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Abstract.  The South Pacific Convergence Zone (SPCZ) exhibits well-known spatial 32 

displacements in response to anomalous sea surface temperatures (SSTs) associated with the El 33 

Niño/Southern Oscillation (ENSO).  Although dynamic and thermodynamic changes during 34 

ENSO events are consistent with observed SPCZ shifts, explanations for these displacements 35 

have been largely qualitative.  This study applies a theoretical framework based on generalizing 36 

arguments about the relationship between the zonal-mean Intertropical Convergence Zone 37 

(ITCZ) and atmospheric energy transport (AET) to 2D, permitting quantification of SPCZ 38 

displacements during ENSO.  Using either resolved atmospheric energy fluxes or estimates of 39 

column-integrated moist energy sources, this framework predicts well the observed SPCZ shifts 40 

during ENSO, at least when anomalous ENSO-region SSTs are relatively small.  In large-41 

amplitude ENSO events, such as the 1997-1998 El Niño, the framework breaks down because of 42 

the large change SPCZ precipitation intensity.  The AET framework permits decomposition of 43 

the ENSO forcing into various components, e.g., column radiative heating vs. surface turbulent 44 

fluxes, and local vs. remote contributions.  Column energy source anomalies in the equatorial 45 

central and eastern Pacific dominate the SPCZ shift.  Furthermore, although the radiative flux 46 

anomaly is larger than the surface turbulent flux anomaly in the SPCZ region, the radiative flux 47 

anomaly, which can be viewed as a feedback on the ENSO forcing, accounts for slightly less 48 

than half of SPCZ precipitation anomalies during ENSO.  This study also introduces an idealized 49 

analytical model used to illustrate AET anomalies during ENSO and to obtain a scaling for the 50 

SPCZ response to an anomalous equatorial energy source.   51 
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1.  Introduction 52 

The South Pacific Convergence Zone (SPCZ) is a diagonally-oriented band of precipitating deep 53 

convection extending from the equatorial western Pacific to the Southern Hemisphere (SH) 54 

midlatitudes of the Central Pacific (see Fig. 1).  SPCZ precipitation exhibits significant 55 

variability across a range of timescales, with this variability having significant implications 56 

locally and remotely.  The SPCZ strongly impacts the human and natural systems of many island 57 

nations in the South Pacific (Murphy et al. 2014).  For example, the poleward edge of the SPCZ 58 

represents a location for tropical cyclogenesis, with changes in SPCZ position or intensity 59 

modulating tropical cyclone formation, tracks, and intensity (Vincent et al. 2011).  Moreover, 60 

variability within the SPCZ may induce variability in the mid- and high-latitudes of the Southern 61 

Hemisphere via atmospheric teleconnections (Clem and Renwick, 2015).   62 

The El Niño/Southern Oscillation (ENSO) accounts for much of the observed interannual 63 

variability of SPCZ rainfall (Trenberth 1976; Folland et al. 2002; Widlansky et al. 2011).   64 

Matthews et al. (1996) and Matthews (2012) further demonstrated variability of SPCZ rainfall on 65 

intraseasonal timescales related to the occurrence of active phases of the Madden-Julian 66 

Oscillation (MJO) in the vicinity of Indonesia, while Niznik et al. (2015) emphasized the role of 67 

synoptic-scale interactions with SH midlatitude disturbances.  In fact, the variability of SPCZ 68 

convection often reflects interactions across multiple timescales, e.g., the phase of ENSO or the 69 

MJO may modify the behavior of synoptic scale interactions with SPCZ convection (Matthews 70 

2012).  Kidwell et al. (2016) examined various metrics for characterizing SPCZ variability (e.g., 71 

intensity, areal extent, centroid latitude) and found that these metrics behave differently 72 

depending on the timescale of the variability. 73 
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SPCZ variability in response to ENSO, the primary focus of this study, has been typically 74 

interpreted in terms of spatial displacements of the entire SPCZ rain band or its axis of maximum 75 

precipitation.  However, studies have drawn somewhat different conclusions about the nature of 76 

these SPCZ displacements.  For example, Salinger et al. (2014) identify eastward displacements 77 

of the SPCZ from sea level pressure data on the order of 1-3° during El Niño and westward 78 

displacements of similar magnitude during La Niña.  On the other hand, Haffke and 79 

Magnusdottir (2013) suggest that, while the SPCZ shifts primarily northward during El Niño 80 

events, it also frequently assumes a more zonal orientation.  During some El Niño events, the 81 

SPCZ and eastern Pacific Intertropical Convergence Zone (ITCZ) effectively merge near the 82 

equator, leading to so-called zonal SPCZs, while in others the SPCZ and ITCZ remain distinct 83 

(Vincent et al. 2011; Borlace et al. 2014).  Choi et al. (2015) applied an iterative procedure to 84 

decompose tropical Pacific precipitation anomalies during ENSO into meridional and zonal 85 

shifts and concluded from this that more than 90% of the anomalous precipitation signature 86 

during ENSO can be attributed to such displacements, as opposed to changes in precipitation 87 

intensity or amplitude.   Analyzing a multidecadal record of 20th century SPCZ displacements 88 

recorded in sea surface salinity, Juillet-Leclerc et al. (2006) show that prior to 1970, the SPCZ 89 

experienced relatively few ENSO-related spatial displacements, but since that time, such 90 

displacements have become more commonplace.   91 

Forcing of SPCZ precipitation by ENSO has been attributed to both anomalous sea surface 92 

temperatures (SSTs) and associated atmospheric processes (Lorrey et al. 2012).  One way of 93 

understanding the SST impact is through regulation of low-level moist static energy (MSE).  In 94 

particular, during El Niño events, when SSTs are anomalously warm throughout the eastern and 95 

central equatorial Pacific, low-level MSE increases, through the effect of increases in both 96 



 5 

temperature and moisture in the boundary layer (Neelin and Held, 1987).  Enhanced low-level 97 

MSE during El Niño may be expected to support precipitating deep convection in the otherwise 98 

climatologically unfavorable region for deep convection (in a thermodynamic sense) located to 99 

the northeast of the SPCZ.  Takahashi and Battisti (2007) and Lintner and Neelin (2008) also 100 

highlight the potential role of southeasterly trade wind variability, particularly in determining the 101 

position of the eastern margin of the SPCZ:  with the slackened trades during El Niño, horizontal 102 

advection of relatively low MSE (cool and dry) air into the SPCZ from the southeastern tropical 103 

Pacific is suppressed, which supports convection occurring to the east of its mean position.  104 

Other studies, particularly at high frequencies, have emphasized upper-level forcing associated 105 

with extratropical-tropical interactions, Rossby wave dynamics, and equatorial waves (Matthews 106 

et al. 1996; Widlansky 2011; Matthews 2012) 107 

While past work has no doubt provided much insight into potential physical mechanisms 108 

underlying the SPCZ spatial displacements, many of the studies have been largely qualitative.  109 

What we seek is a more quantitatively-oriented framework, to address how much the SPCZ 110 

shifts in response to ENSO forcing.  Furthermore, we aim eventually to develop a theory that 111 

predicts these shifts given the ENSO-related changes in SST, rather than merely diagnosing them 112 

from variables such as MSE that already include the atmospheric response.  To that end, in this 113 

study, we diagnose SPCZ displacements associated with ENSO in the context of divergent 114 

atmospheric energy transport (AET), following an approach developed by Boos and Korty 115 

(2016), hereafter BK2016.   As we discuss further in Section 4, the BK2016 framework 116 

generalizes to two dimensions (latitude and longitude) prior vertically integrated energy budget 117 

theories for the latitude of the zonal-mean ITCZ position (e.g., Broccoli et al. 2006; Kang et al. 118 
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2008; Donohoe et al. 2013; Bischoff and Schneider 2014).  A related energy-budget perspective 119 

on zonally-varying meridional shifts in the ITCZ was presented by Adam et al. (2016).   120 

To be clear, theory relating precipitation changes to column energy sources via the vertically 121 

integrated atmospheric energy budget dates back to Neelin and Held (1987), who used that 122 

framework to understand aspects of the atmospheric changes occurring during ENSO; the 123 

Neelin-Held framework, however, emphasized the control of precipitation by local changes in 124 

both column energy sources and a moist stability (the “gross moist stability”).  More recent 125 

energy budget frameworks, including BK2016, quantify rainfall spatial displacements in 126 

response to remote changes in column energy sources and do not require specification of a gross 127 

moist stability; these frameworks are, however, more limited in that they quantify only 128 

precipitation shifts and not changes in precipitation amplitude.  129 

Despite such limitations, we choose to apply an energetics framework here because it goes 130 

beyond the more qualitative notion of the SPCZ rainfall shifting in response to, e.g., upstream 131 

