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Zonally varying ITCZs in a Matsuno—Gill-type model with an

idealized Bjerknes feedback
Ori Adam’

Key Points.

© Concurrent single and double ITCZs emerge in the limit of strong mechanical damping
© An idealized Bjerknes feedback produces an equatorial cold tongue
© The zonal orientation of the double ITCZs varies with the width of the equatorial cold

tongue

Abstract.

In the present climate, tropical rain bands exhibit a bifurcated pattern, con-

tinuously forming along single intertropical convergence zones (ITCZs) in some regions,
and along double ITCZs that straddle the equator in other regions. This bifurcated ITCZ
pattern is studied in a Matsuno—Gill-type model forced by relaxation to zonally asym-
metric surface pressure. The model includes an idealized Bjerknes feedback which cou-
ples surface winds and sea surface temperatures (SSTs) via oceanic Ekman balance. Con-
sistent with observations, solutions in the limit of strong damping are explored. Two ITCZ
bifurcation mechanisms are identified. First, in the viscous limit, ITCZs form along neg-
ative anomalies of the local Rossby number, which tend to occur near the equator for
equatorial low pressure and off the equator for equatorial high pressure; this leads to a
single ITCZ in the rising branch of zonal overturning circulations and a double ITCZ

that straddles the equator in the descending branch. Second, near the equator, ocean
upwelling produces a cold tongue with increased surface pressure, which reduces verti-

cal winds and can lead to precipitation peaks that straddle the equator in regions of equa-
torial ascent. Consistent with observations, the cold tongue intensifies with increasing
zonal SST gradients, and its base widens with weakened poleward SST gradients, mod-
ulating the zonal orientation of the ITCZs on either side of the cold tongue. Analytic
approximate solutions in the viscous limit capture the emergence of the bifurcated ITCZ
pattern, as well as the dependence of the bifurcated ITCZ pattern on zonal and pole-

ward SST gradients

1. Introduction

Tropical rain bands lie along near-surface convergence
zones where the lower branches of the meridional overturn-
ing circulation intersect [Xie, 2004; Schneider et al., 2014].
In the present climate, tropical rain bands exhibit a bifur-
cated pattern, continuously forming along single intertrop-
ical convergence zones (ITCZs) in some regions, and along
double ITCZs that straddle the equator in other regions
[e.g., Zhang, 2001]. Since the tropical overturning circu-
lations in regions dominated by single and double ITCZs
are inextricably linked, a theory of the zonally varying trop-
ical rain belt requires consideration of the bifurcated pattern
(i-e., concurrent single and double ITCZs) as a whole. The
goal of this study is to gain a conceptual understanding of
the bifurcated ITCZ pattern by revisiting classical Matsuno—
Gill-type models of the tropics [Matsuno, 1966; Gill, 1980].
It is shown that these models shed light on the origin of
the bifurcated ITCZ pattern and capture some of its key
features.

Variants of the bifurcated ITCZ pattern exist in the
present tropical climate on timescales of days or longer:
daily states of the ITCZ in the eastern Pacific vary between
single and double ITCZs that straddle the equator [Haf-
fke et al., 2016], with increased occurrence of double-ITCZ
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states during boreal spring and during La Nina episodes
[Zhang, 2001; Gu et al., 2005; Bischoff and Schneider,
2016; Adam et al., 2016]; infrequent seasonal occurrences
of double-ITCZ states are observed over the Indian Ocean
and central Pacific [e.g., Zhang, 2001]; a regional bifurcation
from a single ITCZ in the Indian Ocean to a south Pacific
convergence zone (SPCZ) and a Pacific ITCZ north of the
equator is observed year-round [e.g., Adam et al., 2016].
Additionally, modern climate models tend to have more
pronounced double ITCZs in the Pacific than is observed
[e.g., Lin, 2007]. The precipitation response to greenhouse-
induced global warming in these models also shows a bifur-
cated pattern with double precipitation peaks that straddle
the equator in the Pacific, and a single peak elsewhere [e.g.,
Held and Soden, 2006; Bony et al., 2013]. Yet, despite the
prevalence of the bifurcated ITCZ pattern in the mean trop-
ical climate and in perturbations of the tropical climate, a
theory of the origin of this pattern does not exist.

