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ABSTRACT

The ITCZ lies at the ascending branch of the tropical meridional overturning circulation, where near-
surface meridional mass fluxes vanish. Near the ITCZ, column-integrated energy fluxes vanish, forming an
atmospheric energy flux equator (EFE). This paper extends existing approximations relating the ITCZ po-
sition and EFE to the atmospheric energy budget by allowing for zonal variations. The resulting relations are
tested using reanalysis data for 1979-2014. The zonally varying EFE is found as the latitude where the me-
ridional component of the divergent atmospheric energy transport (AET) vanishes. A Taylor expansion of
the AET around the equator relates the ITCZ position to derivatives of the AET. To a first order, the ITCZ
position is proportional to the divergent AET across the equator; it is inversely proportional to the local
atmospheric net energy input (NEI) that consists of the net energy fluxes at the surface, at the top of the
atmosphere, and zonally across longitudes. The first-order approximation captures the seasonal migrations of
the ITCZ in the African, Asian, and Atlantic sectors. In the eastern Pacific, a third-order approximation
captures the bifurcation from single- to double-ITCZ states that occurs during boreal spring. In contrast to
linear EFE theory, during boreal winter in the eastern Pacific, northward cross-equatorial AET goes along
with an ITCZ north of the equator. EFE and ITCZ variations driven by ENSO are characterized by an
equatorward (poleward) shift in the Pacific during El Nifio (La Nifa) episodes, which are associated with
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variations in equatorial ocean energy uptake.

1. Introduction

The intertropical convergence zone (ITCZ) is a band
of deep convective clouds, located at the rising branch of
the tropical meridional overturning (Hadley) circulation
(Fig. 1), where near-surface meridional mass fluxes
vanish. Since the Hadley circulation transports energy
away from the ITCZ and dominates the tropical energy
transport, column-integrated energy fluxes also vanish
and diverge near the ITCZ, forming an atmospheric
energy flux equator (EFE) (e.g., Neelin and Held 1987;
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Broccoli et al. 2006; Kang et al. 2008, 2009; Donohoe
et al. 2013, 2014; Adam et al. 2016).

The approximate collocation of the ITCZ and EFE
provides a basis for relating the mean I'TCZ position to
the atmospheric energy transport (AET). Usually, an
ITCZ and EFE north of the equator imply southward
AET across the equator, away from the ITCZ, and vice
versa. Indeed, the zonal-mean position of the ITCZ was
found to be closely related to cross-equatorial AET in
observations (e.g., Donohoe et al. 2013, 2014; Adam
et al. 2016) and in climate models of varying complexity
(e.g., Chiang and Bitz 2005; Broccoli et al. 2006;
Yoshimori and Broccoli 2008; Kang et al. 2008, 2009;
Donohoe et al. 2013, 2014).

Relating the ITCZ and EFE to the AET provides
theoretical insight into, for example, the ocean’s role in
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. 1. (left) Mean precipitation (mm day ') for (top) ANN, (middle) boreal summer (JAS), and (bottom)
boreal winter (JFM). Orography is shown by gray contours at 1-km intervals. (right) The respective zonal-mean
precipitation over ocean (solid) and land (dashed). Data are from the Tropical Rainfall Measuring Mission Mul-
tisatellite Precipitation Analysis (Liu et al. 2012) for 1998-2014.
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setting the mean position of the ITCZ (Frierson et al.
2013; Marshall et al. 2014), the effect of extratropical
forcing on the mean ITCZ position (e.g., Chiang and Bitz
2005; Broccoli et al. 2006; Yoshimori and Broccoli 2008;
Kang et al. 2008; Frierson and Hwang 2012; Bischoff and
Schneider 2014), and the mean ITCZ position in past
climates (Donohoe et al. 2013; Schneider et al. 2014). Such
studies have quantitatively related the ITCZ position to
the atmospheric energy budget in the zonal mean, but
they have made only qualitative inferences about zonal
variations of the ITCZ position, if at all [see Chiang and
Friedman (2012) and Schneider et al. (2014) for reviews].

Here we extend previous results to zonal variations of
the ITCZ position, which are a central characteristic of
the tropical hydrological cycle (Fig. 1). For example,
seasonal meridional migrations of marine ITCZs are
small relative to their continental (monsoonal) coun-
terparts (Fig. 1); interannual variations of the ITCZ
associated with ENSO are most pronounced over the
Pacific but are relatively small elsewhere (e.g., Dai and
Wigley 2000; Adam et al. 2016); and the eastern Pacific

ITCZ bifurcates to a double ITCZ that straddles the
equator during boreal spring, but such bifurcations do
not usually occur elsewhere (Fig. 1, bottom; Zhang 2001;
Gu et al. 2005). We will examine the extent to which
energetic arguments can be extended to account for such
zonally varying shifts of the ITCZ.