MSE or trade wind perturbations, as in previous studies.  Under this framework, it is possible to 132 

diagnose ENSO-related SPCZ displacements in terms of contributions from component 133 

processes or mechanisms, such as surface turbulent fluxes vs. column radiative fluxes, as we 134 

show further below.  Note that our emphasis on AET does not exclude the potentially important 135 

contribution of ocean dynamics in generating the distribution of tropical rainfall, as suggested by 136 

studies using coupled ocean-atmosphere models (Kang et al. 2018).  However, our work 137 

contrasts with previous studies that quantified ocean feedbacks on the atmospheric response to 138 

an exogenous forcings (e.g. Green and Marshall 2017, Schneider 2017) in that we essentially use 139 

the atmospheric energy budget to obtain the tropical rainfall response caused by the ocean 140 

dynamical changes occurring in ENSO.  In other words, we seek the direct atmospheric response 141 
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to a given change in ocean surface evaporation, as well as the indirect atmospheric response 142 

resulting from radiative feedbacks on that ocean forcing.  More generally, our approach provides 143 

an example of how energetic constraints can be useful in elucidating and interpreting regional 144 

climate variability, which echoes the recommendation of a recent review by Biasutti et al. (2018) 145 

for continuing applications of such constraints to diagnose the behavior of monsoon systems and 146 

regional rainbands in the tropics. 147 

 148 

2. Data  149 

We analyze observed monthly-mean precipitation data from the Climate Prediction Center 150 

(CPC) Merged Analysis of Precipitation (CMAP; Xie and Arkin 1997), provided by 151 

NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their web site at 152 

http://www.esrl.noaa.gov/psd for austral summer (December-January-February, or DJF) 1979-153 

2016.  Austral summer is the season during which SPCZ convection is most intense and its areal 154 

extent is maximized (Vincent 1994).  Austral summer also corresponds to the season when 155 

ENSO events typically reach maturity.   We distinguish DJFs based on ENSO phases defined 156 

according to the Oceanic Nino Index (ONI), and following the CPC phase categorizations for 157 

three month intervals, summarized in Table 1.  DJFs are designated by the year of January, e.g., 158 

1980 refers to December 1979-February 1980.  Apart from spanning a range of ONI values, the 159 

ENSO events analyzed here encompass different flavors of ENSO, e.g., so-called Eastern Pacific 160 

(EP) and Central Pacific (CP) types (Kao and Yu, 2009).  The richness of ENSO diversity should 161 

be kept in mind when interpreting the SPCZ or other regional responses, as details such as the 162 

spatial distribution of SST anomalies during ENSO events may exert a strong impact on the 163 

regional manifestation of ENSO-related variability (Capotondi et al. 2015; Yeh et al. 2018). 164 
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We obtain atmospheric energy fluxes from ERA-Interim (Dee et al. 2011), the most recent 165 

reanalysis of the European Centre for Medium-Range Weather Forecasts (ECMWF). 166 

Specifically, we use monthly mean atmospheric moist energy fluxes, vertically integrated over 167 

the full depth of the atmosphere, for 1979-2016, as provided by the National Center for 168 

Atmospheric Research (http://climatedataguide.ucar.edu/climate-data/era-interim-derived-169 

components).  These fluxes are derived from 6-hourly estimates of the atmospheric state after 170 

eliminating the residual from the vertically integrated, time-dependent mass budget for each 6-171 

hourly state estimate by subtracting a barotropic wind from the horizontal wind at each level 172 

(Trenberth 1997; Trenberth et al. 2001).  Doing so eliminates any column-integrated mass 173 

budget residual caused by analysis tendencies, sampling, or numerics via a barotropic correction; 174 

the corrected winds are then used to calculate vertically integrated, monthly mean atmospheric 175 

energy fluxes.  For reference, we note that previous studies have documented the magnitude of 176 

the column-integrated energy budget residuals in ERA-Interim.  In the global mean, the mass-177 

adjusted energy budget residual in the ERA-Interim reanalysis itself is 8 Wm-2 (Berrisford et al. 178 

2011); Trenberth et al. (2001) found that the native model-level column-integrated energy flux 179 

divergence could be replicated to within about 2 Wm-2 over ocean.  We use vertically integrated 180 

energy fluxes computed via the Trenberth et al. methodology, and so expect a similar level (i.e. 181 

order 10 Wm-2) of error.  Residuals of this size are modest compared to the order 50 Wm-2 182 

anomalies in surface and radiative fluxes that occur during ENSO (see Fig 10).   183 

Here we consider averages of monthly mean fluxes of total energy (including latent heat and 184 

kinetic energy) over DJF of El Niño and La Niña years to obtain the respective composites.  The 185 

same procedure is used to obtain the vertically integrated fluxes of dry static energy and of 186 

moisture.  We also use estimates of the source of moist energy to each atmospheric column, as 187 
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given in ERA-Interim.  As described in the next section, this source comprises the sum of surface 188 

sensible heat flux, surface latent heat flux, and net radiative flux convergence integrated over the 189 

depth of the atmosphere.  Unlike the energy fluxes described in the previous paragraph, which 190 

are obtained from analyzed winds, temperature, humidity, and pressure, this column energy 191 

source is less directly constrained by observations. 192 

In several of our analyses presented below, we assess statistical significance through an 193 

iterative bootstrapping procedure. In each iteration, we perform the selected analysis using a 194 

random sampling of four El Niño events and four La Niña events; 2000 iterations are obtained 195 

and the result of an analysis at a particular horizontal point is deemed statistically significant 196 

when the 2.5th and 97.5th percentiles of the sampling distribution have the same sign.  Note that 197 

because of the small number of ENSO events involved, this procedure may overestimate 198 

significance, but the conclusions of our analysis are unlikely to be impacted by this.   199 

 200 

3. Overview of the SPCZ response to ENSO 201 

Fig. 1 illustrates the austral summer composite difference of CMAP precipitation for El Niño 202 

minus La Niña phase conditions (shading); for reference, the DJF climatology over all years is 203 

also depicted (line contours).  The composite difference exhibits the well-known spatial pattern 204 

of ENSO in the Pacific region, with anomalously high precipitation close to the equator over the 205 

Central and Eastern Pacific and anomalously low precipitation in the surrounding “horseshoe” 206 

over the Western Pacific.  The leading mode of an empirical orthogonal function analysis over 207 

this region yields a spatial pattern very similar to Fig. 1 (not shown).  Within the SPCZ 208 

specifically, positive and negative anomalies occur, respectively, to the northeast and southwest 209 

of the axis of highest climatological DJF rainfall. 210 
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To further quantify and interpret the SPCZ response to ENSO, we analyze the behavior of the 211 

precipitation sampled along the cross-SPCZ transect highlighted in Fig. 1.  The behavior 212 

described below is relatively insensitive to the precise orientation or location of this transect, as 213 

long as it crosses the core of the SPCZ equatorward of 15°S.  Poleward of this latitude, the slope 214 

of the SPCZ, i.e., the change in the rain band’s latitude with longitude, is steeper and the 215 

maximum rainfall is reduced, as seen by the more north-south orientation of the climatological 216 

isohyets.  This portion of the SPCZ is subject to stronger influences from transient midlatitude 217 

disturbances than is the more tropical portion (Niznik and Lintner 2013; van der Wiel et al. 2015; 218 

Niznik et al. 2015).  219 

Fig. 2a illustrates the interannual timeseries of standardized DJF ONI (black), maximum 220 

precipitation rates along the cross-SPCZ transect (MAX; green) and locations of the maximum 221 

precipitation along the transect (LOC; orange).  Each timeseries is standardized by normalizing 222 

by its interannual standard deviation and is thus dimensionless.  Both MAX and LOC covary 223 

with ONI (r = 0.62 and r = 0.77, respectively, p <0.01):  for a +1K anomaly in ONI, MAX 224 

increases by 1.3 mm/day, while LOC moves 1.5° to the east/1.1° to the north along the transect. 225 

MAX and LOC are, of course, mutually significantly correlated (r = 0.58, p <0.01).  However, 226 

the quantitative sensitivities of the responses of SPCZ intensity and location to ENSO vary with 227 

the amplitude of ONI anomalies.  In particular, excluding from the regression the three largest El 228 