In the zonal mean, the position of the ITCZ is dominated
by inter-hemispheric differential heating, which, to first or-
der, is controlled by the radiative budget at the top of the
atmosphere [for a review see Schneider et al., 2014]. In con-
trast, zonally asymmetric ITCZ variations are dominated
by the complex nature of the zonally-asymmetric tropical
dynamics and energy balance [Adam et al., 2016; Boos and
Korty, 2016]. In particular, a major obstacle to a theoretical
understanding of ITCZ dynamics is the coupling of marine
ITCZs and their associated atmospheric circulations, with
the underlying sea surface temperatures (SSTs) and their
associated oceanic circulations. This obstacle is addressed
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Figure 1. The tropical precipitation (blue) and the SST (black contours) during Mar-May (a,b) and Jul-
Sep (c,d). (a,c) The seasonal-mean precipitation and SST (1C° intervals; the 27 C° contour is highlighted
in black). Side panels show the zonal mean precipitation. (b,d) The equatorially-symmetric components
of the seasonal-mean precipitation, and the equatorially-symmetric component of SST seasonal-mean
difference from the annual mean (solid/dashed black contours indicating positive/negative values at 0.5
°C intervals). Side panels show the zonal-means of the precipitation (blue) and seasonal SST anomaly
(black). Precipitation and SST data taken from the Global Precipitation Climatology Project [GPCP;
Adler et al., 2003] dataset and from the Extended Reconstructed SST dataset (ERSST-v3b) provided by
NOAA'’s National Climatic Data Center [Smith et al., 2008], for 1998-2014.

here by introducing an idealized Bjerknes feedback, which
captures the coupling of surface winds with tropical SSTs.

ITCZs are associated with the ascending branch of the
tropical meridional overturning circulation; they are there-
fore an integral part of the tropical mean overturning circu-
lation. Regions hosting a single ITCZ are characterized by
monsoonal circulations, which are Hadley-like in the zonal
mean [e.g., Dima and Wallace, 2003]. On the other hand,
regions hosting double ITCZs that straddle the equator are
associated with non—Hadley-like meridional overturning cir-
culations: the double ITCZs lie along the rising branches
of narrow meridional overturning circulations on either side
of the equator, with a shared equatorial descending branch
[Bischoff and Schneider, 2016; Adam et al., 2016]. The bi-
furcation from single to double ITCZs is therefore linked to a
bifurcation of the tropical overturning circulation [Bischoff
and Schneider, 2016]. The position of ITCZs depends on
factors such as surface moisture and momentum balances
[e.g., Lindzen and Nigam, 1987; Schneider and Bordoni,
2008] and tropical wave dynamics [e.g., Holton et al., 1971;
Gill, 1980]; understanding the relation of these factors with
the overturning circulation is therefore critical for a theory of
tropical convergence zones. Additionally, in climate models,
the transition from single- to double-ITCZ states is sensi-
tive to the details of the convective scheme [e.g., Mdbis and
Stevens, 2012]. Nevertheless, even in such cases, the transi-
tion from single- to double-ITCZ states is closely associated
with the mean circulation, reinforcing the need to explore
the relation of ITCZs and the mean overturning circulation
[Voigt and Shaw, 2015].

For simplicity, only the equatorially-symmetric compo-
nent of the bifurcated ITCZ pattern is considered here.
Specifically, this study focuses on: i) regional transitions
from a single ITCZ to double ITCZs that straddle the equa-
tor, and ii) variations in the zonal orientation of ITCZs.
These key modes of variation of the bifurcated ITCZ pat-
tern are evident during the transition seasons, as shown in

Fig. 1. During boreal spring (Fig. 1la), a double ITCZ
that straddles the equator is observed in the eastern Pacific;
a single ITCZ, which lies approximately along the equator,
is observed outside the Pacific [e.g., Zhang, 2001]. (Note
that during boreal spring, the southern branch of the dou-
ble ITCZ in the eastern Pacific is distinct from the SPCZ,
which extends diagonally from the equatorial western Pacific
southeastwards to the subtropical central Pacific.) In con-
trast, during late boreal summer (Fig. 1c), a single ITCZ is
observed in the eastern Pacific, and the Atlantic and Pacific
ITCZs are farthest from the equator. Since regions of high
precipitation tend to occur over regions of high SST [e.g.,
Bjerknes, 1969; Trenberth and Shea, 2005], these variations
in the position of the ITCZs are strongly correlated with the
variations in the positions of SST peaks (Fig. 1a,b).
Variations in the zonal orientation of the ITCZs become
evident by examining the equatorially-symmetric compo-
nent of the tropical precipitation, shown in Fig. 1b,d. Dur-
ing boreal spring, the ITCZs in the Pacific and Atlantic
lie parallel to the equator; in contrast, during late boreal
summer, the ITCZs are at their most diagonal orientation.
This change in the zonal orientation of the ITCZs varies
with the zonal SST gradients in the Pacific and Atlantic,
which are minimal during boreal spring and maximal dur-
ing late boreal summer [Fig. 1b,d; Karnauskas et al., 2009],
and with the mean tropical poleward SST gradient, which
is strongest during boreal spring and weakest during late
boreal summer (Fig. 1b,d). Similarly, the meridional extent
of the Pacific and Atlantic cold tongues varies with the ori-
entation of the ITCZs, from narrowest during boreal spring,
to widest during late boreal summer. A similar variation
in the orientation of the ITCZs is observed on inter-annual
timescales; during strong El Nifio episodes (i.e., like boreal
spring, when eastern Pacific SSTs are elevated) the SPCZ
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becomes significantly more zonally oriented [Vincent et al.,
2011].