Using reanalysis data, we have recently shown that the
zonal-mean EFE and ITCZ position covary on seasonal
and interannual time scales and that seasonal and in-
terannual variations of the ITCZ position can be quan-
titatively related to variations of the AET and its
derivatives (Adam et al. 2016). In the present paper, we
examine the relation between the zonally varying EFE
and ITCZ and extend the theoretical framework de-
veloped for zonal-mean variations (Bischoff and
Schneider 2014, 2016; Schneider et al. 2014; Adam et al.
2016) to regional variations. Using reanalysis data, we
focus on the ITCZ in separate zonal sectors, to account
for such observed features as the eastern Pacific double-
ITCZ bifurcation in boreal spring, and local ITCZ shifts
associated with ENSO.
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The data and methods employed are described in
section 2. Some theoretical aspects of the zonally vary-
ing EFE are derived in section 3. The data analysis is
presented in section 4, followed by a summary and dis-
cussion in section 5.

2. Data and methods

The analysis uses four-times-daily data from the Eu-
ropean Centre for Medium-Range Weather Forecasts
(ECMWEF) interim reanalysis (ERA-Interim, hereinaf-
ter ERAI; Dee et al. 2011) for 1979-2014. As in Adam
et al. (2016), column-integrated fluxes are adjusted
using a barotropic mass-flux correction (Trenberth 1997;
see http://www.cgd.ucar.edu/cas/catalog/newbudgets/ for
detailed documentation). The fluxes are calculated from
pressure level ERAI data; they agree well with fluxes
calculated using native ERAI model grids (Fasullo and
Trenberth 2008). We also used the oceanic Niflo index
(ONI) obtained from version 3b of the Extended Re-
constructed Sea Surface Temperature (ERSST.v3b)
dataset, provided by NOAA'’s National Climatic Data
Center (Smith et al. 2008). For data retrieval and analysis
we used the geophysical observation analysis tool
(GOAT), a free MATLAB-based tool for geophysical
data management (http://www.goat-geo.org).

Following Adam et al. (2016), the ITCZ position is
defined as the latitude of maximal tropical precipitation,
which we found to be more consistent with zonal-mean
EFE variations than other ITCZ position indices [see
Adam et al. (2016) for a discussion of other ITCZ po-
sition indices]. To reduce grid dependence, the zonally
varying ITCZ position ¢, is calculated as an expected
latitude, weighted by the 10th power of the area-
weighted precipitation P, integrated between the lati-
tudes 20°S and 20°N:

20°N

| dteosarpras
('bmax: 2g()s"N . (1)
j [cos(@)P] déb
20°S

The 10th power was found to reliably identify the
precipitation maximum, while smoothing grid-
discretization noise.

3. Theory

Here we briefly review and extend the first- and third-
order approximations, described in Bischoff and
Schneider (2014, 2016), for a zonally varying EFE. See
Schneider et al. (2014) for a review of the underlying
concepts.
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a. First-order approximation

The column-integrated energy balance of the atmo-
sphere can be written as follows (Peixoto and Oort 1992;
Adam et al. 2016):

d.(e) + V- (uh)=I+e. @)

On the lhs, angle brackets denote the mass-weighted
column integral, e denotes moist enthalpy, /4 denotes
moist static energy (MSE), ¢ denotes time, and u =
(u,v, w) is the three-dimensional wind vector. The rhs is
the atmospheric net energy input (NEI), where [ de-
notes the difference between top-of-the-atmosphere
(TOA) net radiative energy input and surface energy
uptake (associated primarily with ocean heat storage or
transport) and e denotes residuals associated with ei-
ther uncertainty in the column-integrated fluxes or
computational error (e.g., in the calculation of the
mass-flux adjustment). However, because of un-
certainties in the radiative energy budget of the ERAI
dataset (Trenberth et al. 2001), we calculated NEI as
the rhs of Eq. (2) using the mass-flux corrected fluxes
on the lhs.