Niño events over the period analyzed, i.e., 1983, 1998, and 2016, decreases the correlation 229 

between MAX and ONI (r = 0.46, p <0.01) and reduces the regression slope (1.0 mm/day/K), 230 

while the correlation of LOC and ONI remains approximately the same, with a slight increase in 231 

the regression slope (1.6° lon/K).  It is worth noting the rather large negative excursion of LOC 232 

in 2000, which occurred under La Niña conditions.  During this particular DJF, the rainfall over 233 
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the SPCZ region was anomalously low, and the precipitation along the transect exhibited two 234 

maxima.  Because the more westward (poleward) maximum exceeded the more eastward 235 

(equatorward) maximum, LOC in 2000 is determined by the westward maximum, although the 236 

eastward maximum is closer to the location of peak rainfall during other La Niña events.  237 

Defining a weighted location would reduce the prominence of this particular anomaly. 238 

Composites of the cross-SPCZ transect rainfall profiles for neutral, El Niño, and La Niña 239 

years are depicted in Fig 2b.  For comparison, we have also shifted the neutral year profile along 240 

the transect by an amount that minimizes the root mean square difference with respect to either 241 

the El Niño or La Niña composite profiles (dashed lines).  Overall, shifting the neutral phase 242 

profiles agrees well with the profiles occurring during El Niño or La Niña conditions, although 243 

the shifted profile underestimates the amplitude during El Niño and overestimates it during La 244 

Niña.  For the precipitation along the transect corresponding to the three strongest El Niño events 245 

(squares), shifting of the neutral phase profile much less adequately captures the observed 246 

behavior, as the amplitude of the strong El Niño profile exceeds the neutral phase profile by 247 

~35%.  These results illustrate the extent to which the SPCZ changes during ENSO forcing may 248 

be viewed as a spatial displacement of precipitation rather than a change in precipitation 249 

intensity:  although ENSO affects both the position of maximum SPCZ rainfall and its intensity, 250 

the former is more strongly affected, especially when the strongest El Niño events are excluded.  251 

Qualitatively, this simple demonstration agrees with the more general analysis of the 252 

decomposition of tropical Pacific precipitation anomalies into zonal and meridional shifts of 253 

Choi et al. (2015).   254 
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Having quantified the observed SPCZ shifts for ENSO events, we now turn to application of 255 

the quantitative theory of SPCZ displacements based on constraints imposed by AET applied in 256 

2D, following BK2016.  In the next section, we review the principal features of this framework. 257 

 258 

4. Review of 2D energy budget constraints 259 

The notion of connecting the position of regions of tropical rainfall to remote energy sources 260 

may be traced to studies linking meridional shifts in the zonal-mean Intertropical Convergence 261 

Zone (ITCZ) to interhemispheric imbalances in atmospheric energy sources, which were 262 

developed largely in the context of paleoclimate (e.g. Chiang and Bitz 2005; Broccoli et al. 263 

2006).  According to this paradigm, the presence of a positive anomalous energy source in one 264 

hemisphere leads to the development of an anomalous cross-equatorial Hadley circulation, which 265 

acts to reduce interhemispheric thermal imbalance through net export of energy from the warmer 266 

to cooler hemisphere.  With anomalous displacement of the rising branch of the Hadley 267 

circulation toward the positive anomalous energy source, the net flux of dry static energy from 268 

the warmer to cooler hemisphere is enhanced.  Since the zonal-mean ITCZ lies in the rising 269 

branch of the Hadley circulation, it too migrates toward the heating anomaly.  Current-day 270 

observations and paleoclimate model simulations indicate northward displacement of the zonal-271 

mean ITCZ of ~3° latitude for every 1015 W (1 petawatt or PW) of anomalous net southward 272 

energy transport across the equator (Donohoe et al. 2013; Bischoff and Schneider 2014). 273 

Recent efforts, including BK2016 and Adam et al. (2016), have sought to extend application 274 

of the zonal-mean ITCZ-AET framework to 2-dimensions, in latitude and longitude, in order to 275 

interpret shifts in regional rainfall features.  The motivation for doing so is that the zonal-mean 276 

ITCZ is itself an average over distinct regional ITCZs and monsoonal/continental precipitation 277 
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maxima.  Such regional-scale precipitation maxima may exhibit greater sensitivity to climate 278 

forcing than the zonal-mean ITCZ, e.g., estimates of regional shifts derived from paleoproxies 279 

for both the mid-Holocene and Last Glacial Maximum indicate anomalous meridional excursions 280 

of 5° or more, while for the same periods, the zonal-mean ITCZ is estimated to have shifted by 281 

less than 1° latitude (McGee et al. 2014).  Moreover, zonal shifts in precipitation may be as large 282 

as or even exceed meridional shifts, which may greatly affect the interpretation of localized 283 

variations in hydroclimate. 284 

Generalizations of these ideas to two dimensions (Adam et al. 2016; BK2016) proceed by 285 

introducing an MSE flux potential, 𝜒, which is related to the (horizontal) divergence of column-286 

integrated MSE transport via Poisson’s equation: 287 

∇2𝜒 = ∇ ∙ 〈ℎ𝐮〉      (1) 288 

where 𝐮 is the horizontal wind, ℎ = 𝑐𝑝𝑇 + 𝐿𝑣𝑞 + Φ is the MSE, Φ = 𝑔𝑧 is the geopotential, 𝑔 is 289 

gravitational acceleration, and 〈… 〉  indicates mass-weighted vertical integration over the 290 

atmosphere from surface pressure 𝑝𝑠  to the top-of-the-atmosphere (at 𝑝 = 0 ), i.e., 〈… 〉 =291 

∫ …
𝑑𝑝

𝑔

𝑝𝑠

0
.  We denote the horizontal divergent component of the column-integrated MSE 292 

transport as (𝜕𝑥𝜒, 𝜕𝑦𝜒) = (𝑢ℎ, 𝑣ℎ), with all derivatives evaluated in spherical coordinates but 293 

written here in Cartesian coordinates for simplicity.   294 

For a meridional overturning circulation, the ascending branch of the circulation occurs along 295 

an energy flux equator (EFE), i.e., a latitude for which 𝑣ℎ = 0 and 𝜕𝑦𝑣ℎ > 0.  Similarly, for a 296 

zonal overturning circulation, the ascending branch occurs along an energy flux prime meridian 297 

(EFPM), a longitude for which 𝑢ℎ = 0 and 𝜕𝑥𝑢ℎ>0. The essential assumption of the BK2016 298 

framework is that spatial displacements in the tropical precipitation field follow spatial 299 

displacements of the EFE or EFPM, that is, it is a 2D analogue to the zonal-mean EFE.  Thus, for 300 
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two climate states differing in terms of the spatial positions of their EFEs and/or EFPMs, a 301 

simple remapping relates the precipitation fields of the two states, i.e., 302 

𝑃2(𝜙 − 𝜙′, 𝜆 − 𝜆′) = 𝑃1(𝜙, 𝜆)    (2) 303 

Here, the latitude and longitude shifts, 𝜙′ and 𝜆′, are given by: 304 

𝜙′ = (𝜙0,2 − 𝜙0,1)Θ(Δ𝜙 − |𝜙 − 𝜙0,1|)   (3) 305 

𝜆′ = (𝜆0,2 − 𝜆0,1)Θ(Δ𝜆 − |𝜆 − 𝜆0,1|)     306 

where 𝜙0,𝑖 and 𝜆0,𝑖 denote, respectively, the latitude of the EFE and the longitude of the EFPM 307 

in climate state 𝑖, Θ is the Heaviside function, and Δ𝜙 and Δ𝜆 are zonal and meridional intervals 308 

over which shifts are computed (i.e., Δ𝜙 = 20°  latitude and Δ𝜆 = 80°  longitude specify the 309 

range of influence of the EFE or EFPM shifts).  Note that 𝜙0,𝑖 and 𝜆0,𝑖 are functions of longitude 310 

and latitude, respectively.  Under conditions for which multiple EFEs exist at a given longitude, 311 

a mean 𝜙′ is computed; multiple EFPMs at a given latitude are treated analogously. 312 

While equation (1) provides a direct approach for computing 𝜒, and hence the divergent 313 

AET, from winds and MSE, it is further possible to compute 𝜒 using sources (and sinks) of 314 

MSE, or the energy fluxes into (and out of) the column.  To see this, consider the vertically-315 

integrated MSE equation, which can be obtained by combining the vertically-integrated 316 

atmospheric thermodynamic and moisture conservation equations (see Neelin 2007): 317 