Here, the relation of the bifurcated ITCZ pattern to
equatorially-symmetric zonal and meridional SST gradients
is analyzed using a shallow water model on the equato-
rial beta plane, linearized about a state of rest, with pre-
scribed heating and mechanical damping. Such models are
known to capture the essential properties of equatorial wave
dynamics, as shown by Matsuno [1966], and of thermally
driven tropical circulations, as shown by Gill [1980], and are
widely used in the study of large-scale tropical dynamics.
Matsuno—Gill-type models can be interpreted as describ-
ing the first internal mode of the overturning circulation,
with the meridional and zonal winds representing the verti-
cal sheer between two atmospheric layers [Matsuno, 1966].
Given the idealized nature of these models, the prescribed
heating and damping leave much room for interpretation.
Gill [1980] described the diabatic heating as originating from
latent heating associated with deep convection. This view,
however, is problematic, as the ability of upper-troposphere
diabatic heating to maintain lower-level convergence is un-
certain [Lindzen and Nigam, 1987]. Instead, surface mass
convergence linked to SST gradients has been shown to
be critical for the maintenance of ITCZs [e.g., Lindzen
and Nigam, 1987; Waliser and Somerville, 1994; McGauley
et al., 2004; Sobel and Neelin, 2006; Raymond et al., 2006;
Back and Bretherton, 2009]. Yet, despite the fundamental
differences between the two views, with appropriate scal-
ing of the idealized model, forcing the circulation by either
prescribed diabatic heating or prescribed surface momen-
tum fluxes is formally equivalent [Neelin, 1989]. Moreover,
prescribing either diabtic heating or SST gradients neglects
the strong coupling between the overturning circulation and
SSTs. (See Battisti et al. [1999] for a discussion of the con-
ceptual similarities and limitations of the two views.) Here
it is shown that the bifurcated ITCZ pattern can form even
with only idealized large-scale forcing, without prescribing
localized diabatic heating or surface momentum fluxes.

Early observational analyses of the tropical free atmo-
sphere [Krishnamurti, 1971a, b] revealed strong damping of
the vorticity field [Holton and Colton, 1972]. Subsequent
analyses using Matsuno—Gill-type models found damping
rates of the order of 1-10 days [e.g., Lin et al., 2008; Romps,
2014], in support of earlier findings. Here, in accordance
with observations, solutions in the limit of strong damping
are explored. It is shown that vorticity damping has a crit-
ical role in the emergence of the bifurcated ITCZ pattern.
The model and motivation for seeking solutions in the vis-
cous limit are presented in section 2. Approximate steady
solutions are derived in section 3. Numerical steady solu-
tions are presented in section 4, followed by a summary and
discussion in section 5.

2. Model
2.1.

The nondimensional Gill model [Gill, 1980] can be writ-
ten as

Matsuno-Gill model in the viscous limit

—yv + Ozh = —eu
yu + Oyh = —ev (1b)
Ozu + Oyv = —Q (1c)

where h is the deviation from mean geopotential height, u
and v are the deviations of the zonal (along x) and merid-
ional (along y) velocity components from a mean state of
rest, and ¢ is the Rayleigh damping coefficient. As in Mat-
suno [1966], the equations are nondimensionalized using
the phase speed of gravity waves ¢ =+/gH, a time scale

(1a)

X-3

T =+/1/c¢B, and a length scale L =+/¢/B (8 = 2Q/a is
the meridional derivative of the Coriolis parameter f at the
equator, where €2 and a are Earth’s rate of rotation and
radius). The effective height (H) of the model is therefore
linked to the time and length scales, as well as the source
term @ [Gill, 1982]. Similarly, the effective timescale of the
Rayleigh damping is not directly related to observed val-
ues, but depends on the scaling parameters. An important
distinction between Eq. (1) and the Gill model is that the
damping term ev is not neglected in Eq. (1b). For the large-
scale circulation in the limit of small e, this term becomes
negligible [Gill, 1980]. However, since solutions in the limit
of large € are explored here, this common simplification of
the model is not applied in Eq. (1).
From the steady continuity equation, the vertical velocity
is given by
w = —0yu— Jyv = Q. (2)
Accordingly, the signs of u and v correspond to near-surface
winds; h is proportional to positive surface pressure anoma-
lies and, near the equator, to negative SST anomalies. Since
deep convection is strongly coupled to vertical winds, posi-
tive peaks of the vertical wind are referred to here as ITCZs.

