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ABSTRACT

The dynamical processes controlling the width of the intertropical convergence zone (ITCZ) are investi-

gated using idealized and CMIP5 simulations. ITCZ width is defined in terms of boundary layer vertical

velocity. The tropical boundary layer is approximately in Ekman balance, suggesting that wind stress places a

strong constraint on ITCZwidth. A scaling based on Ekman balance predicts that ITCZwidth is proportional

to the wind stress and inversely proportional to its meridional gradient. A toy model of an Ekman boundary

layer illustrates the effects of wind stress perturbations on ITCZ width. A westerly wind perturbation widens

the ITCZwhereas an easterly perturbation narrows the ITCZ.Multiplying the wind stress by a constant factor

does not shift the ITCZ edge, but ITCZ width is sensitive to the latitude of maximum wind stress. Scalings

based on Ekman balance cannot fully capture the behavior of ITCZ width across simulations, suggesting that

non-Ekman dynamical processes need to be accounted for. An alternative scaling based on the full mo-

mentum budget explains variations in ITCZ width and highlights the importance of horizontal and vertical

momentum advection. Scalings are also introduced linking ITCZwidth to surface temperature. An extension

to Lindzen–Nigam theory predicts that ITCZ width scales with the latitude where the Laplacian of SST is

zero. The supercriticality theory of Emanuel is also invoked to show that ITCZwidth is dynamically linked to

boundary layer moist entropy gradients. The results establish a dynamical understanding of ITCZ width that

can be applied to interpret persistent ITCZ biases in climatemodels and the response of tropical precipitation

to climate change.

1. Introduction

The intertropical convergence zone (ITCZ) is a

planetary-scale band of low-level mass convergence

and intense rainfall (Waliser and Gautier 1993). The

ITCZ migrates north and south across the equator in

response to seasonal changes in insolation. Given its

dominant influence on tropical hydroclimate and im-

portance for societies at low latitudes, the physical

mechanisms controlling the ITCZ have received con-

siderable attention (e.g., Philander et al. 1996; Broccoli

et al. 2006; Kang et al. 2008; Frierson et al. 2013;

Donohoe et al. 2013; Bischoff and Schneider 2014; Byrne

and Schneider 2016a). The bulk of ITCZ research has

focused on the mechanisms controlling its mean posi-

tion or latitude, and these mechanisms are now well

understood at least in the zonal-mean context [see re-

views by Chiang and Friedman (2012), Schneider et al.

(2014), Donohoe and Voigt (2017), and Kang et al.

(2018)].

By comparison, the processes determining the width

of the ITCZ are understudied despite its importance

for regional and global climate. Recent work has shown

that ITCZ width influences global precipitation and

top-of-the-atmosphere energy balance (Su et al. 2017;

Byrne and Schneider 2018) and is dynamically linked to

the poleward extent of the Hadley cells and the
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latitudes of the storm tracks (Watt-Meyer and Frierson

2019). Furthermore, changes in ITCZ width in re-

sponse to radiative forcing are strongly anticorrelated

with changes in ITCZ strength (Byrne et al. 2018),

suggesting that a better understanding of the processes

controlling ITCZ width could help constrain ITCZ

strength and tropical rainfall intensity.

We currently lack a closed theory for ITCZ width

and its response to climate perturbations. In recent

years, however, progress has been made in under-

standing how different processes affect ITCZwidth. A

theory derived from atmospheric mass and moist

static energy budgets quantifies how the ITCZ nar-

rows or widens in response to changes in gross moist

stability, cloud radiative effects, energy/moisture ad-

vection, and moisture transport by transient eddies

(Byrne and Schneider 2016a); other studies have also

identified that these processes can affect ITCZ width

(Bretherton and Sobel 2002; Sobel 2003; Chou and

Neelin 2004; Sobel and Neelin 2006; Chou et al. 2009;

Harrop and Hartmann 2016; Popp and Silvers 2017;

Dixit et al. 2018; Emanuel 2019). This energetic

theory has been used to investigate the processes contrib-

uting to projected narrowing of the ITCZ in coupled

climate models (Byrne and Schneider 2016b) and

could potentially be applied to understand observed

ITCZ narrowing over recent decades (Wodzicki and

Rapp 2016).

Despite these recent advances in our mechanistic

understanding of ITCZ width, there are opportunities

for further progress by considering the dynamics of the

atmospheric boundary layer. The boundary layer mo-

mentum budget has been successfully invoked to ex-

plain the spatial distribution of tropical low-level

convergence and precipitation (Lindzen and Nigam

1987; Waliser and Somerville 1994; Tomas et al. 1999;

Stevens et al. 2002; Sobel 2007; Schneider and Bordoni

2008; Gonzalez et al. 2016) but has not been applied

specifically to the problem of ITCZ width. There has

been a long-standing debate in the atmospheric dy-

namics community regarding whether tropical conver-

gence is driven by boundary layer dynamics or by

thermodynamic processes higher in the atmosphere

such as latent heat release [see section 2 of Sobel and

Neelin (2006) for a summary of these competing argu-

ments]. Several influential studies argue that low-level

convergence—and hence ITCZ width—is primarily

controlled by surface pressure gradients and bound-

ary layer dynamics (Lindzen and Nigam 1987; Sobel

and Neelin 2006; Back and Bretherton 2009). It is

therefore important to develop an understanding of

ITCZ width from a dynamics perspective to comple-

ment the recent studies based on energetics and

thermodynamics (Chou et al. 2009; Byrne and Schneider

2016a; Harrop and Hartmann 2016; Popp and Silvers

2017; Dixit et al. 2018).

Here we use the boundary layer zonal momentum

budget together with idealized simulations to investigate

the dynamics of ITCZ width. In particular, we examine

the momentum budget near the ITCZ edge, assess the

dominant terms, and quantify the processes controlling

low-level convergence and vertical velocity in that re-

gion. We also derive a range of scalings for ITCZ width

and assess the importance of Ekman versus non-Ekman

processes. Finally, we link ITCZ width to sea surface

temperature (SST) and boundary layer moist entropy

using simple extensions to the theories of Lindzen and

Nigam (1987) and Emanuel (1995).