𝜕𝑡〈𝑐𝑝𝑇 + 𝐿𝑣𝑞 〉 + 〈𝐮 ∙ ∇(𝑐𝑝𝑇 + 𝐿𝑣𝑞)〉 + 〈𝜔𝜕𝑝ℎ〉 = 𝐸 + 𝐻 + 𝑅  (4) 318 

where the terms on the right-hand side are (surface) latent heat flux 𝐸, sensible heat flux 𝐻, and 319 

column radiative heating 𝑅, the latter comprising both shortwave and longwave contributions at 320 

both the top-of-the-atmosphere and surface.  Assuming steady-state conditions, applying 321 

continuity ∇ ∙ 𝐮 + 𝜕𝑝𝜔 = 0, and integrating the vertical advection term by parts, equation (4) 322 

becomes: 323 
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〈∇ ∙ (ℎ𝐮)〉 − 〈𝐮 ∙ ∇𝜙〉 = 𝐸 + 𝐻 + 𝑅    (5) 324 

The 2nd term on the left-hand side is the vertically-integrated horizontal advection of 325 

geopotential.  Combining (1) and (5) and neglecting advection of geopotential, which represents 326 

a (relatively small) rate of conversion to kinetic energy, we have: 327 

 328 

∇2𝜒 ≈ 𝐸 + 𝐻 + 𝑅     (6) 329 

The linearity of equation (6) implies that 𝜒 can be decomposed into additive contributions of 330 

each of the energy source terms on the RHS; we will make use of this property below.  331 

 332 

5. SPCZ response to ENSO in the energy budget framework 333 

As a first application of BK2016 to interpret the observed SPCZ response to ENSO, we solve 334 

equation (1) using the resolved thermodynamic and wind fields from ERA-Interim to compute 335 

the MSE flux.   Fig. 3 depicts the DJF climatological 𝜒  and (𝑢ℎ, 𝑣ℎ) , along with the 336 

climatological mean DJF rainfall and the locations of the EFE and EFPM.  Note that because of 337 

the definition of 𝜒 in equation (1), the divergent energy flux is directed up the gradient of 𝜒.     338 

Similarly, Fig. 4 shows El Niño minus La Niña composite differences of the MSE flux potential, 339 

divergent flux, and rainfall, along with the locations of the EFE and EFPM for both El Niño and 340 

La Niña phases (red and blue contours, respectively).  Note that for El Niño, we have excluded 341 

1983, 1998, and 2016, since these El Niños involve a much larger change in precipitation 342 

amplitude, as demonstrated in Fig. 2b.  Incidentally, these excluded El Niño events are all of the 343 

eastern Pacific type, although as Paek et al. (2017) note, the 2016 event shared some behavior 344 

with the central Pacific type.  Similar figures are presented in BK2016, although that study 345 

shows annual means and does not explicitly estimate precipitation anomalies by application of 346 
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equation (2).  Here we briefly review some aspects of the energetics relevant to the ENSO-SPCZ 347 

connection.   348 

Climatologically, the western Pacific warm pool represents a region of net divergence of 349 

column MSE flux, with net export of energy to higher latitudes as well as zonally within the 350 

Tropics.  In the western Pacific warm pool, intense heating of the troposphere by deep 351 

convection tends to dominate over net radiative cooling (L’Ecuyer and Stephens 2007), leading 352 

to the energy export implied by column MSE flux.   A secondary minimum in 𝜒, and thus a 353 

region of net MSE flux divergence, occurs over tropical South America.  In terms of the large-354 

scale circulation, the rising branches of both the large-scale meridional (Hadley) and zonal 355 

(Walker) overturning circulations are additive in the western Pacific warm pool region.  For El 356 

Niño minus La Niña, 𝜒 is reduced over the Central and Eastern Pacific and increased over the 357 

Western Pacific, in concert with El Niño phase warming of SSTs to the east that ultimately 358 

increase the input of energy to the atmospheric column there.  The El Niño minus La Niña phase 359 

divergent energy flux has a zonal component directed from the eastern to western Pacific.   360 

The climatological EFE for DJF tends to occur in low latitudes of the SH, consistent with the 361 

rising branch of the Hadley circulation occurring there in austral summer.  The EFE more closely 362 

follows the SPCZ over the central Pacific compared to the ITCZ.  This correspondence between 363 

the EFE and SPCZ rather than the ITCZ may be understood in terms of the differences in 364 

character of deep convection in the SPCZ and ITCZ: while low-level convergence is stronger in 365 

the ITCZ, SPCZ convection tends to be deeper (Wang and Li 1993) and to produce a larger net 366 

column-integrated export of energy (Back and Bretherton 2006; Peters et al. 2008).  Two EFPMs 367 

are observed, given the occurrence of two tropical maxima in 𝜒. 368 
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Applying equation (2) to estimate the precipitation field for El Niño conditions, relative to 369 

observed La Niña conditions as a baseline, and subtracting the La Niña composite rainfall yields 370 

the difference map depicted in Fig. 5a.  Here, significance (as indicated by the stippling) is 371 

assessed through a bootstrapping with replacement sampling as discussed in Section 2.  372 

Comparing these precipitation anomalies to those depicted in Fig. 4 reveals some common 373 

regional features, not only over the SPCZ region but also over the Maritime Continent and 374 

northern Indian Ocean and along the Atlantic ITCZ.  Fig. 5b highlights the precipitation profiles 375 

along the cross-SPCZ transect.  The theoretical estimate for El Niño (dashed red line) reasonably 376 

matches the observed El Niño profile (solid red line) reasonably, although it slightly 377 

underestimates the anomalous precipitation maximum to the northeast and slightly overestimates 378 

the minimum to the southwest.  In Section 7, we will further deconstruct the SPCZ shift by 379 

considering contributions from different processes related to, or different aspects of, the ENSO 380 

forcing. 381 

Of course, the theoretical prediction also fails to capture some of the features of the observed 382 

precipitation differences between El Niño and La Niña.  Most prominently, the theory predicts 383 

negative near-equatorial El Niño phase precipitation anomalies along the ITCZ in the northeast 384 

tropical Pacific, with positive anomalies just to the north, in stark contrast to the observations, 385 

which exhibit anomalies of the opposite sign here.  This disagreement occurs because the theory 386 

only considers shifts in the zero lines of the divergent energy flux, and the divergent energy flux 387 

is nonzero and northward across the East Pacific ITCZ in the basic state (see vectors in Fig. 3).  388 

When the MSE source increases in the equatorial East Pacific during El Niño, the northward 389 

energy flux across the East Pacific ITCZ increases, corresponding to an equatorward shift in the 390 

entire distribution of the meridional energy flux; this shift is in the same direction as the ITCZ 391 
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shift (Fig. 6), showing that the theory would be correct if it were based more generally on 392 

horizontal shifts in the entire energy flux distribution rather than on the particular shifts of the 393 

zero lines of that distribution.  In the annual mean, there are two EFEs in the East Pacific during 394 

La Niña, one corresponding to the SPCZ and one to the ITCZ, and they both shift toward the 395 

equator during El Niño (see Fig. 2d of BK16, and Adam et al. 2016), but in our analyses of the 396 

DJF state, there is only one EFE in the southeastern Pacific.1  Of course, both shifts and changes 397 

in amplitude of the full distribution of divergent energy fluxes can be related to circulation 398 

changes through the theory introduced by Neelin and Held (1987), but that requires knowledge 399 

of the unconstrained gross moist stability.  Viewed from a thermodynamic perspective, the 400 

equatorward shift of the East Pacific ITCZ during El Niño is consistent with increasing near 401 

equatorial low-level MSE.  In particular, under La Niña or even neutral conditions, this region is 402 

too cool, dry, and stable to support precipitating deep convection.  With warming and moistening 403 

of the boundary layer there during El Niño, the region becomes thermodynamically favorable in 404 

supporting precipitating deep convection.     405 

Another difference between the theoretical prediction and observations involves the predicted 406 

regional increase of precipitation along the western coastline of South America and the broad 407 

decrease along the eastern coastline.  This behavior follows from the El Niño-phase westward 408 

displacement of the EFPM crossing South America.  Under observed El Niño conditions, above 409 

normal rainfall does occur along coasts of Peru and Ecuador, but the anomalies are zonally rather 410 

confined.  In fact, note that no positive anomalies are evident in this coastal region in Fig. 4 411 