Since deep convection involves strong vertical mo-
tions, tropical precipitation is closely linked to hori-
zontal divergence of mass and energy fluxes. Therefore,
the divergent component of the AET can often be re-
lated to the ITCZ. Since MSE typically increases with
altitude, AET generally diverges where mean vertical
motions in the tropics are upward (Yu et al. 1998)—
potentially with the exception of a narrow region in the
mid-Pacific (Back and Bretherton 2006). We therefore
define the zonally varying EFE as the latitude where the
meridional component of the divergent column-
integrated MSE flux both vanishes and has a positive
meridional gradient. The divergent fluxes (denoted by
(Y1) are calculated as

(uh)" = Vy, (3a)
where the potential y is defined as
x =V (V- (uh)). (3b)

Since the divergence of the rotational component of the
energy flux is identically zero, the energy balance in Eq.
(2) can be rearranged as follows:

3, (k) =V - (uh) = o (uh)' = I*=3 () +&, (4)

where I* = I — 9, (uh)" denotes local NEI, composed of
the net of vertical fluxes I across the top of the atmo-
sphere and the surface and zonal fluxes —ax<uh)T across
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boundaries of atmospheric columns. For simplicity,
Cartesian notation is used, but all calculations are per-
formed in spherical coordinates.

By meridionally expanding the energy flux at the equator
to the first order, assuming it vanishes at the ITCZ at lati-
tude ¢;, and using the energy balance in the form of
Eq. (4), we obtain the following:

P L) R B 0
' a 6y<vh)$ alf—ale),+e,

(5a)

where (-)o denotes an average near the equator (in
practice, an average between 5°S and 5°N). Neglecting
go and energy storage, the stationary ITCZ position is
given by

(5b)

Averaging the energy balance in Eq. (4) over a zonal
sector, the storage-dependent and stationary sector-
mean solutions are the following:

AT
—~ A U]’l /\2
[,],, = —% w (6a)
ay<[vh])‘?>0
and
{015 NS W (0 )
T W
o (L1 = uh)

1(6b)

where []ﬁf denotes the zonal mean over a sector de-
limited by longitudes A1 and A,. Since the zonal mean
of the rotational component of the meridional en-
ergy flux and d,(uh)' are both identically zero, setting
(A1,A2) = [0, 27] in Eq. (6) reproduces the zonal-mean
first-order approximation (Bischoff and Schneider
2014; Schneider et al. 2014; Adam et al. 2016). Thus,
to a first order, the zonally varying position of the
ITCZ is proportional to the meridional component of
the divergent cross-equatorial AET and inversely
proportional to the local NEI at the equator in the
longitude sector in question.

b. Third-order approximation

A single ITCZ (and therefore single EFE) is as-
sociated with the rising branch of a tropical meridi-
onal overturning circulation transporting energy
away from the ITCZ (Fig. 2a). Thus, since the
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FIG. 2. Sketch of the meridional overturning circulation and
column-integrated meridional atmospheric energy transport in
(a) single-ITCZ and (b) double-ITCZ states.

column-integrated AET is positive north of the
ITCZ and negative south of the ITCZ, the meridio-
nal gradient of the AET (i.e., approximately the lo-
cal NEI) near a single ITCZ is positive. Conversely,
negative local NEI near the equator corresponds to
convergence of energy. Since eddy energy transport
is weak near the equator, transport of energy toward
the equator is done by the mean circulation. There-
fore, for sufficiently strong convergence near the
equator, the meridional overturning circulation ad-
justs to two meridional overturning cells straddling
the equator and transporting energy toward their
shared descending branch (Fig. 2b; Bischoff and
Schneider 2016). In such states, precipitation is in-
hibited in the equatorial descending branch; pre-
cipitation occurs at the rising branches of these cells
on either side of the equator. Thus, strong conver-
gence of AET near the equator can be associated
with a double-ITCZ state.
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FIG. 3. ANN, JAS, and JFM averages of the meridional component of the (a)(c) divergent MSE flux (vh)' and
(d)—(f) precipitation. Precipitation and (vh)' are zonally smoothed using a running mean with a scale of 2500 km.
The EFE (divergent zeros of (vh)') is shown with black dots. Convergent (vh)' zeros (implying a descending
branch) are shown with open circles. The same error margin (shaded green, indicating regions where

|(vh)f)| <1.4x 10" Wm™ ") is used in all seasons. Data are from ERALI for 1979-2014.

However, double-ITCZ states (i.e., precipitation
peaks that straddle the equator) can exist without con-
vergence of energy near the equator (e.g., Voigt and
Shaw 2015). Moreover, in the western Pacific and over
the Indian Ocean during JAS (Fig. 1), precipitation
peaks exist on both sides of the equator even though
there is no AET convergence in these regions (Fig. 3).
The double-ITCZ state shown in Fig. 2b therefore rep-
resents an extreme case in which the bifurcation from
single- to double-ITCZ states is associated with negative
NEL In less extreme cases, small positive NEI near the
equator may suffice to produce local precipitation
maxima straddling the equator.