2.2. The viscous limit

It is helpful to write Eq. (1) in terms of the divergence
0 = Ozu + O9yv and relative vorticity € = 0,v — Oyu. Taking
the curl of the momentum equations yields

yd = —v — €€. (3a)
The divergence of the momentum equations yields
€0 = y& — u — (Opx + Oyy)h (3b)
and the continuity equation becomes
d=-Q. (3¢)
By combining Egs. (3a) and (3c), we find
yQ =v + €. (4)

Gill [1980] noted that in the inviscid limit (¢ — 0), Eq. (4)
becomes analogous to the Sverdrup balance in oceanogra-
phy, yQ = v, so that near-surface flow is poleward in the
heating region and equatorward in the cooling region — a
well observed feature of the first internal mode of the tropi-
cal circulation, as shown in Fig. 2 for the Pacific sector [cf.
Adames and Wallace, 2014]. In the viscous limit, vorticity
damping cannot be neglected and the resulting balance (Eq.
4) is analogous to the Stommel model [Stommel, 1948] (see
next section).

The association of () with both large-scale processes and
diabatic heating directly related to deep convection poses
a scaling problem. Since deep convection occurs on rela-
tively short time scales (~ hours) and small length scales
(~ a few kilometers), a scale separation exists between the
balanced large-scale tropical circulation (with time scales of
days or longer and length scales of thousands of kilometers)
and the transient circulation directly related to deep con-
vection [Ooyama, 1982; Raymond et al., 2015]. Formally,
where convection occurs, Eq. (3¢) becomes

&~ —Q; (5)

where ()’ denotes perturbations on spatial and temporal
scales relevant to processes associated with deep convection,
and Q. denotes diabatic heating associated with deep con-
vection. The vorticity equation (3b) then becomes

yQ. =" + ¢ (6)
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Figure 2. Equatorially-symmetric annual-mean zonal
anomaly of the sea-level pressure and wind in the Pa-
cific sector. (a,b) Sea-level pressure (solid/dashed black
contours indicate positive/negative anomalies at 0.5 hPa
intervals) and the difference between the 700-1000 and
200-500 hPa levels of the zonal (a) and meridional (b)
winds. (c) The vertical wind at the 500 hPa level and
the net (zonal and meridional from panels a and b) hor-
izontal wind (arrows). Data taken from the European
Center for Medium-Range Weather Forecasts (ECMWF)
Interim Reanalysis [Dee et al., 2011] for 1979-2014.

In the observed atmosphere, the intense diabatic heating as-
sociated with deep convection is predominantly balanced by
nonlinear and dissipative terms which are represented in the
linear model by vorticity damping [e.g., Sardeshmukh and
Held, 1984]. Therefore, from Eq. (6), the diabatic heating
associated with deep convection is approximately given by

/Ni//

Equation (7) implies that ITCZs, which are dominated by
deep convection, lie along minimal values of the first inter-
nal mode of the local Rossby number —¢/y. This relation
is indeed roughly consistent with observations, as shown in
Fig. 3. Substituting for § and £ in Eq. (3b) using Egs. (5)
and (7) yields in the limit of large €

E/2 4 y2

Qo T (Ous + D)W ®)
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Figure 3. Annual-mean precipitation (blue) and the
difference between the 700-1000 and 200-500 hPa levels
annual-mean local Rossby number, —¢/f, calculated in
spherical coordinates (solid/dashed black contours indi-
cate negative/positive values at 0.1 intervals; equatorial
values are not shown). Data taken from the European
Center for Medium-Range Weather Forecasts (ECMWF)
Interim Reanalysis [Dee et al., 2011] for 1979-2014.

which implies that the ITCZ position follows SST peaks — a
well known observed property of ITCZs [Fig. 1; Trenberth
and Shea, 2005]. Thus, a direct implication of Egs. (7) and
(8), supported by Figs. 1 and 3, is that the idealized model
is most suited for studying the large-scale features of ITCZs
in the viscous limit.

2.3. Forcing

The source term ) consists of relaxation to a prescribed
zonally asymmetric surface pressure (Qw ), convective heat-
ing coupled to the vertical wind (Q.), and sensible cooling
associated with equatorial upwelling (Qg)

Q=Qw+Qc+Qr. (9)

The term Qw mimics relaxation to an equilibrium zonal
pressure gradient, which drives a zonal-overturning, Walker-

like circulation B
Qw(z,y) =e(h—h)
with the relaxation height

(10)

h(z,y) = Asin(27T:L'/L)<fyz/2‘72 (11)
where L is the length of the periodic zonal domain, and
negative values of the constant A correspond to high sur-
face pressure in the eastern part of the domain, and low
pressure to the west. Qw is formally identical to the source
used by Matsuno [1966] for o = 1. Since A and o set the
equilibrium zonal and poleward surface pressure gradients,
the sensitivity of the steady states of the model to varia-
tions in these parameters is explored here. The parameter
€ is inversely proportional to both the mechanical damp-
ing time in the momentum equations, and the overturning
relaxation time in the continuity equation. In the viscous
limit, this corresponds to unrealistically short overturning
circulation times. Nevertheless, as in the inviscid case [Gill,
1980], the solutions are found to be qualitatively insensitive
to this duality of e.