                                                        
1 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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(which is based on a coarse resolution product).  However, it is not unreasonable to expect poor 412 

agreement in the west, given the presence of the Andes as a topographical barrier:  in fact, the 413 

increased western coastal rainfall likely represents a more direct and local thermodynamic 414 

response to warming over the eastern Pacific (Bendix and Bendix 2006) that should not be 415 

expected to be captured by a theory that only predicts shifts in the rainfall distribution. 416 

Moreover, the subtropical southeastern portion of South America typically experiences increased 417 

rainfall during El Niño (Carvalho et al. 2004). Over southeastern South America, previous 418 

studies have attributed precipitation anomalies during El Niño phase to a forced extratropical 419 

Rossby wave train (Carvalho et al. 2004; Grimm and Tedeschi 2009), which is not accounted for 420 

by the simple shift framework. 421 

To summarize our findings thus far, although the ENSO shift paradigm based on BK2016 422 

clearly does not account for all regional scale precipitation features, we nonetheless regard the 423 

good agreement in the vicinity of the SPCZ as motivating its applicability there.  In the next 424 

section, we develop a simplified model for the interaction between two linear and uniform MSE 425 

sources—one oriented diagonally, corresponding to the SPCZ, and one oriented zonally, 426 

corresponding to El Niño conditions—that exhibits shift behavior analogous to what we have 427 

seen above. 428 

 429 

6.  Idealized analytic model for the shift of a linear convection zone in the presence of a 430 

linear heating anomaly 431 

We now describe an idealized analytic model that enables further quantitative understanding of 432 

the displacement of the SPCZ in the presence of ENSO forcing. Consider a domain in Cartesian 433 

coordinates which is infinite in both the zonal (𝑥) and meridional (𝑦) directions, with an equator 434 
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at 𝑦 = 0  (Fig. 7).  We define a mean state comprising an MSE source of strength 𝐹0 applied 435 

over a band of width 2𝑑𝑙  oriented an angle 𝛼 relative to the zonal direction; this mean state 436 

represents the column MSE source associated with the SPCZ.  The center of this MSE source 437 

crosses the equator at 𝑥 = 𝑥0 (taken on the left-hand side of the domain in Fig. 7).  From Gauss’s 438 

Theorem, the mean state divergent MSE flux is given by:  439 

(𝑢0, 𝑣0) = 𝐹0𝑑(𝑥, 𝑦)(sin 𝛼, cos 𝛼)    (7) 440 

where 441 

𝑑(𝑥, 𝑦)  = {

𝑑𝑙  ∶   𝑦 ≥ 𝑑𝑙 − (𝑥 − 𝑥0) tan 𝛼
(𝑥 − 𝑥0) sin 𝛼 + 𝑦 cos 𝛼  ∶   otherwise

−𝑑𝑙  ∶   𝑦 ≤ −𝑑𝑙 − (𝑥 − 𝑥0) tan 𝛼
   (8) 442 

The MSE flux potential for the mean state is: 443 

𝜒𝑜 = {
1

2
𝑑2(𝑥, 𝑦) ∶   |𝑑(𝑥, 𝑦)| ≤ 𝑑𝑙

𝑑𝑙|𝑑(𝑥, 𝑦)| − 1

2
𝑑𝑙

2  ∶ otherwise
    (9) 444 

Note that the center line along the MSE source, where 𝑑(𝑥, 𝑦) = 0, represents both an energy 445 

flux equator (EFE) and an energy flux prime meridian (EFPM) for the mean state (solid gray line 446 

in Fig. 6), since both 𝜕𝑦𝑣0 > 0  and 𝜕𝑥𝑢0 > 0 in the right half plane bounded by the SPCZ axis. 447 

Suppose further that an anomalous MSE source of strength 𝐹′ is added in a band along the 448 

equator, also of width 2𝑑𝑙 ; this anomalous source is intended to represent MSE forcing 449 

associated with El Niño conditions. Again from Gauss’s Theorem, the MSE flux and associated 450 

flux potentials for this MSE source are: 451 

(𝑢′, 𝑣′) = (0, 𝐹′) {

𝑑𝑙  ∶   𝑦 ≥ 𝑑𝑙

𝑦:  otherwise
−𝑑𝑙  ∶   𝑦 ≤ −𝑑𝑙

     (10) 452 

𝜒′ = {
1

2
𝑦2 ∶   |𝑦| ≤ 𝑑𝑙

𝑑𝑙|𝑦| − 1

2
𝑑𝑙

2  ∶ otherwise
     (11) 453 
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The total MSE flux, the sum of (7) and (10), defines the locations of any EFE or EFPMs for the 454 

El Niño state; the total MSE flux, along with contours of the total MSE flux potential, the sum of 455 

(9) and (11), is also depicted in Fig. 7 (purple arrows and contours, respectively).  In the El Niño 456 

state, the EFPM remains collocated with the mean SPCZ, since 𝑢′ = 0.  On the other hand, the 457 

EFE (dashed gray curve) shifts in the El Niño state relative to its position in the mean state, 458 

toward the equatorial region of anomalous MSE forcing.  Note that in the “wedge” between the 459 

SPCZ and El Niño MSE sources, the magnitude of the MSE flux is small compared to regions on 460 

either side of these sources, owing to the cancellation of MSE fluxes associated with each source 461 

within the wedge region.  Assuming a mean state MSE source in the SPCZ of order 75 W/m2 and 462 

an El Niño-related heating (a perturbation MSE source) of order 25 W/m2 (see Fig. 10 below), 463 

both of which are applied over bands of width 2𝑑𝑙 (corresponding to 10°), and oriented relative 464 

to one another at an angle corresponding to the mean SPCZ slope (18° according to Haffke and 465 

Magnusdottir 2013), our analytic model predicts a northward shift of the EFE by ~1.8° latitude 466 

near the midpoint of the SPCZ diagonal (~160°W).  467 

We can also use the idealized model to examine how the SPCZ responds as the strength of 468 

the perturbation MSE source in the equatorial ENSO region varies.  Fig. 8 depicts the latitude of 469 

the EFE at a particular longitude (here 160°W) as a function of 𝐹′, assuming 𝐹0 = 1, in units of 470 

column MSE source (blue symbols).  As expected, for a fixed SPCZ source, the latitude of the 471 

EFE shifts equatorward with an increase in the strength of the ENSO region perturbation MSE 472 

source.  From the mean and perturbation meridional MSE fluxes, 𝑣0 and 𝑣′, and for conditions 473 

under which the EFE remains within 𝑑𝑙 of its mean state position, the EFE occurs at a latitude 𝑦 474 

satisfying: 475 

0 = 𝑣0 + 𝑣′ = 𝐹0(𝑥 − 𝑥0) sin 𝛼 cos 𝛼 + 𝐹0𝑦 cos2 𝛼 − 𝐹′𝑑𝑙   (12) 476 
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At a given longitude, differentiating (12) allows us to determine how a change in 𝑦 scales with a 477 

change in 𝐹′, which upon rearranging, yields: 478 

𝛿𝜙

𝛿𝐹′/𝐹0
=

𝑑𝑙

𝑎 cos2 𝛼
     (13) 479 

where 𝑦 = 𝑎𝜙, with 𝑎 denoting the radius of the earth.  The scaling in (13) represents nothing 480 

more than a local form of the zonal-mean scaling for ITCZ latitude.  That is, since the 481 

(southward) energy flux from the ENSO source region is −𝐹′𝑑𝑙  and the divergence of the 482 

meridional energy flux from the SPCZ is 𝐹0 cos2 𝛼 , the two quantities are analogous to the 483 

zonal-mean scaling given by equation (3) of Bischoff and Schneider (2014).  Reformulated with 484 

units as in the zonal-mean scaling, the SPCZ shifts equatorward by ~1° for every 10 W m-2 485 

increase in ENSO region MSE.  486 

It is worth noting that the EFE latitude jumps at a value of 𝐹′ = 0.94 for the illustrated angle 487 

of the SPCZ diagonal, which reflects the fact that all of the MSE flux associated with 𝐹′ is 488 

directed meridionally, so a smaller value of 𝐹′ is able to cancel the meridional component of 489 

MSE flux associated with 𝐹0.  By symmetry, however, one might expect a jump to occur at 𝐹0 =490 