2. Simulations

a. Idealized GCM

We perform simulations using the idealized, gray-

radiation GCM of O’Gorman and Schneider (2008b)

based on the model developed by Frierson et al. (2006)

and Frierson (2007). Insolation is set to an annual-mean

profile and the longwave optical thickness is specified

as a function of latitude and pressure. All the idealized

simulations discussed here are run in an aquaplanet

configuration with a mixed layer depth of 1m and no

horizontal energy transports (zero q fluxes). Surface

fluxes of momentum, moisture and sensible heat are

calculated using bulk aerodynamic formulas, with a

gustiness factor of 1m s21 added to the surface ve-

locities. Monin–Obukhov similarity theory is used to

calculate the drag coefficients and the roughness

lengths are 5 3 1023m for momentum and 1 3 1025 m

for moisture and sensible heat. The boundary layer

height is calculated dynamically and a k-profile

scheme is used to parameterize boundary layer con-

vection. The aquaplanet configuration has no inter-

hemispheric asymmetries in statistical steady state

and consequently the ITCZ is centered on the equa-

tor. The model has a horizontal spectral resolution of

T127, 20 vertical s levels, and an integration time step

of 150 s. Simulations are spun up for 700 days with

averages taken over the subsequent 1000 days. See

Byrne and Schneider (2016a) for an extended de-

scription of the model setup. As the model is sym-

metric about the equator, the ITCZ-edge latitudes

discussed later have been averaged between the

Northern and Southern Hemispheres.

In the set of simulations analyzed here, the longwave

optical thickness is varied so as to mimic changes in

greenhouse-gas concentrations. We analyze a suite of

11 simulations: The longwave optical thickness for each
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simulation is based on a reference profile that has been

rescaled by different factors a.1

b. CMIP5 models

We also examine ITCZ width in three fixed-SST

aquaplanet simulations from phase 5 of the Coupled

Model Intercomparison Project (CMIP5) (Taylor et al.

2012): aquaControl, aqua4K, and aqua4xCO2. Simulations

from the CNRM-CM5, FGOALS-g2, HadGEM2-A,

IPSL-CM5A-LR, IPSL-CM5B-LR,MIROC5,MPI-ESM-

LR, MPI-ESM-MR, and MRI-CGCM3 models are

analyzed.

3. Boundary layer dynamics near the ITCZ edge

a. Definition of ITCZ width

We define ITCZ width as the distance in degrees of

latitude between the northern and southern ITCZ

edges. For the majority of the analyses in this paper

the edges of the ITCZ are defined as the latitudes closest

to the equator (north and south) at which the time-mean

vertical velocity at the boundary layer top is zero. For

analysis purposes we specify the boundary layer top as

the s 5 0.8 level in the idealized GCM simulations,

though note that the model determines the boundary

layer height dynamically. This is similar to the definition

of Byrne and Schneider (2016a) but in their analysis the

midtropospheric mass streamfunction is used to define

the ITCZ edges. We choose to focus on the boundary

layer ITCZ width because it is more directly connected

to the boundary layer momentum budget, which is the

tool used here to investigate the ITCZ. Although we will

mostly focus on the boundary layer definition of ITCZ

width, below we compare how different measures of

ITCZ width scale with global-mean surface temperature.

b. ITCZ width versus global-mean SST in idealized
GCM simulations

The average ITCZ width (defined using boundary

layer vertical velocity) across the set of simulations

over which longwave optical thickness is varied is 9.68
latitude; the width varies by 48 as global-mean SST is

increased from 272 to 306K (Fig. 1a). As discussed by

Byrne and Schneider (2016a), vertical velocity–based

definitions of ITCZ width are considerably wider than

definitions based on brightness temperature or heavy

precipitation (e.g., Dias and Pauluis 2011; Wodzicki

and Rapp 2016). Differences between definitions of

ITCZ width based on vertical velocity versus precipita-

tion are likely to be explained in part by convergence

at the top of the boundary layer sometimes driving

shallow, nonprecipitating convection rather than deep,

precipitating convection—see section 4.4.1 of Sobel

(2007) for a discussion of this issue.

Different measures of ITCZ width scale differently

with global-mean SST (Fig. 1a). Boundary layer ITCZ

width does not change monotonically with global warm-

ing, rather the ITCZ widens with warming in cooler cli-

mate and narrows with warming in hotter climates. This

nonmonotonic dependence of ITCZ width on tempera-

ture in the idealized GCM is reminiscent of the behavior

of other quantities including mean available potential

energy (O’Gorman and Schneider 2008a), strength of the

Hadley cell (O’Gorman and Schneider 2008b), tropical

meridional wind (Byrne and Schneider 2016a), and the

FIG. 1. (a) ITCZwidth and (b) the various terms in the boundary

layer zonal momentum budget, (2), evaluated at the ITCZ edge vs

global-mean SST for the idealized GCM simulations with different

longwave optical thicknesses. Included in (a) are three measures of

ITCZ width that differ due to their definitions of the ITCZ edges:

1) edges defined as the latitudes closest to the equator (north and

south) where the vertical velocity at the top of the boundary layer is

zero (black dots and line), 2) edges defined as the latitudes at which

the slope of the mass streamfunction in the midtroposphere is zero

(red dots and line), and 3) edges defined as the latitudes closest to

the equator at which zonal-meanP2E5 0 (blue dots and line). In

(b), the acceleration terms are evaluated at the ITCZ edge as de-

fined using vertical velocity at the top of the boundary layer. Here

and in subsequent figures the unfilled circles denote the reference

simulation with a scaling factor of a5 1.0 for the longwave optical

thickness.

1 For the idealized GCM simulations we rescale the longwave

optical thickness of a reference simulation by the following factors:

a 5 0.4, 0.5, 0.7, 0.8, 1.0, 1.2, 1.5, 1.8, 2.0, 2.5, 3.0.
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land–ocean warming contrast (Byrne and O’Gorman

2013a). In contrast, ITCZs defined in terms of the

midtropospheric streamfunction and precipitation mi-

nus evaporation (P2E) generally widen with warming

across the simulations (Fig. 1a). The differing mag-

nitudes and scaling behaviors of mass-based versus

moisture-based definitions of ITCZ width have been

discussed previously and linked to moisture transport by

transient eddies (Byrne and Schneider 2016a). We will

now use boundary layer dynamics to analyze variations

in ITCZwidth, defined using the boundary layer vertical

velocity, over a wide range of climates.

c. Zonal momentum budget

We start with the steady-state zonally averaged zonal

momentum equation (see Peixóto and Oort 1984):

f y52F
x
2

tanf

a
uy1

y

a

›u

›f
1v

›u

›p
, (1)

where f 5 2V sinf is the Coriolis parameter, Fx is

the zonal component of the frictional force, a is Earth’s

radius, f is latitude (rad), v is the vertical (pressure)

velocity, and the other symbols have their usual mean-

ings. Taking the mass-weighted vertical average over

the boundary layer, (1) becomes
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1

�
v
›u

›p

�
|fflfflffl{zfflfflffl}
vert. adv.