For the convective source term @Q., it is assumed that
upward large-scale motion increases convective heating, and
downward motion increases diabatic cooling [e.g., Gill, 1982]

Qe = —76. (12)
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Figure 4. Relaxation height h (solid/dashed black con-
tours indicate positive/negative values at 0.02 intervals)
and the solution in the viscous limit for the zonal wind
(a, Eq. 17a), meridional wind (b, Eq. 17b) and ver-
tical wind (¢, Eq. 18). The model parameters are:
A=-01,0=1e=1,7v=0,and Cg =0.

For 1 < ~, the divergence term in the continuity equation
becomes convergent, leading to unstable solutions of the
time-dependent equations. Therefore, the convective cou-
pling constant is constrained to 0 < v < 1. It is impor-
tant to note that this common parameterization is consistent
with the notion that convective heating does not indepen-
dently drive the large-scale circulation, but rather acts to
enhance the relaxation towards equilibrium [Emanuel et al.,
1994]. This is readily seen in the following example: for
Q = e(h — h) — 4, in the limit of v — 1, Eq.(3c) yields
h = h; in other words, h approaches the prescribed equilib-
rium height as the convective coupling strengthens.

Finally, surface winds and SSTs are coupled via oceanic
Ekman balance [e.g., Schneider et al., 2014; Green and Mar-
shall, 2017]. Specifically near-surface ocean currents (o, o)
are assumed to be balanced by surface wind stress (7z, 7y)
(13a)

YUo = Ty

YVo = —Tz. (13b)
This balance drives oceanic upwelling where the surface cur-
rents diverge, which leads to surface cooling. Thus, assum-
ing that the stress is linearly related to the surface wind, the

a

\ |

X

Figure 5. The contributions of terms a, b, and ¢ (with
matching panel letters) in Eq. (18) to the vertical wind
shown in Fig. 4c (with matching contours).

heating associated with the Ekman coupling is given by

ae=-cx |- (3) o (5 )]

where the Ekman coupling coefficient Cg relates the up-
welling and its associated surface cooling to an increase in
surface pressure. To account for the equatorial latitude belt
where the Ekman balance does not hold (i.e., where y — 0),
and to account for the fact that surface warming in regions
of ocean downwelling is generally negligible compared to the
cooling in upwelling regions, the Ekman coupling is repre-

(14)

sented as
yv yu
Frr = 0y -0 15a
o <y8+y2> y<y3+y2> (152)
and the associated heating is given by
Qr = —CrH(FEr)Fex (15b)

where the parameter yo can be interpreted as the oceanic
Rossby radius of deformation near the equator (~200km,
[Gill, 1982]) or as representing dissipative effects in the
oceanic mixed layer [Codron, 2012], and H is a heavyside
step function. The results were found to be qualitatively
insensitive to the value of yo, which is set to 0.2 in all of the
numerical solutions (Sec. 4).

The source terms Qw + Qg comprise an idealized Bjerk-
nes feedback [Bjerknes, 1969; Neelin, 2011], driving an ide-
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Figure 6. Approximate solutions of the vertical wind in
the viscous limit of the Bjerkness feedback. (a) The ap-
proximation of the near-equator vertical wind (color, Eq.
20) for Cg = 0.1. (a,b ) The superposition of approxima-
tions (18) and (20) for Cg = 0.1 (a) and Cg = 0.2 (b).
The other model parameters are: ¢ = 1,4 = —0.1,7 =0,
and 0 = 1. Contour surfaces are constrained between
+0.14 with 21 intermediate values.

alized Walker circulation which is coupled to the underlying
oceanic circulation. In the following sections, the contribu-
tions of each of the above source terms to the large-scale
circulation associated with ITCZs are examined in the vis-
cous limit.

3. Approximate solutions

3.1. The viscous Walker circulation

The steady circulation with no Ekman coupling (Cr = 0)
in the limit of large € is first considered. To leading order in
€, the continuity equation (1c) yields

h~h (16)
(as shown above, this approximation becomes an identity
in the limit v — 1). Under this approximation, Eq. (1lc)
decouples from Egs. (1a,b) and the momentum Egs. (1a,b)
can be solved independently by substituting h from Eq. (4)

)

€ - Y -
u = 7mazh - mayh (17a
TP € o7
V= s Oh = O (17b)
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(Note that in the zonal mean, these expressions for the sur-
face wind differ from those obtained by Schneider and Bor-
dong [2008] who used a nonlinear idealized model; however,
the dependence on the meridional gradient of h is similar in
both expressions.) As shown in Fig. 4, in the viscous limit,
the resulting meridional wind is opposite to the Sverdrup
balance; it is poleward in the cooling region and equator-
ward in the heating region.