For nonlinear AET near the equator, a third-order (or
higher order) expansion of the AET is required to ac-
count for the ITCZ position (Bischoff and Schneider
2016). The third-order solutions can be simplified by
utilizing the antisymmetric nature of AET about the
equator (see next section), rendering the meridional sec-
ond derivative of the AET weak near the equator (Bischoff
and Schneider 2016). An approximate discriminant

of the third-order polynomial can then be written as

follows:
3 2
A =13+) (em)) a0 (7)

For A; > 0, the polynomial has one real root (e.g., Irving
2004), corresponding to a single ITCZ. In this case, the
third- and zeroth-order terms approximately balance,
and the single-ITCZ position is approximately given by

(8a)

For A; < 0, the polynomial has three distinct real roots
(e.g., Irving 2004), corresponding to a double-ITCZ
state (with two roots corresponding to the ITCZs and
one root to the divider between the deep tropical cells;
see Fig. 2b). Using a first-order asymptotic expansion in
<vh)(T) (see appendix), the ITCZ positions are thus ap-
proximately given by
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(8b)

For completeness, second-order terms are not neglected
here but are assumed to be small. In what follows, we
will examine the applicability of these solutions.

4. Results
a. Zonally varying EFE and ITCZ

Figure 3 shows the annual (ANN), July-September
(JAS), and January-March (JFM) averages of the me-
ridional component of the divergent MSE flux (vh)T
(Fig. 3a—c), and precipitation (Fig. 3d—f). The zonally
varying EFEs (zeros of (vh)', where a,(vh)' >0) are
shown with black dots. Open circles are shown where the
meridional AET vanishes but is convergent (i.e., zeros of
(vh)', where dy (vh)' <0), implying a descending branch.

As an error margin of the EFE, we use one standard
deviation of the differences between annually averaged
(vh)" calculated directly from the MSE flux divergence
[Eq. (3b)] and from NEI calculated as the sum of top of
the atmosphere radiative fluxes and surface radiative
and heat fluxes [i.e., assuming d,{¢) and ¢ = 0in Eq. (2)].
The error margin (shaded green) of the zeros therefore
reflects uncertainty in the reanalysis data.

As seen in previous studies (e.g., Chiang and
Friedman 2012), the EFE migrates seasonally toward
the differentially warming hemisphere (Fig. 3). It cap-
tures some aspects of the regional seasonal migration of
the ITCZ. Over the Pacific, the divergent circulation is
not predominantly meridional, offsetting the location of
the EFE relative to the ITCZ. During boreal winter
(Figs. 3c,f), the EFE splits into a North Pacific branch,
which follows the North Pacific ITCZ, and a South Pa-
cific branch, which deviates from the precipitation
maximum. Discrepancies between the zonally varying
EFE and ITCZ position exist either where column-
integrated energy and mass fluxes do not simultaneously
vanish or where the circulation is not primarily meridi-
onal. The large discrepancies observed in Fig. 3 indicate
that the EFE framework is inapplicable at small regional
scales, especially in the central and western Pacific.

b. Sector-mean EFE

Since the meridional derivative of (vh)T is generally
positive in the tropics away from the equator (Fig. 3), the
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FIG. 4. Longitudinal dependence of the annual-mean local net
energy input f§ (meridionally averaged between 5°S and 5°N). Data
are from ERAI for 1979-2014.

condition for invoking third-order solutions is that the
meridional derivative of (vh)' near the equator (i.e.,
approximately local NEI [¥) is small or negative. The
annual-mean [} as a function of longitude is shown in
Fig. 4. The negative values of [} in the Pacific indicate
that in this sector, where both ITCZ and EFE bifurcate
(Fig. 3), the third-order approximation is required. We
therefore apply the first-order approximation [Eq. (6)]
to the African (0°-60°E), Asian (60°-160°E), and At-
lantic (310°-340°E) sectors and the third-order approx-
imation [Eq. (8)] to the eastern Pacific (250°-280°E)
sector. Since the circulation is not primarily meridional
near the rising branch of the Walker circulation, we
exclude the western Pacific sector from the analysis. In
addition, frequent bifurcations from single- to double-
ITCZ states occur during boreal spring in the central
Pacific (Haffke et al. 2016). Conditional averaging of
daily precipitation would therefore be required for a
quantitative analysis there. We therefore also exclude
the central Pacific from the present analysis, which fo-
cuses on seasonal and interannual variations.