,

(2)

where [�] denotes a mass-weighted vertical average over

the boundary layer, g is the acceleration due to gravity,

Dp 5 ps 2 pBL is the pressure difference between the

surface and the boundary layer top, and tx,sfc is the zonal

component of the vertical turbulent stress (which wewill

call the zonal wind stress). The various forces have been

labeled: Coriolis, frictional, metric, and the horizontal

and vertical advection of relative momentum. In de-

riving (2), we have assumed that the turbulent stress

vanishes at the boundary layer top.

In the reference idealized GCM simulation (a5 1.0),

the Coriolis and frictional terms dominate the zonal

momentum budget in the vicinity of the ITCZ edge

(Figs. 1b and 2a). The vertical and horizontal momen-

tum advection terms have similar magnitudes but are

substantially smaller than the Coriolis and frictional

terms; the metric term is negligible (Fig. 2a) and will not

be discussed further. It is common to assume Ekman

balance in the tropical atmospheric boundary layer, that

is, a balance between Coriolis and frictional forces

(e.g., Lindzen and Nigam 1987; Emanuel 1995; Held

2001). This force balance holds approximately at the

ITCZ edge across the wide range of climates simulated

by the idealized GCM (Fig. 1b), suggesting that Ekman

balance is a natural starting point for understanding the

dynamics of ITCZ width. A recent study found that

Ekman balance breaks down near the ITCZ, at least in a

dry equatorial b-plane model of the tropical boundary

layer, because the horizontal advection term becomes

large (Gonzalez et al. 2016). In our idealized GCM

simulations we note that the vertical and horizontal

advection terms become relatively more important at

the ITCZ edge in warmer climates as the magnitudes of

the Coriolis and frictional terms decrease (Fig. 1b).

However, the zeroth-order balance is between Coriolis

and frictional forces across all simulations.

In the boundary layer momentum budget the fric-

tional force provides an eastward acceleration to the

zonal wind at the ITCZ edge because the tropical sur-

face winds are easterly (Fig. 2b); there is a transfer of

zonal momentum from the surface to the overlying at-

mosphere. This eastward acceleration is largely balanced

by westward acceleration associated with equatorward

advection of air with relatively low planetary angular

FIG. 2. (a) Terms in the boundary layer zonal momentum budget,

(2), for the reference simulation (a 5 1.0). The solid black line is the

Coriolis term, the red line is the frictional term, the blue line is the

vertical advection term, the magenta line is the horizontal advection

term, the yellow line is themetric term, and the green line is the budget

residual. (b) Near-surface zonal wind (s5 0.9; solid black line) and

zonal wind at the boundary layer top (s5 0.8; red line). For (a) and

(b), the vertical dashed black lines indicate the edge of the ITCZ.
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momentum by the surface branch of the Hadley cell (the

Coriolis term). For all except the coldest two simulations

(Fig. 1b), both the vertical and horizontal advection terms

provide a westward acceleration to the boundary layer

zonal wind at the ITCZ edge by advecting low–angular

momentum air. The horizontal advection term acceler-

ates the easterly zonal wind at the ITCZ edge provided

the maximum in tropical surface easterlies is poleward of

the ITCZ edge, as is the case in the reference simulation

(Fig. 2b). Equivalently, if the latitude of zero surface

relative vorticity (where ›usfc/›f5 0) lies poleward of the

ITCZ edge, the horizontal advection term will accelerate

the easterly zonal flow there. For the vertical advection

term, if the latitude at which the flow is nondivergent (i.e.,

where ›v/›p 5 0) did not vary with height, the vertical

advection term in (2) would be identically zero at the

ITCZ edge. However, the latitude of nondivergence

generally tilts polewardwith height in the idealizedGCM

simulations, which is consistent with a midtropospheric

definition of the ITCZbeingwider than a definition based

on vertical velocity at the top of the boundary layer (see

Fig. 3 and discussion in section 4). Consequently, the

vertical advection term in the zonal momentum budget

is nonzero at the ITCZ edge and accelerates the east-

erly zonal wind for the majority of simulations (Fig. 1b).

4. Scalings for ITCZ width based on Ekman
balance

We have demonstrated that the boundary layer at the

ITCZ edge is approximately in Ekman balance in the

idealizedGCM (Fig. 1b).We now use Ekman balance to

derive simple dynamical scalings for ITCZ width and

apply these scalings to the idealized GCM and CMIP5

simulations.

a. Relationship between ITCZ width, wind stress,
and vorticity

Perhaps the simplest estimate for the latitude of the

ITCZ edge (and ITCZ width) is obtained by assuming

Ekman balance in the atmospheric boundary layer and

taking the wind stress to be linearly proportional to the

surface wind (e.g., Held and Hou 1980):

f [y]5Cu
sfc
, (3)

where C is a constant drag coefficient. Combining (3)

with the zonally averaged mass continuity equation in

pressure coordinates,2 assuming zero vertical velocity at

the surface, and for now neglecting meridional varia-

tions in the Coriolis parameter and cosf, it is straight-

forward to show that vertical velocity at the top of the

boundary layer vBL is proportional to the surface rela-

tive vorticity: vBL } ›usfc/›f. This relationship suggests

that the ITCZ-edge latitude fITCZ, where vBL 5 0 by

definition, scales with the latitude where ›usfc/›f 5 0

and the surface flow transitions from cyclonic to anti-

cyclonic relative vorticity.

Testing this simple prediction in the idealized

GCM, we find that the latitude of zero relative vor-

ticity does not scale monotonically with the ITCZ

edge defined in terms of boundary layer vertical ve-

locity (black circles in Fig. 3). This implies, perhaps

not surprisingly, that frictional Ekman convergence

alone—where we have also neglected the component

due to meridional gradients in the reciprocal of the

Coriolis parameter—cannot capture the behavior of

ITCZ width over the full range of idealized GCM

simulations. Interestingly, there is a strong correla-

tion between the latitude of zero relative vorticity

and the ITCZ edge defined in terms of the mid-

tropospheric streamfunction (red circles in Fig. 3)

though the latitude of zero relative vorticity tends to

overestimate the ITCZ width. The variation of the

ITCZ edge with height and the contrasting scaling

relationships between different ITCZ-width defini-

tions (Figs. 1a and 3) are due to the momentum ad-

vection terms becoming increasingly important for

FIG. 3. Latitudes of the ITCZ edges in the idealized GCM

simulations vs the ITCZ edges estimated as the latitudes where

›usfc/›f5 0 (circles) and the latitudes where ›tx,sfc/›f5 0 (stars).