From Eq. (3c), in the viscous limit, the vertical wind in
the zonal overturning circulation forced by Qw is given by

b
f_/\* /_/%
2 2
= Y- —e€ 2ey =
( R (€@+y2)° "
(18)

As shown in Fig. 4c, Eq. (18) implies that in the viscous
limit, upward winds are induced near surface pressure lows
(term a), negative (positive) zonal pressure gradients (term
b) for y < € (y > €), and negative poleward pressure gra-
dients (term c). As shown in Fig. ba, term a (Fig. 5a)
generates a rising branch in the low-pressure (Low) node
of the forcing and a descending branch in the high-pressure
(High) node of the forcing. The zonal and meridional gra-
dient terms (terms b and ¢ shown in Fig. 5b,c) damp the
single ITCZ that forms in the Low node and induce a double
ITCZ that straddles the equator in the High node. Thus,
a bifurcated ITCZ pattern emerges in the viscous limit for
zonally asymmetric large-scale forcing.

a

_c
€2 +y2

ww =

3.2. The Bjerkness feedback in the viscous limit

Substituting for u/y from Eq. (1a) and for v/y from Eq.
(1b) in Eq. (14) gives

Ozh

C

Therefore, the Ekman source term dominates and intensi-
fies the vertical wind near the equator. Combined with the
convective source term, this gives

B Cr Auh
e(1-=7)—Cr ys +y?

(20)

WE ~

near the equator, where Eq. (18) is used to approximate
h and yo is utilized as in Eq. (15b). Figure 6a shows wg
for Cg = 0.1 and ¢ = 1. Indeed, as expected, a narrow
high-pressure band with intense descending winds emerges
along the equator in regions where the zonal surface pres-
sure gradient is positive, mimicking the Pacific and Atlantic
cold tongues. As in the convective coupling case, this ap-
proximation predicts unstable solutions for

Y'=~v+Cg/e>1, (21)
ensuring wg o« —0;h for all stable steady solutions. In prac-
tice, unstable numerical integrations of the time-dependent
equations (see next section) were found to occur for v* val-
ues as low as 0.2.

The full effect of the idealized Bjerkness feedback is cap-
tured by the superposition of the approximate solutions of
the vertical wind (Egs. 18 and 20) wp = ww + H(—wE)wE,
which is shown for Cr = 0.1 in Fig. 6b and for Cr = 0.2
in Fig. 6c. The cold tongue extends into the rising branch
of the zonal overturning circulation with increasing Cg. In
addition, as the cold tongue extends into the Low region, it
creates a diagonal cleavage in the rising branch of the zonal
overturning circulation (Fig. 6b,c), mimicking the observed
splitting of the vertical wind in the western Pacific (Fig. 2c).
This splitting of the ITCZ in the Low node is consistent
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Figure 7. The dependence of the vertical wind on zonal and poleward gradients of the relaxation height
in the approximate solutions in the viscous limit (the superposition of approximations 18 and 20). Zonal
gradients increase with the constant A (Eq. 11) down columns; poleward gradients weaken with increas-
ing o0 (Eq. 11) along rows. The other model parameters are: ¢ = 1,7 = 0, and Cg = 0.2. Contour
surfaces are constrained between 4+0.21 with 21 intermediate values.

with the mechanism proposed by Bischoff and Schneider
[2016] whereby for sufficiently strong oceanic heat uptake,
the mean meridional circulation bifurcates from a single
ITCZ circulation with equatorial ascent to a double-ITCZ
circulation with an equatorial descending branch. In the
High node, this mechanism reinforces, but does not drive,
tl)le double ITCZ which emerges in the viscous limit (Fig.
4).
To study the dependence of the bifurcated ITCZ pat-
tern on zonal and poleward pressure gradients, the depen-
dence of wp on variations in the parameters A and o is
analyzed in Fig. 7. Consistent with observations (Fig. 1),
the cold tongue widens with increasing zonal pressure gradi-
ents (i.e., as A becomes more negative) and with weakening
poleward gradients (i.e., with increasing o). Similarly, the
double ITCZ in the High node weakens relative to the single
ITCZ in the Low now with weakening poleward gradients.
Next, the approximate solutions are compared with exact
numerical steady solutions of the model.

4. Numerical solutions

Steady states are obtained by time integrations of the
model (i.e., time derivatives are added on the left-hand side
of Eq. 1) from a resting state using a leap-frog scheme for
100 days. Explicit numerical diffusion other than Rayleigh
damping is not used. The results are qualitatively insensi-
tive to the details of the integration scheme.

Figure 8 shows steady-state solutions of the model forced
by relaxation to a zonally asymmetric equilibrium height.
For small €, the solutions are similar to those shown by
Matsuno [1966] (compare Fig. 8a,d with Fig. 9 in Matsuno
[1966]). In the viscous limit, the numerical solutions are
well captured by the analytic solutions (4) and (18) (com-
pare Fig. 8e,f with Fig. 4b). As predicted by the theory,
in the viscous limit h ~ h (Fig. 8b) and a double ITCZ
appears in the High node (Fig. 8e). The addition of con-
vective coupling causes the double ITCZs to intensify and
shift closer to the equator, but by itself does not lead to the
emergence of the bifurcated pattern (Fig. 8f).