𝐹′ = 1.  To reconcile this expectation with the EFE/EFPM framework, we consider the more 491 

general problem of ridge detection, where ridges comprise curves defined by the local maxima of 492 

a function of 𝑁 variables in at least one of the 𝑁 − 1 dimensions.  To isolate ridges in the MSE 493 

flux potential, it is necessary to compute the eigenvalues of its Hessian matrix.  The criteria for 494 

identifying a ridge can be expressed as: 495 

 𝜕𝑥𝜒𝜕𝑦𝜒(𝜕𝑥𝑥 − 𝜕𝑦𝑦)𝜒 + ((𝜕𝑦𝜒)2 − (𝜕𝑥𝜒)2)𝜕𝑥𝑦𝜒 = 0

((𝜕𝑦𝜒)2 − (𝜕𝑥𝜒)2)(𝜕𝑥𝑥 − 𝜕𝑦𝑦)𝜒 − 4𝜕𝑥𝜒𝜕𝑦𝜒𝜕𝑥𝑦𝜒 > 0
    (14) 496 

The latitude of the ridge as a function of 𝐹′  is indicated by the red symbols in Fig. 8.  497 

Significantly, the jump in the ridge latitude occurs at 𝐹′ = 1.  For 𝐹′ < 1, the ridge latitude is 498 
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slightly poleward of the EFE, while for 𝐹′ > 1, the ridge latitude and EFE are coincident.  The 499 

above results suggest that following ridge lines in the MSE flux potential may provide a better 500 

2D generalization of the zonal mean EFE theory, albeit with added complexity (i.e., use of the 501 

Hessian matrix) that may only be necessary for large values of 𝛼.  Our cursory examination of 502 

ridge line behavior in the observations (not shown) indicates that the EFE and ridge lines shift by 503 

roughly similar amounts, so we suggest that the shifts obtained from either method are likely not 504 

to differ too much.  505 

Our idealized model could be readily altered by imposing a distribution of ENSO region 506 

MSE that has a circular instead of a linear geometry, which may be regarded as a better 507 

representation of the spatial distribution of MSE sources during some El Niño events. Another 508 

possibility is that the idealized distributions of 𝐹′  in the toy model could be applied to the 509 

distribution of the reanalysis climatological mean MSE sources, allowing for numerical 510 

computations of the sensitivity of EFE and EFPM positions to idealized equatorial perturbations 511 

in a more realistic basic state.  For example, in constructing our model, we have neglected the 512 

Pacific ITCZ, although the presence of the ITCZ would certainly affect the mean EFE/EFPM 513 

positions.  514 

 515 

7. Deconstructing the SPCZ energetics response 516 

One of the advantages of the BK2016 framework is that it permits a posteriori diagnosis of 517 

regional responses, in the SPCZ or elsewhere, to different aspects or components of the ENSO 518 

forcing.  In this section, we highlight how several of these aspects of the forcing impact the 519 

response. 520 

 521 



 24 

7a. Dry static energy vs. latent heat contributions 522 

The resolved vertically-integrated MSE flux is the sum of vertically-integrated fluxes of dry 523 

static energy (DSE) and moisture, or latent heat (𝐿𝑣𝑞).  Fig. 9 illustrates El Niño minus La Niña 524 

phase flux potentials associated with perturbations in the fluxes of either DSE (Fig. 9a) or 𝐿𝑣𝑞 525 

(Fig. 9b).  To leading order, the spatial pattern of perturbation flux potential associated with DSE 526 

resembles that obtained for MSE (Fig. 4), but with DSE flux potential values of larger 527 

magnitude:  the spatial standard deviation of the DSE flux potential is 75% larger than the MSE 528 

flux potential. By contrast, the perturbation flux potential associated with 𝐿𝑣𝑞  effectively 529 

opposes that of MSE, also with larger amplitude than that of MSE, though smaller than that of 530 

DSE.  The opposition of DSE and moisture fluxes is, of course, characteristic of many tropical 531 

circulations (Neelin and Held 1987). Describing El Niño-related DSE and 𝐿𝑣𝑞  divergence 532 

anomalies directly, Mayer et al. (2013) attributed the tendency for the former to exhibit larger 533 

values to an in-phase relationship between anomalous radiative flux and moisture convergence, a 534 

point to which we return in the next subsection.   535 

Closer inspection of the DSE, 𝐿𝑣𝑞, and MSE perturbation flux potentials indicates some 536 

subtle differences in their spatial distribution.  For DSE, the extrema, 0.33 PW and -0.45 PW, 537 

occur near the Philippines (125°E, 8°N) and close to the Dateline along the equator (166°W 538 

,1°S), respectively.  The extrema for 𝐿𝑣𝑞  are approximately coincident with those for DSE 539 

(126°E, 8°N and 170°W, 3°S) but with signs reversed (-0.24 PW and 0.30 PW).  By contrast, the 540 

extrema for MSE, 0.1 PW and -0.19 PW, occur over the Indian Ocean (91°E, 5°S) and Central 541 

Pacific (136°W, 0°N).  Differences in the horizontal structure of the DSE and 𝐿𝑣𝑞 flux potentials 542 

indicate the existence of horizontal variations in the gross moist stability, since the latter can be 543 
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expressed as the ratio of the Laplacians of the MSE and 𝐿𝑣𝑞 flux potentials (e.g. Raymond et al. 544 

2009).   545 

Because of the relatively large amplitudes of the perturbation flux potentials associated with 546 

DSE and 𝐿𝑣𝑞, the precipitation shifts computed for each of these components are large enough 547 

that one may reasonably question the validity of the perturbation approach, and thus we do not 548 

show them.  However, it should be noted that during El Niño, the change in DSE supports a 549 

northeastward shift of the EFE, and SPCZ, while the change in 𝐿𝑣𝑞 supports a southwestward 550 

shift.  The net shift obtained (as in Fig. 5) is northeastward, reflecting the larger amplitude of 551 

DSE over 𝐿𝑣𝑞.  Of course, how much the SPCZ shifts depends on the degree of cancellation 552 

between these, which underscores the need for their accurate estimation.  553 

 554 

7b. Column radiative vs. surface turbulent fluxes 555 

ENSO exerts substantial influence on the components of the energy, moisture, and MSE budgets 556 

not only locally in the equatorial Pacific source region but across the global tropics (Neelin 2007; 557 

Mayer et al. 2013).  Additionally, a number of studies have used models in which various 558 

components of the surface energy, moisture, or atmospheric MSE budgets are prescribed to 559 

climatology or otherwise prevented from adjusting to ENSO to demonstrate more explicitly the 560 

impact of particular mechanisms on the climate response to ENSO (Su and Neelin 2002; Neelin 561 

et al. 2003; Chiang and Lintner 2005).  From equation (6), it is possible to quantify contributions 562 

to the perturbation MSE flux potential, and hence the precipitation anomalies that is obtained 563 

from application of BK2016, from individual MSE sources to the atmospheric column, i.e., 564 

radiative, latent, and sensible components.  That is, instead of decomposing the MSE flux 565 

divergence into components associated with DSE and moisture, as was done in the previous 566 
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section, we will now separate it into components associated with different geographic regions 567 

and different physical processes.   568 

Fig. 10 depicts the spatial distribution of the El Niño minus La Niña differences for the sum 569 

of anomalous MSE sources (Fig. 10a) as well as the contributions from anomalous surface 570 

turbulent fluxes (Fig. 10b) and net column radiative heating (Rs – Rtoa) (Fig. 10c).  Tropical 571 

surface turbulent fluxes are largely dominated by surface latent heat fluxes associated with 572 

evaporation, since anomalous sensible heat fluxes are small over tropical oceans (Fairall et al. 573 

1996).  The net radiative heating anomalies are almost entirely produced by the anomalous cloud 574 

radiative forcing (CRF), which in turn is dominated by the anomalous longwave CRF.  575 

Decomposition of the radiative heating anomaly into clear-sky, CRF, longwave, and shortwave 576 

components is not shown here, but the structural similarity of the precipitation anomaly (Fig. 4) 577 

and the radiative heating anomaly (Fig. 10c) supports the idea that moisture-radiation effects 578 

provide a positive feedback on both the eastward shift of West Pacific precipitation maximum 579 

and the northeastward shift of the SPCZ.    580 

Spatially, the anomalous MSE sources induce heating over much of the equatorial tropical 581 

Pacific.  This is the region of maximum anomalous divergent MSE flux evident in Fig. 4.  582 