For the simulated ITCZ edges (y axis), black markers show the

edges defined in terms of vertical velocity at the top of the

boundary layer and red markers show the edges defined using an

alternative definition based on the midtropospheric stream-

function. Specifically, the streamfunction definition calculates the

ITCZ edges as the latitudes north and south of the equator at

which the slope of the streamfunction is zero. Here and in sub-

sequent figures unfilled squares denote the coldest simulation

(a 5 0.4).

2 The steady-state continuity equation written in pressure co-

ordinates is (1/a cosf)›(y cosf)/›f 1 ›v/›p 5 0.
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driving ascent higher in the atmosphere versus at the

top of the boundary layer (not shown). In summary,

surface relative vorticity is closely tied to ITCZ width

in the midtroposphere but the connection to ITCZ

width at the top of the boundary layer is more

complex.

Related to this simple estimate for the ITCZ-edge

latitude, Tomas and Webster (1997) argue that the

barrier between boundary layer convergence and di-

vergence in the tropics (which is the ITCZ edge by our

definition) coincides with the zero contour of the verti-

cal component of absolute vorticity, where absolute

vorticity in the zonal mean is h 5 f 2 (1/a)(›usfc/›f).

If the product of the Coriolis parameter and absolute

vorticity is negative (fh, 0) this implies that the flow

is inertially unstable; Tomas and Webster (1997) find

evidence of such unstable regions close to the equa-

tor and argue that they are associated with cross-

equatorial advection of absolute vorticity by large

pressure gradients at the equator. In our idealized

GCM simulations, however, there are no interhemi-

spheric asymmetries by construction and so there is no

time-mean pressure gradient at the equator and the

zero contour of absolute vorticity lies at the equator.

Consequently, the Tomas and Webster (1997) theory

cannot explain the off-equatorial ITCZ edges in

our simulations though could be relevant for solsti-

tial conditions or other hemispherically asymmetric

climate states.

A more complete description of Ekman balance

that includes the GCM-simulated wind stress tx,sfc,

but still neglects the meridional gradient of 1/f, sug-

gests that the ITCZ edge should scale with the lati-

tude where the easterly wind stress maximizes (i.e.,

where ›tx,sfc/›f 5 0). Estimates of the ITCZ edge

based on where wind stress maximizes are very sim-

ilar to those based on the latitude of zero relative

vorticity (Fig. 3). This agreement indicates that,

at least for the idealized GCM simulations, the sim-

plifying assumptions of linear drag and a constant

drag coefficient are reasonable when investigating

ITCZ width.

Figure 3 demonstrates that the surface wind stress

alone cannot fully capture the dynamics of boundary

layer ITCZ width. Before considering how other terms

in the momentum budget affect ITCZ width (specifi-

cally momentum advection), we first explore in more

depth the implications of perfect Ekman balance for

ITCZ width.

b. An Ekman scaling for ITCZ width

Further insights into the relationship between

ITCZ width and wind stress can be obtained by

rearranging the vertically averaged zonal momentum

equation, (2), and combining with the continuity

equation.2 In particular, assuming Ekman balance

{i.e., f[y] 5 2(g/Dp)tx,sfc}, making the small-angle

approximation so that f 5 2V sinf’ 2Vf and cosf’
1 (valid close to the equator), ignoring the meridional

gradient of Dp, and noting that vBL(fITCZ) 5 0 by

definition, we obtain an expression for the ITCZ-edge

latitude:

fekman
ITCZ 5

t
x,sfc

›t
x,sfc

›f
j
f5fITCZ

, (4)

where all quantities on the right-hand side are

evaluated at the ITCZ edge. The diagnostic scaling,

(4), suggests that the latitude of the ITCZ edge

(in radians) is directly proportional to the wind

stress and inversely proportional to the meridional

gradient of the wind stress. The idealized GCM

simulations support the prediction from the Ekman

scaling, (4), that the ITCZ widens with increas-

ing wind stress at the ITCZ edge (Fig. 4). Figures 5

and 6 show estimates of the ITCZ-edge latitude us-

ing (4) in the idealized GCM and CMIP5 simula-

tions. Clearly, Ekman dynamics as encapsulated

in (4) captures some of the behavior of ITCZ width

across the idealized (r 5 0.89) and CMIP5 simula-

tions (r 5 0.83) but the estimates depart from

the simulated ITCZ edges, particularly for the ide-

alized GCM (Fig. 5). This discrepancy hints at

the importance of other processes—we investigate

these processes in sections 5 and 6. Neverthe-

less, the strong correlations in Figs. 5 and 6 high-

light a robust link between ITCZ width and Ekman

balance.

FIG. 4. Latitude of the edge of the ITCZ vs the zonal wind stress at

the ITCZ edge in the idealized GCM simulations.
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c. Impact of wind stress perturbations on ITCZ
width: Investigations with a toy model

The diagnostic scaling (4) shows how, assuming

Ekman balance, the ITCZ-edge latitude relates to the

magnitude and gradient of the zonal wind stress. But

how do perturbations in wind stress, for example due

to changes in wind speed or surface roughness, impact

ITCZ width? To develop intuition for how ITCZ

width is controlled by the wind stress, consider

an idealized, reference zonal wind stress profile:

tref(f) 5 ymax 3 (fDp/g) sin(9f) (Fig. 7a). The refer-

ence wind stress profile is specified to have a sin(9f)

shape so that tref 5 0 at 208N, which is roughly con-

sistent with the observed wind stress. The wind stress

is defined to be in Ekman balance with a reference

boundary layer meridional wind, y(f) 5 ymax sin(9f)

(Fig. 7b). We specify ymax 5 23m s21 and Dp 5
200 hPa. For these reference profiles, the meridional

wind maximizes at 108N; the ITCZ-edge latitude is

shifted marginally equatorward of this maximum

(9.98N) because of the cosf weighting when calcu-

lating convergence and vertical velocity (Fig. 7c).

The maximum wind stress is on the poleward side of

the ITCZ edge at 12.98N (Fig. 7a) as is also the case

in the idealized GCM simulations (Fig. 3). The dis-

placement between the latitudes of maximum wind

stress and ITCZ edge in this toy model is caused by

meridional gradients in the reciprocal of the Coriolis

parameter.