The effect of Ekman coupling is shown in Fig. 9, where
the circulation is forced by the same zonally asymmetric re-
laxation height as in Fig. 8 but with Cg > 0. For small ¢,
the solutions substantially differ from those found by Mat-
suno [1966] (compare Figs. 8a,d and 9a,d); the emergent
Walker circulation has a narrow rising branch and a dom-
inant cold tongue in the descending branch. As in the ap-
proximate solutions (Fig. 6), the cold tongue produced by
the Ekman coupling opens a chasm in the rising branch of
the zonal overturning circulation. The split ITCZs in the ris-
ing branch of the zonal overturning circulation nearly merge
with the double ITCZs in the descending branch of the zonal
overturning circulation as € and Cg are increased (Fig. 9f).

As in Fig. 7 for the approximate solutions, the depen-
dence of the steady vertical wind in the numerical solutions
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Figure 8. The relaxation height h (contours, 0.02 intervals, upper panels) and numerical steady solu-
tions of the height (color, upper panels), vertical wind (color, lower panels) and surface winds (arrows,
lower panels) for the model forced by Q@ = Qw + Q.. Results are shown for € = 0.1 (left column), e =1
(middle column), and ¢ = 1 with strong convective coupling (v = 0.9, right column). The other model

parameters are: A =—0.1,Cg =0, and o = 1.

on variations in the parameters A and o is analyzed in Fig.
10. The numerical solutions are well captured by the the-
ory (Fig. T7), with the exception that the cold tongue and
the variations in the orientation of the ITCZs are more pro-
nounced in the numerical solutions. Consistent with obser-
vations, the cold tongue strengthens with increasing zonal
gradients and its base widens with weakening poleward gra-
dients, thereby controlling the emergence and orientation of
the double ITCZs in the High node.

5. Summary and discussion

A simple shallow water model on the equatorial beta
plane with an idealized Bjerknes feedback is employed to
study the equatorially symmetric features of the bifurcated
ITCZ pattern. It is shown that analysis of the large-scale
features of ITCZs using the idealized model is consistent
with observations in the limit of strong damping.

Two ITCZ bifurcation mechanisms are identified:

1. In the viscous limit, upward winds go along with neg-
ative anomalies of the local Rossby number (Eq. 4, Fig.
2), which form along the equator for surface Lows and off
the equator for surface Highs. This leads to a bifurcated
ITCZ pattern with a single ITCZ in the heating region, and
a double ITCZ that straddles the equator in the cooling re-

gion (Fig. 4). The emergent pattern mimics the observed re-
gional bifurcation from a single ITCZ over the Indian Ocean
to ITCZs on either side of the equator in the Pacific (Figs.
1,2,3), and captures the emergence of a double ITCZ that
straddle the equator in the eastern Pacific during boreal
spring (Fig. 1) for sufficiently strong poleward temperature
gradients (Figs. 7,10).

2. Surface wind stress induces equatorial ocean upwelling
which cools the surface. The cooling increases surface pres-
sure, which, in turn, reduces vertical winds near the equator.
The idealized Bjerknes feedback captures this effect, lead-
ing to an equatorial cold tongue (Fig. 6), mimicking the
observed equatorial cold tongue in the Atlantic and Pacific
(Figs. 1,2). As the cold tongue intensifies and extends into
the rising branch of the Walker circulation, it opens a diag-
onal cleavage in the rising branch of the zonal overturning
circulation which resembles a split ITCZ (Fig. 6). This
mechanism mimics the observed splitting of the ITCZ in
the western Pacific (Fig. 2) and may reinforce the observed
bifurcation to a double ITCZ that straddle the equator in
the eastern Pacific during boreal spring [Adam et al., 2016].

Thus, the bifurcated ITCZ pattern emerges in the viscous
limit. Analytic approximate solutions in the viscous limit
capture the emergence of the bifurcated ITCZ pattern, as
well as the dependence of the bifurcated ITCZ pattern on
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zonal and poleward SST gradients. Consistent with observa-
tions, the cold tongue intensifies with increasing zonal SST
gradients, and its base widens with weakened poleward SST
gradients, modulating the zonal orientation of the ITCZs on
either side of the cold tongue (Figs. 1,7,10).

The solutions of the idealized model in the viscous limit
provide insight on the origin of the large-scale bifurcated
ITCZ pattern, but at the cost of filtering out key processes
which determine the exact position and structure of ITCZs.
These include boundary layer dynamics [e.g., Sobel and
Neelin, 2006; Back and Bretherton, 2009; Schneider and
Bordoni, 2008; Gonzalez et al., 2016] and the role of wave
dynamics in setting the preferred locations of convergence
zones [e.g., Holton et al., 1971; Gill, 1980]. Additionally,
due to the absence of meridional advection, the ITCZs in
the idealized model are much broader than observed [e.g.,
Gonzalez et al., 2016].