Figure 5 shows the daily sector-mean climatology of
the EFE (black) and its first-order approximations (red),
on top of precipitation, for the African (Fig. 5a), Asian
(Fig. 5d), and Atlantic (Fig. 5g) sectors. The respective
cross-equatorial fluxes and NEI are shown in the line
plots in Fig. 5. To remove regional subseasonal vari-
ability, sector means are smoothed using a 3-month
running mean. [The EFE framework is not applicable on
subseasonal time scales because tropical overturning
and radiative relaxation times are on the order of several
weeks (Adam et al. 2016).] However, the results do not
qualitatively change if a 1-month running mean is used, as
in Donohoe et al. (2014) and Adam et al. (2016) for the
zonal-mean EFE. Equatorial means of the cross-equatorial
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order approximation [Eq, (6b)] is shown in red. (b),(e),(h) Cross-
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near-equator derivatives are meridionally averaged between 5°S
and 5°N. Data are taken from ERAI for 1979-2014 and are
smoothed using a 91-day running mean.

ADAM ET AL.

7287

fluxes and all derivatives are averaged between 5°S and
5°N. The first-order approximations [Eq. (6)] are in-
sensitive to the choice of near-equatorial averages
(Adam et al. 2016). However, the third-order approx-
imate solutions [Eq. (8)] deviate if the near-equatorial
averages are extended beyond 5°.

The correlation between EFE and ITCZ position [Eq.
(1)] variations in these sectors is maximal (R > 0.9) for
precipitation that lags EFE variations by about 1 month.
However, even when accounting for the lag between
EFE and ITCZ variations, the EFE deviates from the
ITCZ position by up to 5°. In the African and Asian
sectors, the stationary first-order approximation [Eq.
(6b)] is in near-perfect agreement with the EFE, in-
dicating that a linear approximation is sufficient in these
sectors. However, over the Atlantic, the stationary ap-
proximation [Eq. (6b)] deviates by several degrees from
the EFE during boreal summer and autumn. By ex-
plicitly calculating the energy storage term in Eq. (5a),
we find that the difference between the approximations
in Egs. (6a) and (6b) is negligible in all three sectors,
indicating that near-equatorial energy storage can be
neglected. The deviation of the solution in Eq. (6b) from
the EFE in the Atlantic sector therefore results from the
inadequacy of the first-order approximation.

In the three sectors, seasonal EFE variations are
driven by variations in both cross-equatorial AET and
equatorial NEI. Seasonal variations in NEI contribute
roughly 25% to the EFE variations over Africa, 20%
over Asia, and 100% over the Atlantic. Moreover, var-
iations in cross-equatorial AET and equatorial NEI
differ substantially between sectors. For example, (vh)T
is southward year-round in the Atlantic sector but
changes sign elsewhere (Fig. 3). The annual-mean
equatorial NEI in this sector is relatively low (18 Wm >

compared with 42 and 46Wm 2 in the African and
Asian sectors, respectively), accounting for the greater
sensitivity of the EFE to variations in NEL

The relation of precipitation, AET, and the 500-hPa
vertical wind in the eastern Pacific (250°-280°E) is
shown in Fig. 6 for December—January, March—April,
June-July, and September-October (Figs. 6a-d, re-
spectively). The nonlinearity of AET near the equator in
the eastern Pacific (Fig. 4) persists year-round. In addi-
tion, because of the antisymmetry of the AET near the
equator, second-order terms in the expansion of the
AET around the equator are small (less than 10%)
relative to the third-order terms, justifying the approx-
imation used to derive Egs. (7) and (8). Consistent with
Eq. (7), the bifurcation from one to three AET roots
occurs for small <vh>g) and negative local NEI (i.e., for
A; < 0). However, during December—January an ITCZ
does not form at the southern AET zero; the bifurcation
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FIG. 6. Eastern Pacific (250°-280°E) divergent component of the
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(a) December-January, (b) March-April, (c) June-July, and
(d) September—October. Data are taken from ERAI for 1979-2014
and are smoothed using a 91-day running mean.

from a single- to double-ITCZ occurs only during
March-April (Fig. 6). Moreover, during December—
January, the ITCZ is north of the equator even though
cross-equatorial AET is positive. This demonstrates that
contrary to linear EFE theory (e.g., Kang et al. 2008,
2009; Donohoe et al. 2013, 2014), for negative equatorial
NEI, the ITCZ latitude and cross-equatorial AET can
have the same sign.
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FI1G. 7. (a) Daily climatology of zonal-mean precipitation
(colors) in the eastern Pacific sector (250°-280°E). The EFE ¢grg
in the sector is shown as a thick black line. Convergent ([vh]ﬁf)1
zeros (implying a descending branch) are shown with open circles.
The third-order approximations of the EFE [Eq. (8)] are shown
inred. (b) Cross-equatorial divergent AET <[vh]ﬁ: )g (c) Local NEI
(solid blue), composed of zonal net energy input —ax([uh]§j>0
(dashed blue), and vertical (TOA and surface) net energy input
[IO]RT (dotted blue). (d) Discriminant A; [Eq. (7)]. Cross-equatorial
AET and equatorial derivatives are meridionally averaged be-
tween 5°S and 5°N. Data are taken from ERAI for 1979-2014 and
are smoothed using a 91-day running mean.