We now perturb the reference stress profile in three

ways and assess how these perturbations affect the

ITCZ width:

1) Add or subtract a constant stress: Adding a con-

stant westerly wind stress perturbation of dt 5
0.03Nm22 at all latitudes shifts the ITCZ edge pole-

ward relative to its reference position by 0.88. Adding a

constant easterly wind stress of dt 5 20.03Nm22

shifts the ITCZ edge equatorward by 1.38 (Figs. 7a–c).
2) Multiply or divide stress by a constant factor: Mul-

tiplying or dividing the wind stress by a constant factor

m 5 2 does not shift the ITCZ edge (Figs. 7d–f), de-

spite the imposed changes in stress being substan-

tially larger than in the previous case where we added

a constant stress.

3) Shift latitude of maximum stress: Manipulating

the reference stress profile so as to shift the latitude

ofmaximum stress equatorward and poleward leads to

large changes in the ITCZ-edge latitude (Figs. 7g–i).

Specifically, shifting the stress maximum equatorward

by 28 causes an equatorward ITCZ shift of 3.48; shifting
the stress maximum poleward by 28 shifts the ITCZ

edge poleward by 2.68.

The Ekman scaling, (4), we derived above is di-

agnostic but can be extended to provide simple expla-

nations for the contrasting responses of ITCZ width to

the imposed changes in wind stress described above.

FIG. 5. Latitudes of the ITCZ edges in the idealized GCM

simulations vs estimates of these latitudes using scalings (4) and

(9). The black circles indicate the full scaling, (9), and the red

circles show the estimates assuming Ekman balance, (4), i.e.,

excluding horizontal and vertical momentum advection. The blue

circles show estimates from the full scaling, (9), but including only

the time-mean contributions to the advection terms (excluding

the transient-eddy contributions). The transient-eddy contribu-

tions tomomentum advection are estimated using 6-hourlymodel

data. Smoothing is applied to themeridional gradients of the wind

stress and advection terms prior to evaluating the scalings. Here

and in subsequent figures, the gray line indicates a one-to-one

relationship.

FIG. 6. As in Fig. 5, but showing the simulated and estimated

latitudes of the ITCZ edge in CMIP5 simulations. As in the ide-

alized GCM simulations, the ITCZ edge is defined as the latitude

closest to the equator at which vertical velocity at the boundary

layer top is zero (in the CMIP5 simulations the top of the boundary

layer is specified as the p5 800-hPa pressure level). The plus signs,

crosses, and triangles indicate the aquaControl, aqua4K, and

aqua4xCO2 simulations, respectively. The scalings are evaluated

using monthly mean data and consequently any effects of transient

eddies on ITCZ width are excluded.
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First we define a function g(f) 5 f(›tx,sfc/›f) 2 tx,sfc,

which, according to (4), is zero at the ITCZ edge under

the assumption of Ekman balance. We are interested in

how ITCZ width responds to an arbitrary wind stress

perturbation. Using a first-order Taylor expansion of the

perturbed function g(f) [denoted g0(f)] about the ref-

erence ITCZ-edge latitude, we can approximate the

change in fITCZ as

df
ITCZ

’
2g0

›g0

›f
j
fITCZ

, (5)

where fITCZ is the reference ITCZ-edge latitude.
Now we use (5) to interpret the ITCZ-edge shifts

in Fig. 7. Adding a constant wind stress dt changes

the magnitude of tx,sfc but not its meridional gradient.

FIG. 7. (a),(d),(g) Zonal wind stress, (b),(e),(h) meridional wind in the boundary layer, and (c),(f),(i) vertical velocity at the top of the

boundary layer in a toy Ekmanmodel of the tropical atmosphere. The solid black lines denote the reference wind stress, meridional wind,

and vertical velocity profiles. In each column different perturbations have been applied to the reference stress profile: In (a)–(c) a constant

westerly stress has been added (red lines) and subtracted (blue lines), in (d)–(f) the reference stress has been multiplied (red lines) and

divided (blue lines) by a factor of 2, and in (g)–(i) the latitude of maximum stress has been shifted equatorward (red lines) and poleward

(blues lines). The colored circles show the latitudes of the ITCZ edge for the corresponding stress profiles, where the ITCZ edge is defined

as the latitude at which the vertical velocity is zero.
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Thus g0(fITCZ) 5 2dt and ›g0/›fjfITCZ
5

fITCZ(›
2tx,sfc/›f

2)jfITCZ
, resulting in an expression for

the change in ITCZ width in response to a constant

wind stress perturbation:

df
ITCZ

’
1

f
ITCZ

dt

›2t
x,sfc

›f2
j
fITCZ

(6)

for t0x,sfc 5 tref 1 dt, where dt is a constant.

The expression (6) reveals that the ITCZ-edge shift is

directly proportional to the perturbation stress dt, and

inversely proportional to the curvature of the refer-

ence tx,sfc profile. For the wind stress profiles consid-

ered in this toy model (Figs. 7a,d,g), the curvature

term is positive in the vicinity of the ITCZ edge

(›2tx,sfc/›f
2 . 0). Consequently, adding a westerly

stress (e.g., through weakened surface easterlies)

widens the ITCZ whereas adding an easterly stress

narrows the ITCZ (Fig. 7c). The asymmetry in the

magnitudes of ITCZ-width responses to adding a west-

erly versus an easterly stress perturbation (Figs. 7a–c) is

not captured by the first-order Taylor expansion used to

derive (6), but could be investigated with a higher-order

expansion.

We can also use (5) to understand how scaling the

wind stress by a constant factor m affects the ITCZ

width. For this perturbation it is straightforward to show

that changes in the magnitude and meridional gradi-

ent of the wind stress cancel each other such that

g0(fITCZ)5 0. Thus for nonzero curvature in tx,sfc there

is no change in ITCZ width (see Fig. 7f):

df
ITCZ

5 0 (7)

for t0x,sfc 5mtref.

Perhaps intuitively, shifting the latitude of maxi-

mum wind stress toward the equator narrows the ITCZ

whereas shifting it poleward widens the ITCZ (Fig. 7g).

Simple analytical expressions for changes in ITCZwidth

due to meridional shifts in the wind stress profile are not

as straightforward as for the previous two cases. Nev-

ertheless, physical insights can be gained by examining

Fig. 7g. Shifting the wind stress profile equatorward in-

creases the stress magnitude at the reference ITCZ-edge

latitude (marked by the black dot) and decreases its

meridional gradient; both effects contribute to ITCZ

narrowing. Similar arguments apply to shifting the wind

stress profile poleward. Interestingly, the ITCZ widen-

ing is smaller in magnitude than the narrowing (2.68
versus 3.48) despite equal prescribed shifts in the latitude
of maximum wind stress. This widening versus narrow-

ing asymmetry is caused by curvature in the wind stress

profile near the ITCZ edge, further highlighting how the

meridional shape of the zonal wind stress strongly in-

fluences ITCZ width.