Though we do not illustrate it explicitly here, the anomalous MSE flux potential estimated from 583 

application of equation (5) is nearly identical to the calculation based on the directly resolved 584 

anomalous MSE fluxes.  Elsewhere in the tropics, the anomalous MSE flux forcing corresponds 585 

to a net cooling of the atmosphere.  The total anomalous MSE source in the eastern Pacific is 586 

dominated by anomalous surface turbulent fluxes (Fig. 10b).  In this region, warming of SST 587 

during El Niño drives higher rates of evaporation through the thermodynamic component of the 588 

latent flux, i.e., saturation specific humidity increases with SST, although weakening of the 589 
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trades during ENSO warm phases should offset some of this thermodynamic forcing through 590 

reduced turbulent exchange.  Over the north tropical Atlantic and western North Pacific, reduced 591 

evaporation leads to anomalous tropospheric cooling.   592 

In the equatorial Pacific to the west of the Dateline as well as over the SPCZ region, 593 

anomalous column radiative forcing dominates (Fig. 10c). Anomalous warming occurs over the 594 

equator and the equatorward margin of the SPCZ, while anomalous cooling occurs over the 595 

Philippines and along the poleward margin of the SPCZ.  Comparing the spatial distributions of 596 

anomalous radiative flux forcing and anomalous precipitation (Fig. 4) highlights the 597 

correspondence between column warming (cooling) due to surface radiative flux change and 598 

anomalously positive (negative) precipitation.  It is worth noting that the interplay between 599 

surface radiative forcing and precipitation appears to vary geographically (Colasacco-Thumm 600 

2015) and likely depends on differences in cloud properties and vertical structure (Kubar et al. 601 

2007). 602 

Clear agreement is evident between the El Niño minus La Niña phase precipitation 603 

differences estimated from analyzed anomalous MSE flux (Fig. 5) and from anomalous MSE 604 

sources (Fig. 11a).  Both of the component MSE source contributions considered here, column 605 

radiative and surface turbulent fluxes, produce spatial patterns of precipitation anomalies 606 

resembling the total (Figs. 11b and 11c, respectively), with some differences following from 607 

differences in the distributions of anomalous sources.  For example, in the central and eastern 608 

Pacific, precipitation anomalies associated with the surface turbulent source dominate.  Even in 609 

the SPCZ region, precipitation anomalies associated with surface turbulent fluxes are larger than 610 

those from column radiation, indicating that while the cloud feedbacks may be large there, they 611 

contribute slightly less than half of the SPCZ precipitation anomaly. 612 
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 613 

7c. MSE sources inside and outside of the principal ENSO forcing region 614 

Finally, we estimate the precipitation response based on divergent energy flux potentials 615 

computed from anomalous MSE sources which we have restricted to either the principal ENSO 616 

source region (10ºN-10ºS, 160ºE-85ºW; Fig. 12a) or the rest of the domain excluding this region 617 

(Fig. 12b).  Note that this definition of ENSO source region is broad compared to indices 618 

typically used to define ENSO.  Perhaps not surprisingly, MSE sources over the region 619 

containing the principal ENSO SST anomalies account for much of the predicted precipitation 620 

response in the central and eastern Pacific.  For the SPCZ, the MSE forcing from the ENSO 621 

region also dominates, although MSE sources over the rest of the domain exert some impact, 622 

particularly in terms of enhancing rainfall along the equatorward margin of the SPCZ.  As shown 623 

in Fig. 11c, the equatorward margin of the SPCZ manifests a positive precipitation anomaly 624 

associated with the column radiative forcing component of the MSE source.  On the other hand, 625 

over much of South America and the Atlantic, it is the total MSE forcing outside of the 626 

equatorial Pacific region dominates the response.  The monsoon region of northern Australia is 627 

notable for having opposite-signed precipitation anomalies based on considering MSE sources 628 

inside and outside of the ENSO source region. 629 

 630 

8. Summary and conclusions 631 

In this study, we have applied a framework developed by Boos and Korty (2016) to estimate the 632 

SPCZ response to ENSO based on assumed relationships between changes in atmospheric 633 

energy transport, in terms of divergent moist static energy flux, and shifts in convection zones.  634 

In particular, this framework generalizes to 2D the linkage between shifts in the zonal-mean 635 
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ITCZ and the energy flux equator, the latter associated with the latitude of vanishing zonal-mean 636 

meridional moist static energy flux. The 2D energetics framework further permits diagnosis of 637 

ENSO-related SPCZ displacements in terms of component processes or mechanisms associated 638 

with ENSO, e.g., the partitioning of moist static energy transport into component dry static 639 

energy and moisture transports or surface turbulent fluxes and column radiative fluxes, as well as 640 

the spatial characteristics of the anomalous MSE sources occurring during El Niño.   641 

The advantage of working with vertically-integrated MSE is that the precipitation does not 642 

appear explicitly in the MSE budget (unlike in either atmospheric temperature or moisture 643 

budgets separately).  However, it is clear that the spatial patterns of anomalous MSE sources 644 

strongly resemble anomalous precipitation, indicative of the operation of feedbacks associated 645 

with precipitation changes, e.g., cloud-radiative or water vapor feedbacks.  Although we have not 646 

done so here, such feedbacks could be isolated and their impacts quantified by analyzing the 647 

EFE/EPM changes associated with MSE feedback sources.  Of course, an important caveat to 648 

is that the approach is still fundamentally diagnostic, so care should be taken in drawing 649 

inferences about causality. 650 

While we have emphasized the ENSO response of the SPCZ region, where the 2D energetics 651 

framework appears to be especially consistent with the observations, we also noted some 652 

consistency to the observed ENSO response in rainfall over other parts of the tropics, such as 653 

northeastern South America.  However, it is also possible to draw conclusions from regions 654 

where predictions of the 2D framework fail to agree with observations.   For example, the 2D 655 

framework does not agree well with observed behavior over southeastern South America, but 656 

previous studies have pointed to a forced extratropical Rossby wave as the source of the 657 

observed precipitation increase over that region during El Niño events.     658 
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We suggest that the 2D energetics framework may ultimately provide a useful tool for 659 

multimodel analysis, particularly in terms of interpreting some of the problematic tropical 660 

precipitation biases models in current-generation climate models.  Among these, the double 661 

ITCZ in the eastern Pacific is arguably the most well-known, but the SPCZ also manifests biases, 662 

e.g., some current generation models simulate a too zonal SPCZ and/or SPCZ rainfall extending 663 

too far to the east, particularly in coupled models (Lintner et al. 2016).  Given that model biases 664 

likely involve the details of the parameterizations involved, the 2D energetics framework is 665 

unlikely to identify directly the bias sources.  Nevertheless, it may provide guidance about how 666 

biases in rainfall distribution relate to other quantities, like surface or radiative fluxes, 667 