The daily climatology of the eastern Pacific sector is
shown in Fig. 7, with the third-order approximation [Eq.
(8)] shown in red [Eq. (8a) for A; > 0 and Eq. (8b) for
A; < 0]. The third-order approximation captures the EFE
only qualitatively, with an increasing error the farther
the EFE is from the equator. The bifurcation from
a single- to double-ITCZ state in the eastern Pacific
(Fig. 7a) lags the bifurcation in the EFE by about
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FIG. 8. (left) Precipitation difference between typical annual-mean El Nifio and La Nifia conditions. Orography is
shown by gray contours at 1-km intervals. (right) The zonal mean of the precipitation difference (thick solid) and
typical El Nifio (thin solid) and La Nifia (dashed) conditions. Typical El Nifio (La Nifa) conditions are defined as
ONI values above 0.2K (below —0.2 K). Data are taken from ERSST.v3b and ERAI for 1979-2014.

1-2 months. Similarly, as in the other sector means, the
correlation between the seasonal variations of the
northern EFE and ITCZ position is maximal for pre-
cipitation that lags EFE variations by about 1 month,
as was the case for the zonal mean (Adam et al. 2016).
The (lag corrected) EFE deviates from the ITCZ po-
sition by up to 10° latitude during boreal summer and
in the southern branch of the boreal spring double
ITCZ. Consistent with theory, a double-ITCZ state
exists for A; < 0 (Fig. 7d; with a lag of 1-2 months)
during boreal spring because of increased ocean heat
uptake (i.e., reduced NEI) and vanishing cross-
equatorial AET. The local NEI (solid blue) is the
sum of the vertical (I, dotted blue, negative year-
round) and zonal (—ax(uh>$, dashed blue, positive
year-round) NEI. The seasonal bifurcation of the
ITCZ in the eastern Pacific therefore depends on a
complex balance between the vertical and zonal NEI
components, which are themselves coupled via ocean—
atmosphere interactions.

¢. EFE response to ENSO

The zonal-mean precipitation tends to increase near
the equator during El Nifio episodes (e.g., Dai and
Wigley 2000; Adam et al. 2016), which are characterized
by sea surface temperature (SST) anomalies in the
equatorial Pacific. Figure 8 shows the difference in the
annual-mean precipitation between typical El Nifio and
La Nifia conditions. Like the SST anomalies, the pre-
cipitation anomaly is most pronounced over the Pacific.
In the zonal mean, precipitation maxima on either side
of the equator shift equatorward (poleward) in response
to warm (cold) El Nifio (La Nifia) episodes (Adam
et al. 2016).

Figure 9 shows the annual-mean EFE during typical
El Nifio (magenta) and La Nifia (green) conditions.
Additionally, it shows the difference (El Nifio minus La
Nifna) in the meridional component of the divergent
AET (vh)' (Fig. 9a) and in vertical (Fig. 9b) and zonal
(Fig. 9c) NEI. We examine the annual-mean response
in order to reduce the sensitivity of the analysis to
ITCZ bifurcations, which are most frequent during
boreal spring (e.g., Haffke et al. 2016). Like the ITCZ
(Fig. 8), ENSO-related shifts in the EFE are most
pronounced in the Pacific sector. During both El Nifio
and La Nifia conditions, the EFE is south of the equator
in the western Pacific and north of it in the central and
eastern Pacific. However, the Pacific EFE lies signifi-
cantly closer to the equator during El Nifio conditions.
ENSO-related variations in cross-equatorial AET
(Fig. 9a) and zonal NEI (Fig. 9¢) in the Pacific are
relatively small. The equatorward shift of the EFE in
the Pacific sector during El Nifio episodes is therefore
driven by increased NEI (Fig. 9b) because of the de-
creased ocean heat uptake (Schneider et al. 2014;
Adam et al. 2016). Thus, the equatorward (poleward)
shift of zonal-mean precipitation maxima on either
side of the equator during El Nifio (La Nifa) episodes
(Fig. 8) is consistent with the shifts of the EFE in the
Pacific, which are primarily driven by variations in
ocean heat uptake (Adam et al. 2016). However, like
for bifurcations from single- to double-ITCZ states,
variations in ocean heat uptake are themselves cou-
pled to the atmospheric circulation and clouds.
Therefore, a complete understanding of EFE and
ITCZ variations associated with ENSO requires an
understanding of the ocean—atmosphere coupling in
the Pacific region.
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FIG. 9. (left) Difference between typical annual-mean El Nifio
and La Nifia conditions of (a) the meridional component of the
divergent MSE flux (vh)', (b) vertical (TOA and surface) net en-
ergy input I, and (c) zonal net energy input —d, (uh)'. The EFEs of
typical El Nifio and La Nifia conditions are shown by magenta and
green dots, respectively. Convergent zeros of (vh}T are shown with
open circles and (right) the zonal means. Typical El Nifio (La Nifa)
conditions are defined as ONI values above 0.2 (below —0.2). Data
are taken from ERSST.v3b and ERAI for 1979-2014.