5. Boundary layer convergence: Ekman versus
non-Ekman processes

Ekman dynamics cannot fully capture the behavior

of ITCZ width across all simulations (Fig. 5), implying

that additional processes need to be accounted for. By

defining ITCZ width as a function of vertical velocity,

the influences of Ekman versus non-Ekman processes

can be quantified by assessing their respective contri-

butions to vBL near the ITCZ edge. To perform this

decomposition, we first convert the zonal momentum

budget, (2), into an equation for boundary layer mass

convergence and vertical velocity.

Neglecting the metric term in (2), dividing across by

the Coriolis parameter, taking the derivative with re-

spect to latitude, combining with the continuity equation

and again assuming v 5 0 at the surface, we obtain the

following expression for vertical velocity at the bound-

ary layer top:

v
BL

52
g

a cosf

›

›f

�
t
x,sfc

f
cosf

�
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

vekman

1
Dp

a cosf

›

›f

�
cosf

f

�
v
›u

›p

��zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{vvert

1
Dp

a cosf

›

›f

�
cosf

f

�
y

a

›u

›f

��
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

vhoriz

. (8)

The total vertical velocity has been split into three

components: A component associated with frictional

Ekman convergence (vekman) and components related

to vertical and horizontal advection of relative mo-

mentum (vvert andvhoriz, respectively). The components

of vertical velocity in the vicinity of the ITCZ edge are

plotted as a function of latitude for the reference

simulation in Fig. 8. The sum of the three components

is approximately equal to the simulated vertical ve-

locity; the small differences are due to the metric and

residual terms in the zonal momentum budget being

neglected.

Although the Coriolis and frictional terms approxi-

mately balance one another in the zonal momentum
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budget (Fig. 1b), Ekman balance is insufficient for ac-

curately estimating vertical velocity close to and within

the ITCZ (Fig. 8). It is therefore clear why the latitude

of the ITCZ edge cannot be fully understood through

Ekman dynamics alone.

The vertical and horizontal advection terms have a

relatively weak influence on the zonal momentum

budget near the ITCZ edge (Fig. 2a), but it is the me-

ridional gradients of these advection terms that de-

termine convergence [see (8)]. The meridional

gradients of the advection and frictional terms are

comparable at the ITCZ edge, implying that the ad-

vection components of the vertical velocity are non-

negligible and contribute substantially to low-level

convergence and ascent (Fig. 8). Interestingly, the

vertical and horizontal advection terms in the zonal

momentum budget at the ITCZ edge are strongly

correlated with one another across the idealized GCM

simulations (r 5 0.99; Fig. 9). The importance of ver-

tical advection of momentum between the boundary

layer and free troposphere for determining tropical

surface winds has been discussed previously (Stevens

et al. 2002; Back and Bretherton 2009) so it is not

surprising that this process affects ITCZ width. The

horizontal advection component of vertical velocity

is comparable to the vertical advection component

across the idealized GCM simulations (Fig. 10). This

horizontal advection term is often neglected in studies

of tropical dynamics (e.g., Lindzen and Nigam 1987)

but its role in shaping tropical convergence has been

highlighted previously (Holton 1975; Tomas et al.

1999; Gonzalez et al. 2016). Horizontal momentum

advection has also been found to be important for

determining the location and spatial pattern of sol-

stitial convergence zones (Schneider and Bordoni

2008), and its influence increases the farther the ITCZ

migrates off the equator (Faulk et al. 2017). There is

Ekman-driven descent at the ITCZ edge in the ref-

erence simulation (Fig. 8) and across all the idealized

GCM simulations (Fig. 10). In the majority of simu-

lations the vertical and horizontal advection terms

drive convergence and ascent at the ITCZ edge

(Figs. 8 and 10) and thus tend to widen the ITCZ

relative to a hypothetical boundary layer in perfect

Ekman balance. Figure 8 shows that vertical and

horizontal momentum advection are crucial for the

spatial distribution of convergence and rainfall in the

tropics, at least in the idealized GCM—we will return

to the influence of these advection processes on ITCZ

width in the next section.

Vertical velocity is driven by components associ-

ated with meridional gradients in (i) zonal wind

stress and momentum advection and (ii) the re-

ciprocal of the Coriolis parameter [see (8)]. It is in-

teresting to compare these components: Both are

large near the ITCZ (cf. the solid and dotted black

lines in Fig. 8), indicating that ITCZ width is con-

trolled by a delicate balance between the two terms.

Meridional structure in the reciprocal of the Coriolis

parameter is of zeroth-order importance for ITCZ

width; the strong gradient in this function close to

the equator drives descent and therefore acts to

narrow the ITCZ (Fig. 8). The influence of the

Coriolis parameter on boundary layer convergence

decays rapidly (;1/tanf) moving poleward away

from the ITCZ.

FIG. 9. Horizontal vs vertical momentum advection terms in the

zonal momentum budget, (2), evaluated at the ITCZ edge for each

idealized GCM simulation.

FIG. 8. Vertical velocity at the top of the boundary layer (s 5
0.8) for the reference simulation (solid black line). Also shown

are the Ekman (red line), vertical advection (blue line), and

horizontal- advection (magenta line) components of the vertical

velocity as defined by (8), along with their sum (dashed–dotted

black line). The dotted black line shows an estimate of vertical

velocity for which meridional gradients in the reciprocal of the

Coriolis parameter have been neglected. The vertical dashed

black line indicates the ITCZ edge. Note that the hatched region

close to the equator does not show the estimated vertical ve-

locity components; at these latitudes the 1/f ; 1/f dependence

causes each component to rapidly increase in magnitude as

f / 0.

2878 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 76



6. Scaling for ITCZ width based on the full
momentum budget

Themagnitude and pattern of zonal wind stress, via its

influence on frictional Ekman convergence, is a strong

constraint on ITCZ width (Figs. 4–7). However, in the

previous section we demonstrated that in the idealized

GCM ITCZ width is controlled by convergence driven

by wind stress and horizontal/vertical advection of mo-

mentum. Below we introduce an additional dynamical

scaling to quantitatively investigate these competing

physical controls on ITCZ width.

