of ENSO source region is broad compared to indices
typically used to define ENSO. Perhaps not surprisingly,
MSE sources over the region containing the principal
ENSO SST anomalies account for much of the predicted
precipitation response in the central and eastern Pacific.
For the SPCZ, the MSE forcing from the ENSO region
also dominates, although MSE sources over the rest of
the domain exert some impact, particularly in terms of
enhancing rainfall along the equatorward margin of the
SPCZ. As shown in Fig. 11c, the equatorward margin
of the SPCZ manifests a positive precipitation anomaly
associated with the column radiative forcing com-
ponent of the MSE source. On the other hand, over
much of South America and the Atlantic, it is the
total MSE forcing outside of the equatorial Pacific
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FIG. 11. El Nifio (theory) minus La Nifia condition composite
precipitation differences, as in Fig. 5a, but computed for (a) Qtot,
(b) Qsurf only, and (c) Qrad only.

region dominates the response. The monsoon region
of northern Australia is notable for having opposite-
signed precipitation anomalies based on consider-
ing MSE sources inside and outside of the ENSO
source region.
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F1G. 12. El Nifio (theory) minus La Nifia condition composite
precipitation differences, as in Fig. 5a, but for (a) MSE sources
confined to the ENSO source region area only (the area within the
green box) and (b) MSE sources outside of the green box.

8. Summary and conclusions

In this study, we have applied a framework developed
by Boos and Korty (2016) to estimate the SPCZ response
to ENSO based on assumed relationships between
changes in atmospheric energy transport, in terms of di-
vergent moist static energy flux, and shifts in convection
zones. In particular, this framework generalizes to 2D the
linkage between shifts in the zonal-mean ITCZ and the
energy flux equator, the latter associated with the latitude
of vanishing zonal-mean meridional moist static energy
flux. The 2D energetics framework further permits di-
agnosis of ENSO-related SPCZ displacements in terms of
component processes or mechanisms associated with
ENSO, such as the partitioning of moist static energy
transport into component dry static energy and moisture
transports or surface turbulent fluxes and column radia-
tive fluxes, as well as the spatial characteristics of the
anomalous MSE sources occurring during El Nifio.
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The advantage of working with vertically integrated
MSE is that the precipitation does not appear explicitly
in the MSE budget (unlike in either atmospheric tem-
perature or moisture budgets separately). However, it is
clear that the spatial patterns of anomalous MSE sources
strongly resemble anomalous precipitation, indicative of
the operation of feedbacks associated with precipitation
changes (e.g., cloud-radiative or water vapor feedbacks).
Although we have not done so here, such feedbacks could
be isolated and their impacts quantified by analyzing the
EFE/EPM changes associated with MSE feedback sour-
ces. Of course, an important caveat is that the approach is
still fundamentally diagnostic, so care should be taken in
drawing inferences about causality.

While we have emphasized the ENSO response of
the SPCZ region, where the 2D energetics framework
appears to be especially consistent with the observa-
tions, we also noted some consistency to the observed
ENSO response in rainfall over other parts of the tropics,
such as northeastern South America. However, it is also
possible to draw conclusions from regions where pre-
dictions of the 2D framework fail to agree with ob-
servations. For example, the 2D framework does not
agree well with observed behavior over southeastern
South America, but previous studies have pointed to a
forced extratropical Rossby wave as the source of the
observed precipitation increase over that region dur-
ing El Nifio events.

We suggest that the 2D energetics framework may
ultimately provide a useful tool for multimodel analysis,
particularly in terms of interpreting some of the prob-
lematic tropical precipitation biases models in current-
generation climate models. Among these, the double
ITCZ in the eastern Pacific is arguably the best known,
but the SPCZ also manifests biases; for example, some
current generation models simulate a too zonal SPCZ
and/or SPCZ rainfall extending too far to the east, par-
ticularly in coupled models (Lintner et al. 2016). Given
that model biases likely involve the details of the param-
eterizations involved, the 2D energetics framework is
unlikely to identify directly the bias sources. Never-
theless, it may provide guidance about how biases in
rainfall distribution relate to other quantities, like
surface or radiative fluxes, particularly when these may
occur remotely.
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