A major caveat of the theory is that, in contrast to ob-
servations which are consistent with the Sverdrup balance
(Fig. 3), in the limit of strong vorticity damping the Sver-
drup balance is reversed (Fig. 4). This discrepancy is po-
tentially related to the idealized Rayleigh damping, which
represents a mix of processes with potentially different spa-
tial and temporal scales (Sec. 2.2). It acts as an overturning
relaxation time in the source terms, which becomes unreal-
istically short in the viscous limit. In the momentum equa-
tions, the damping can be interpreted as representing either
surface momentum fluxes in the surface branch of the over-

turning circulation, or cumulus drag and nonlinear terms
in the upper branch of the overturning circulation. More-
over, some speculation remains regarding the origin of the
observed strong damping in the free atmosphere, making it
difficult to associate the vertical winds induced in the limit
of strong damping with specific processes. In particular, the
degree to which the linear momentum drag represents cu-
mulus friction or nonlinear terms is not clear [Sardeshmukh
and Held, 1984]. Additionally, observed cumulus momen-
tum transport is spatially inhomogeneous and related to the
convection intensity and vertical structure [Lin et al., 2008,;
Romps, 2014] — features which are not represented by the
Rayleigh damping.

Nevertheless, the essential features of the observed bifur-
cated ITCZ pattern are captured in the idealized model.
Specifically, concurrent single and double ITCZs emerge in
the steady solutions without explicitly prescribing local SST
gradients or diabatic heating (Fig. 4). Therefore, the ideal-
ized model suggests the following mechanism for the emer-
gence of the bifurcated ITCZ pattern: The existence of a
Bjerknes feedback mandates a zonally asymmetric surface
pressure distribution over ocean basins; given sufficiently
strong surface turbulent fluxes, surface convergence zones
will form along the equator in the Low node of the sur-
face pressure and on either side of the equator in the High
node; vertical motion in these convergence zones will in turn
be amplified by the coupling of the atmospheric circulation
with convective heating; the coupling of the atmospheric and
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Figure 10. As in Fig. 7 for the numerical solutions. Contour surfaces are constrained between +0.67

with 21 intermediate values.

oceanic circulations via Ekman balance generates an equa-
torial cold tongue which extends into and splits the single
ITCZ in the Low node, and modulates the orientation and
position of the double ITCZs that straddle the equator in
the High node.

In both inviscid and viscous theory, the zonal extent of the
rising branch of the Walker circulation is smaller than the
extent of the descending branch, but for different reasons.
Gill [1980] associated the relative narrowness of the rising
branch with the difference in the phase speeds of westward
propagating equatorial Rossby waves and eastward prop-
agating Kelvin waves, which arise from localized heating.
In contrast, in the viscous limit, equatorial waves are com-
pletely damped. Instead, the intrusion of the cold tongue
into the rising branch of the zonal overturning circulation re-
duces winds there, thereby extending the descending branch
at the expense of the rising branch.

Dynamical studies of the south Pacific convergence zone
(SPCZ) have shown that it owes its diagonal orientation to
the existence of a Pacific cold tongue which creates diago-
nal SST peaks on either side of the equator [e.g., van der
Wiel et al., 2016], but that the convection intensity in the
SPCZ is strongly influenced by diagonal wave trains which
dissipate over regions with elevated SSTs [e.g., Widlansky
et al., 2011; van der Wiel et al., 2015]. Unlike observations,
the ITCZs in the idealized model nearly vanish where the
single and double ITCZs merge (Figs. 8f and 7f). This
may reflect the absence of convective dissipation of subtrop-
ical storms in the idealized model. Similarly, the origin of

the nearly-equinoctial variation in the orientation of ITCZs
(Fig. 1), which is inextricably linked to the atmospheric and
oceanic overturning circulations, is not well understood and
may likewise be linked to subtropical eddy activity.

The idealized Bjerknes feedback provides a conceptual
framework for studying the large-scale features of ITCZs
and the tropical circulation. In particular, it can be used to
study the nature of tropical precipitation biases in climate
models, which are known to be strongly correlated with cold
tongue biases [e.g., Lin, 2007; Adam et al., 2017] and with
the tendency of climate models to overestimate precipitation
in ascent regions [Oueslati and Bellon, 2015]. Similarly, the
effect of trends in SST gradients, such as those observed in
the equatorial Pacific [Karnauskas et al., 2009], can be ex-
amined using fundamental parameters. Most importantly, it
links tropical precipitation variations with irreversible pro-
cesses in the atmosphere in a manner hitherto unexplored.
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