It is difficult to cleanly assess the roles of Ekman

versus non-Ekman processes in determining the ITCZ

width by examining the components of vertical velocity

(8). This is because the Ekman component does not pass

through zero close to the equator in the idealized

GCM because of its 1/f dependence, and so an ‘‘Ekman-

only ITCZ width’’ is not defined. [Note that the Ekman

scaling, (4), bypasses this issue by estimating ITCZ

width using the zonal wind stress alone, which is a

well-behaved function of latitude.] To quantitatively

compare the effects of Ekman versus non-Ekman pro-

cesses on ITCZ width, we instead derive an extended

version of the analytical scaling, (4), for the ITCZ-edge

latitude that includes horizontal and vertical advection

of momentum:

ffull
ITCZ 5

2(g/Dp)t
x,sfc

1 v
›u

›p

� �
1

y
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›u

›f
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›t
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›f
1

›

›f
v
›u
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›

›f

y

a

›u

›f

� �j
f5fITCZ

,

(9)

where all quantities on the right-hand side are evaluated

at the ITCZ edge. The ‘‘full’’ dynamical scaling, (9),

captures the ITCZ-edge latitude across the wide range

of idealized GCM simulations with a correlation coef-

ficient of r 5 0.97 (Fig. 5), and does reasonably well at

capturing the behavior in more complex CMIP5 simu-

lations (r 5 0.81; Fig. 6). Comparing the black and red

circles in Fig. 5, we find that neglecting the momentum

advection terms in the idealized GCM simulations leads

to errors in estimating the ITCZ-edge latitude that are

substantial relative to the ITCZ width itself. This sug-

gests that momentum advection must be accounted for

in any quantitative theory of ITCZ width. However, the

CMIP5 simulations show only a weak effect of mo-

mentum advection on ITCZ width (Fig. 6); additional

work is needed to assess the importance of these ad-

vective processes in more comprehensive models and

in observations. The role of momentum transport by

transient eddies in controlling ITCZ width is illustrated

by comparing the blue and black circles in Fig. 5. Ne-

glecting vertical and horizontal momentum advection

by transient eddies gives roughly constant errors of

order 18 in estimates of the ITCZ-edge latitude, im-

plying that eddies affect the climatological ITCZ width

but not necessarily how the width scales with temper-

ature. The nonnegligible influence of transient eddies

on ITCZ width is consistent with Byrne and Schneider

(2016a,b) who found, using an energetic framework,

that transient eddies are important for controlling

ITCZ width.

7. Relationships between ITCZ width and surface
temperature, moist entropy

Up to this point we have studied ITCZwidth in terms

of dynamical quantities, specifically wind stress and

momentum advection. It is also useful (and somewhat

traditional in the field of tropical atmospheric dy-

namics; Sobel 2007) to construct theories connecting

the circulation to surface thermodynamic quantities

such as SST. Below we propose two such theories for

ITCZ width based on boundary layer Ekman balance.

a. Lindzen–Nigam theory

Lindzen and Nigam (1987) argued that tropical sur-

face winds and convergence are closely controlled by the

SST distribution via its influence on boundary layer

pressure gradients. To make the problem more tracta-

ble and link surface winds directly to SST, Lindzen

and Nigam (1987) neglected horizontal and vertical mo-

mentum advection and assumed that pressure gradients

vanish above the boundary layer. Despite the validity of

these assumptions being challenged (e.g., Battisti et al.

1999), observations suggest that surface convergence in

the tropics is largely driven by pressure gradients within

(rather than above) the boundary layer (Back and

FIG. 10. Components of vertical velocity at the top of the

boundary layer at the ITCZ edge vs global-mean SST for the ide-

alized GCM simulations.
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Bretherton 2009). This is a strong indication that SST

gradients are dynamically tied to ITCZ width.

To make our discussion of the link between ITCZ

width and SST more concrete, consider simplified forms

of the zonal and meridional momentum equations in

Ekman balance following Lindzen and Nigam (1987):3

f [y]5C[u] , (10)

f [u]52

�
1

ra

›p

›f

�
2C[y] . (11)

In (10) and (11) we have assumed for simplicity that the

drag coefficient C is the same for zonal and meridional

winds, and have formulated the frictional force in terms

of the boundary layer average winds. Combining the

zonal and meridional momentum equations we obtain

an expression for the meridional wind:

[y]52
C

f 2 1C2

�
1

ra

›p

›f

�
. (12)

Ignoring pressure gradients above the boundary layer

(which are typically taken to be small in the tropical free

troposphere) and assuming that the boundary layer

temperature is tightly coupled to SST via turbulent

surface heat fluxes, from (12) and the ideal gas law we

expect the meridional wind to be proportional to the

meridional SST gradient: [y] } ›SST/›f. Neglecting

gradients in C/(f 2 1 C2), it follows that the low-level

convergence and vertical velocity at the top of the

boundary layer are proportional to the Laplacian

(or curvature) of SST:

v
BL

}
›2SST

›f2
. (13)

If the relationship (13) holds, it suggests that the ITCZ-

edge latitude should scale with the latitude where the

Laplacian of SST is zero. Separate studies have recently

highlighted the importance of the Laplacian of SST

for seasonal migrations of the ITCZ position (Wei and

Bordoni 2018) and for projected changes in tropical

precipitation (Duffy et al. 2019, manuscript submitted to

J. Climate).

In the idealized GCM simulations, there is reasonable

agreement between the simulated ITCZ-edge latitudes

and the latitudes where ›2SST/›f2 5 0 (Fig. 11a), with

a correlation coefficient of r 5 0.85. The ITCZ-edge

estimates from this adapted Lindzen–Nigam theory

do not lie on the one-to-one line, and there are several

reasons for this. Most importantly we have assumed

Ekman balance, which, as discussed, cannot fully cap-

ture ITCZ width across the simulations. We have also

assumed zero horizontal pressure gradients above the

boundary layer and ignored vertical momentum trans-

port, though these assumptions are not generally valid

(Back and Bretherton 2009). Finally, we have neglected

meridional gradients in the drag coefficient and Coriolis

parameter. Nevertheless, the prediction from Lindzen–

Nigam theory that the ITCZ-edge latitude should

scale with the latitude where the Laplacian of SST

is zero is found to approximately hold in idealized

GCM simulations and provides a simple framework

for understanding ITCZ-width changes in response to

changing SST patterns.

b. Emanuel (1995) theory

A complementary but distinct relationship between

ITCZ width and surface thermodynamics can be de-

rived following Emanuel (1995). Emanuel considered

the transition between an atmosphere in radiative–

convective equilibrium (RCE) and an atmosphere

FIG. 11. ITCZ-edge latitudes in the idealized GCM simulations

vs estimates based on the latitudes closest to the equator where

(a) the Laplacian of SST is zero and (b) the Laplacian of the de-

parture of the simulated surface moist entropy distribution from

the critical distribution is zero. See (13) and (15) for details. The

correlation coefficients are (a) r 5 0.85 and (b) r 5 0.18. The cor-

relation coefficient for (b) increases to r 5 0.77 when the outlier

(the coldest simulation) is excluded.