5. Summary and discussion

The ITCZ lies at the ascending branch of the tropical
meridional overturning circulation, where near-surface
mass fluxes vanish. The ITCZ position (identified as the
precipitation maximum) is also located near the atmo-
spheric EFE, where column-integrated energy fluxes
diverge and vanish. Since the EFE is characterized by
meridional divergence of the column-integrated atmo-
spheric energy transport, the zonally varying EFE is
found as the latitude where the meridional component
of the divergent AET both vanishes and has a positive
meridional gradient.
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Like the ITCZ, the zonally varying EFE migrates
seasonally toward the differentially warming hemi-
sphere. Its migrations capture some aspects of regional
ITCZ migrations (Fig. 3). But at some longitudes, large
discrepancies exist between the ITCZ position and EFE.
Moreover, in the Pacific sector, the Walker circulation is
of comparable magnitude to the meridional overturning
circulation, making the correspondence between the
EFE and ITCZ weak (in particular over the western
Pacific, where the rising branch of the Walker circula-
tion is located). Thus, discrepancies between the
column-integrated energy and mass-flux equators, as
well as the requirement that the circulation is primarily
meridional, limit the applicability of the theory in some
regions. However, outside the western Pacific, we find
that sector-mean EFE variations capture key features of
ITCZ position variations.

The EFE and roughly the ITCZ position can be ap-
proximated by meridionally expanding the divergent
component of the AET around the equator (Bischoff
and Schneider 2014). To a first order, the ITCZ position
is proportional to the divergent cross-equatorial AET
and inversely proportional to the local NEI, which is the
net of vertical fluxes across the surface and top of the
atmosphere, and zonal fluxes across sector boundaries.
The first-order approximation captures the cross-
equatorial monsoonal migrations of the ITCZ over the
African and Asian sectors and the limited seasonal mi-
grations north of the equator over the Atlantic sector
(Fig. 5). In these regions, seasonal ITCZ migrations are
associated with both cross-equatorial AET and local
equatorial NEI variations. This is in contrast to the
seasonal migrations of the zonal-mean ITCZ, which are
dominated by cross-equatorial AET (Donohoe et al.
2013; Adam et al. 2016). Like the zonal-mean ITCZ
(Adam et al. 2016), seasonal ITCZ migrations lag EFE
variations by about 1 month, for reasons that are
not clear.

Since the meridional derivative of the AET at the
equator is negative in the Pacific sector (i.e., approxi-
mately local NEI; Fig. 4), third-order approximations
are required there. A simplified third-order approxi-
mation [Eq. (8)] is obtained by assuming second de-
rivatives of the AET are weak near the equator (because
of the approximate antisymmetry of the AET about the
equator). The third-order approximation captures the
single-ITCZ phase [Eq. (8a), boreal summer to boreal
autumn) and the bifurcation to a double ITCZ during
boreal spring [Eq. (8b)] in the eastern Pacific (Fig. 8,
left) only qualitatively; the discrepancy between the
AET zeros and ITCZ branches can be as large as 10°
latitude (Fig. 7a). Consistent with theory, the eastern
Pacific ITCZ bifurcates from single to double ITCZ
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when the discriminant A; [Eq. (7)] is negative (Fig. 7;
with a lag of 1-2 months). Likewise consistent with
theory, observations indicate that a double ITCZ is
more likely to occur during La Nifia episodes (Zhang
2001; Guet al. 2005). The latter observation supports the
theory (Bischoff and Schneider 2016) because during
cold La Nifia episodes ocean heat uptake increases and
NEI decreases (Fig. 9), while variations in cross-
equatorial AET are negligible (Fig. 9); therefore, A; is
generally smaller.