particularly when these may occur remotely. 668 
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Table and Figure Captions 910 
 911 
Table 1:  CPC classifications of DJFs by ENSO phase.  Years indicated correspond to January, 912 
e.g., 1980 is December 1979-February 1980.  Strong El Niño DJFs, with ONI values above 2°C, 913 
are indicated in bold. 914 
 915 
Fig. 1:  SPCZ region precipitation climatology from CMAP (line contours; in units of mm day-1) 916 
and precipitation composite difference for El Niño minus La Niña conditions (shading; in mm 917 
day-1) for DJF.  Stippling indicates gridpoints for which the differences are significant at the 99% 918 
level according to Welch’s t-test. The black line denotes the cross-SPCZ transect along which 919 
precipitation is sampled in subsequent figures. 920 
 921 
Fig. 2:  ENSO variability along the SPCZ transect.  a) Standardized anomalies of ONI (black), 922 
maximum precipitation rate along the transect (green), and location of the maximum 923 
precipitation (orange).  For the latter, positive (negative) anomalies correspond to a more 924 
northeastward (southwestward) location.  b) Composites of along-transect precipitation (solid 925 
lines) for ENSO neutral years (gray), El Niño years (red), and La Niña years (blue).   Also shown 926 
is the composite of precipitation for the three strongest El Niño events, 1983, 1998, and 2016 927 
(red line with squares).  Dashed red and blue lines correspond to shifts of the neutral condition 928 
composites that best approximate, respectively, the El Niño and La Niña phase composites. 929 
 930 
Fig. 3:  ENSO neutral condition precipitation (shading; in mm day-1), MSE flux potential (line 931 
contours; contouring interval is 0.2 PW, with the zero contour omitted), and divergent MSE flux.  932 
Also shown are the locations of the energy flux equator and energy flux prime meridians for 933 
neutral conditions. 934 
 935 
Fig. 4:  Observed El Niño minus La Nina condition composite differences of precipitation 936 
(shading; in mm day-1), MSE flux potential difference for El Niño minus La Niña phase 937 
conditions (line contours; contouring interval is 0.04 PW, with the zero contour omitted), and the 938 
anomalous divergent MSE flux (arrows). Also shown are the locations of the energy flux equator 939 
and energy flux prime meridians for El Niño and La Niña phase conditions (red and blue 940 
contours, respectively). 941 
 942 
Fig. 5:  a) El Niño (theory) minus La Nina (observed) condition composite precipitation 943 
difference (shading; in mm day-1), based on the analyzed MSE flux.  For reference, the 4 mm 944 
day-1 contour for neutral conditions is included.  b) Observed El Niño and La Nina cross-SPCZ 945 
transects (red and blue, respectively) and theoretical estimate for El Niño (dashed).  946 
 947 
Fig. 6:  Observed precipitation (solid lines) and estimated meridional component of the divergent 948 
MSE flux (x symbols) for El Niño and La Niña conditions (red and blue, respectively) at 140° 949 
W.  Also shown is the El Niño profile from theory (dashed red line). 950 
 951 
Fig. 7:  MSE sources (shading), MSE flux divergent potential (contours), and divergent flux 952 
components (arrows) for the toy model of the SPCZ shift in response to ENSO.  The red region 953 
corresponds to the mean state MSE source and the blue region to the perturbation source 954 
associated with El Niño conditions, with purple denoting the overlap of the mean and 955 
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perturbation MSE sources.  The solid gray line is the mean state EFE, while the dashed line is the 956 
EFE during El Niño conditions. 957 
 958 
Fig. 8:  Latitude of the EFE (blue symbols) and the flux potential ridge (red symbols) as a 959 
function of the anomalous MSE source at 160°W.  Here the anomalous MSE source has been 960 
normalized by the mean state MSE source (𝐹0 = 1).  961 
 962 
Fig. 9:  a) As in Fig. 4, but with the flux potential computed assuming only the perturbation in 963 
DSE.  b) As in Fig. 4, but with the flux potential computed assuming only the perturbation in 964 
latent heating. 965 
 966 
Fig. 10:  El Niño minus La Niña condition composite differences of:  a) the total MSE source, 967 
Qtot (shading; in units of W m-2); b) the surface turbulent flux component, Qsurf; and c) the 968 
column radiative flux component, Qrad.  In each panel, line contours depict the MSE source for 969 
La Niña phase conditions, with a contour interval of 25 W m-2 and with solid (dashed) contours 970 
corresponding to positive (negative) values.  Contours greater (less) than or equal to 150 W m-2  971 
(-150 W m-2) are highlighted in red (blue) for emphasis. 972 
 973 
Fig. 11:  El Niño (theory) minus La Nina condition composite precipitation differences, as in 974 
Figure 5a, but computed for:  a) Qtot; b) Qsurf only; and c) Qrad only. 975 
 976 
Fig. 12: El Niño (theory) minus La Nina condition composite precipitation differences, as in 977 
Figure 5a, but for:  a) MSE sources confined to the ENSO source region area only (the area 978 
within the green box); and b) MSE sources outside of the green box.   979 
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Table 1:  CPC classifications of DJFs by ENSO phase.  Years indicated correspond to January, 980 
e.g., 1980 is December 1979-February 1980.  Strong El Niño DJFs, with ONI values above 2°C, 981 
are indicated in bold. 982 
 983 
Phase (Number of DJFs) DJF Years 

El Niño (13) 
1980, 1983, 1987, 1988, 1992, 1995, 1998, 2003, 2005, 2007, 

2010, 2015, 2016 

Neutral (12) 
1981, 1982, 1986, 1990, 1991, 1993, 1994, 1997, 2002, 2004, 

2013, 2014 

La Niña (12) 
1984, 1985, 1989, 1996, 1999, 2000, 2001, 2006, 2008, 2009, 

2011, 2012 
 984 
  985 
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 986 
Fig. 1:  SPCZ region precipitation climatology from CMAP (line contours; in units of mm day-1) 987 
and precipitation composite difference for El Niño minus La Niña conditions (shading; in mm 988 
day-1) for DJF.  Stippling indicates gridpoints for which the differences are significant at the 99% 989 
level according to Welch’s t-test. The black line denotes the cross-SPCZ transect along which 990 
precipitation is sampled in subsequent figures. 991 
  992 
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 993 
Fig. 2:  ENSO variability along the SPCZ transect.  a) Standardized anomalies of ONI (black), 994 
maximum precipitation rate along the transect (green), and location of the maximum 995 
precipitation (orange).  For the latter, positive (negative) anomalies correspond to a more 996 
northeastward (southwestward) location.  b) Composites of along-transect precipitation (solid 997 
lines) for ENSO neutral years (gray), El Niño years (red), and La Niña years (blue).   Also shown 998 
is the composite of precipitation for the three strongest El Niño events, 1983, 1998, and 2016 999 
(red line with squares).  Dashed red and blue lines correspond to shifts of the neutral condition 1000 
composites that best approximate, respectively, the El Niño and La Niña phase composites. 1001 
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 1003 
Fig. 3:  ENSO neutral condition precipitation (shading; in mm day-1), MSE flux potential (line 1004 
contours; contouring interval is 0.2 PW, with the zero contour omitted), and divergent MSE flux.  1005 
Also shown are the locations of the energy flux equator and energy flux prime meridians for 1006 
neutral conditions. 1007 
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 1009 
Fig. 4:  Observed El Niño minus La Nina condition composite differences of precipitation 1010 
(shading; in mm day-1), MSE flux potential difference for El Niño minus La Niña phase 1011 
conditions (line contours; contouring interval is 0.04 PW, with the zero contour omitted), and the 1012 
anomalous divergent MSE flux (arrows). Also shown are the locations of the energy flux equator 1013 
and energy flux prime meridians for El Niño and La Niña phase conditions (red and blue 1014 
contours, respectively). 1015 
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 1017 
Fig. 5:  a) El Niño (theory) minus La Nina (observed) condition composite precipitation 1018 
difference (shading; in mm day-1), based on the analyzed MSE flux.  For reference, the 4 mm 1019 
day-1 contour for neutral conditions is included.  b)  Observed El Niño and La Nina cross-SPCZ 1020 
transects (red and blue, respectively) and theoretical estimate for El Niño (dashed).  1021 
  1022 
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 1023 
Fig. 6:  Observed precipitation (solid lines) and estimated meridional component of the divergent 1024 
MSE flux (x symbols) for El Niño and La Niña conditions (red and blue, respectively) at 140° 1025 
W.  Also shown is the El Niño profile from theory (dashed red line). 1026 
  1027 
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 1028 
Fig. 7:  MSE sources (shading), MSE flux divergent potential (contours), and divergent flux 1029 
components (arrows) for the toy model of the SPCZ shift in response to ENSO.  The red region 1030 
corresponds to the mean state MSE source and the blue region to the perturbation source 1031 
associated with El Niño conditions, with purple denoting the overlap of the mean and 1032 
perturbation MSE sources.  The solid gray line is the mean state EFE, while the dashed line is the 1033 
EFE during El Niño conditions. 1034 
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 1036 
Fig. 8:  Latitude of the EFE (blue symbols) and the flux potential ridge (red symbols) as a 1037 
function of the anomalous MSE source at 160°W.  Here the anomalous MSE source has been 1038 
normalized by the mean state MSE source (𝐹0 = 1).  1039 
  1040 
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 1041 
Fig. 9:  a) As in Fig. 4, but with the flux potential computed assuming only the perturbation in 1042 
DSE.  b) As in Fig. 4, but with the flux potential computed assuming only the perturbation in 1043 
latent heating. 1044 
  1045 



 49 

 1046 
Fig. 10:  El Niño minus La Niña condition composite differences of:  a) the total MSE source, 1047 
Qtot (shading; in units of W m-2); b) the surface turbulent flux component, Qsurf; and c) the 1048 
column radiative flux component, Qrad.  In each panel, line contours depict the MSE source for 1049 
La Niña phase conditions, with a contour interval of 25 W m-2 and with solid (dashed) contours 1050 



 50 

corresponding to positive (negative) values.  Contours greater (less) than or equal to 150 W m-2  1051 
(-150 W m-2) are highlighted in red (blue) for emphasis. 1052 
  1053 
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 1054 
Fig. 11:  El Niño (theory) minus La Nina condition composite precipitation differences, as in 1055 
Figure 5a, but computed for:  a) Qtot; b) Qsurf only; and c) Qrad only. 1056 
  1057 
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 1058 
Fig. 12: El Niño (theory) minus La Nina condition composite precipitation differences, as in 1059 
Figure 5a, but for:  a) MSE sources confined to the ENSO source region area only (the area 1060 
within the green box); and b) MSE sources outside of the green box. 1061 