Since local NEI is negative in the Pacific, the pre-
dictions of linear EFE theory, which relates the ITCZ
position only to cross-equatorial AET (e.g., Kang et al.
2008, 2009; Donohoe et al. 2013, 2014), are invalid there.
Contrary to linear EFE theory, for negative local NEI, the
ITCZ latitude and cross-equatorial AET can have the
same sign (Fig. 6a). Moreover, eastern Pacific ITCZ
variability (which includes bifurcations from single- to
double-ITCZ states during boreal spring) is driven by a
complex balance between the vertical and zonal NEI
components as well as variations in cross-equatorial AET.

Correlations of interannual variations in sector-mean
EFE and ITCZ position were found to be statistically
insignificant in the reanalysis data. However, since sea-
sonal variations of the sector-mean EFE and ITCZ po-
sition are in qualitative agreement (Figs. 5 and 7), the
low interannual correlations are likely due to weak in-
terannual variations outside the Pacific (Fig. 9, assuming
interannual variations are primarily ENSO driven;
Adam et al. 2016) and the complex nature of ITCZ
variability in the Pacific. In monsoonal regions, the EFE
and ITCZ position were found to be collocated in sim-
ulations driven by a wide range of forcing scenarios
(Shekhar and Boos 2016). The relevance of the theory in
different regions over a wide range of simulated climates
remains to be tested.

ENSO-related variations in the ITCZ (Fig. 8) and
EFE (Fig. 9) are most pronounced in the Pacific. As in
the zonal-mean case (Adam et al. 2016), these variations
are characterized by an equatorward shift of the ITCZ
and EFE during warm El Nifio episodes and a poleward
shift during La Nifla episodes. These variations are
driven by increased (decreased) NEI (Fig. 9b), because
of decreased (increased) ocean heat uptake during El
Nifo (La Nifa) episodes (Schneider et al. 2014; Adam
et al. 2016). Paleorecords indicate that a similar con-
traction or expansion of the annual-mean tropical pre-
cipitation belt in the Pacific also occurs on decadal or
longer time scales (e.g., Yan et al. 2015). Similarly, re-
cords indicate large local meridional shifts of the ITCZ
in past climates (Schneider et al. 2014). Better un-
derstanding of the zonally varying atmospheric energy
budgets of past climates may improve our understanding
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of associated local and zonal-mean tropical precipitation
patterns.
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APPENDIX

Third-Order Approximation

The approximate zeros in Eq. (8) are derived here for
the following polynomial:

F,+F,¢ +F,> + F,¢°, (A1)
where Fy = (vh)', F| = ad,(vh)' ~ al% F, = a*d,,(vh)'/2,
and F; =a’d,,, (vh)T/6. For a negligible F,, the poly-
nomial has a single real solution for A; > 0 and three dis-
tinct real roots for A; < 0, where aA; = F; + (6F§F3)1/3.
For A; > 0, assuming the first- and second-order terms are
weak [i.e., unlike for the zero in Eq. (6) for large positive
NEI, the balance is not predominantly linear], the domi-

nant balance is between the zeroth- and third-order terms.
Thus, we find

113
4 = (_FO)”3 1 (—6(vh)}
! F3 a ayyl(;k
For A; < 0, the three roots correspond to two ITCZ
positions (where (vh)é =0 and 8(vh>$ >0) and to the
divider between the ITCZs (where (vh)g =0 and

a(vhﬂ) <0). We seek solutions using a first-order as-
ymptotic expansion in Fy, such that

(A2)

b, =¢,+ ¢, F,+ O(F}). (A3)

We solve for ¢y and ¢, by inserting Eq. (A3) into Eq.
(A1) and solving for the zeroth- and first-order terms in
Fy separately:

b0 —F, = \/F} — 4F,F,
\=

A4
’ 2F, (A4)
and
1 -1
¢, = B (2F, + F,¢,) . (A5)
1
For a weak F>,
3 00y 1 [-6lF
~= + = Al
¢y 2a 9 IF al\lo I¥ (A6)
» »y
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so that the two roots corresponding to the ITCZ posi-
tions are approximately given by

s _ 3905 1 |-6I}
1 2a0 IF¥ al\lo I%
yy yy

& sk
21*+ay10 3 a,13 . —6I
o2 29 I% a I%
Yy Yy

-1
(vh)
a

+

(A7)

Setting 9,I§ = 0 (i.e., F, = 0) in Eq. (A7) reproduces the
solution presented in Bischotf and Schneider [2016, their
Eq. (13)]. Note, however, that Eq. (13) in Bischoff and
Schneider (2016) contains an error: the factor /3 should
be replaced with /2 in the second rhs term. The divider
¢p is given by the same relation as the first-order ap-
proximation in Eq. (5b):

1 (whyy 1 {uh);

ay (wh) a I

d)D == 5 (AS)

however, contrary to the first-order approximation we
have I} <0, so ¢p has the same sign as <vh)$.
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