3 Note that Lindzen and Nigam (1987) presented their theoret-

ical model as being applicable primarily to the zonally asymmetric

tropical flow, though they did consider the zonally symmetric case

in their section 5. Here, in contrast, our objective is to derive a

theory linking the zonal-mean ITCZ width to the SST distribution.
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with a thermally direct overturning circulation. Start-

ing with the assumption that a RCE state is not sus-

tainable if the product of the Coriolis parameter

and absolute vorticity at the tropopause is negative

(fh, 0),4 Emanuel found that a sufficient condition for

the RCE state to breakdown and a circulation to

emerge is for the meridional gradient in subcloudmoist

entropy to exceed a critical threshold. Beyond this criti-

cal threshold, thermal wind becomes inconsistent with

Hide’s theorem (Hide 1969) and a circulation spins up so

as to reduce the meridional moist entropy gradient. As-

suming active convection and moist adiabatic lapse rates,

Emanuel derived an expression for this critical moist

entropy gradient and further argued that tropical surface

winds can be estimated by the degree to which the actual

moist entropy distribution departs from the critical gra-

dient. Shaw and Voigt (2016) applied this theory to un-

derstand shifts in the Hadley circulation and storm tracks

under climate change, but it has not been applied to ITCZ

width to our knowledge.

The Emanuel (1995) estimate for the balanced surface

zonal wind is

u
sfc

5
SST2T

t

fa

›

›f
(s2 s

crit
) , (14)

where Tt is the tropopause temperature (which we take

to be the temperature at the s5 0.22 level), s5 cp logue
is the boundary layer moist entropy, ue is the boundary

layer equivalent potential temperature and scrit is the

critical moist entropy distribution [see (7) of Shaw and

Voigt (2016)]. Assuming Ekman balance, that tx,sfc }
usfc and usfc } [u], and neglecting meridional gradients

in SST 2 Tt and the Coriolis parameter, we find

v
BL

}
›2

›f2
(s2 s

crit
) . (15)

Expressed in words, (15) suggests that the ITCZ width

scales with the latitude where the Laplacian of the de-

parture of moist entropy from its critical distribution is

zero. This scaling holds to some extent in the idealized

GCM simulations when an outlier (the coldest simu-

lation) is excluded (Fig. 11b), suggesting that ITCZ

width is dynamically coupled to surface temperature

and specific humidity via atmospheric convection and

angular-momentum constraints. As for the adapted

Lindzen–Nigam theory, deviations of the ITCZ-edge

estimates in Fig. 11b from the one-to-one line are

due to a variety of assumptions made in deriving (15).

In particular, meridional gradients in SST 2 Tt are

not expected to be negligible in the ITCZ and the as-

sumption of moist adiabatic lapse rates is not generally

valid, even in the deep tropics (Byrne and O’Gorman

2013b). Assessing which of these assumptions are most

critical for ITCZ width is a topic for future research.

8. Summary

The dynamical processes controlling ITCZwidth have

been investigated using idealized simulations together

with the boundary layer zonal momentum budget and

various scalings. A key result of this study is that Ekman

processes place a strong constraint on ITCZ width:

The boundary layer is approximately in Ekman balance

(Fig. 2a) and the Ekman component of vertical velocity

is large at the ITCZ edge (Fig. 8). Scalings for ITCZ

width based on Ekman dynamics are useful for under-

standing the behavior of ITCZ width across simulations

(Figs. 3–7). In particular, ITCZwidth defined in terms of

the midtropospheric streamfunction scales with the lat-

itude where the surface relative vorticity is zero and the

latitude where the meridional gradient in zonal wind

stress is zero (Fig. 3). However, the boundary layer

definition of ITCZ width does not scale with either the

latitude of zero relative vorticity or with definitions of

ITCZ width based on the midtropospheric streamfunction

and precipitation minus evaporation. Understanding why

different measures of ITCZ width respond differently to

increasing temperature is a topic for future work.

Although the ITCZ edge scales with the latitude

where the wind stress maximizes, the ITCZ edge ro-

bustly lies equatorward of the stress maximum due

to meridional variations in the Coriolis parameter

(Fig. 3). An analytical Ekman scaling for the ITCZ-

edge latitude, (4), suggests that ITCZ width is directly

proportional to the magnitude of the wind stress and

inversely proportional to its meridional gradient. The

link between wind stress magnitude and ITCZ width is

also found in the idealized GCM simulations (Fig. 4).

The strong control of Ekman dynamics on ITCZwidth

is examined in more detail using a toy model of the

atmospheric boundary layer (Fig. 7). The ITCZ-width

responses to simple wind stress perturbations reveal

nonintuitive behavior: Adding a constant westerly

(easterly) wind stress widens (narrows) the ITCZ

(Figs. 7a–c). The size of the change in ITCZ width

depends not only on the magnitude of the stress per-

turbation but also on the curvature of the reference

stress profile. Multiplying a reference wind stress

4We recall from section 4 that Tomas and Webster (1997),

using a theory based on the dynamically equilibrated surface ab-

solute vorticity field [and therefore distinct from Emanuel (1995)],

argued that the ITCZ is bounded by the contour along which

fh 5 0.
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profile by a constant factor does not shift the ITCZ

edge (Figs. 7d–f) but changes in the latitude at which

the wind stress maximizes lead to large shifts in the

ITCZ edge (Figs. 7g–i). Given that the angular mo-

mentum imparted by the surface to the atmosphere in

the tropics is transported poleward and ultimately re-

turned to the solid Earth by the midlatitude surface

westerlies (e.g., Held 2000), it is clear that the dynamics

of ITCZ width are connected to atmospheric circula-

tions at higher latitudes (Watt-Meyer and Frierson

2019) and the problem is therefore inherently nonlocal.

Although Ekman processes are the primary influence

on ITCZ width, a scaling that includes horizontal and

vertical momentum advection [see (9)] is needed to

quantitatively capture ITCZ width across the full range

of idealized GCM simulations (Fig. 5). The magnitudes

of the advection terms in the zonal momentum budget

are small (Fig. 2) but it is the meridional gradients of

these terms that control vertical velocity and ITCZ

width, and advection contributes substantially to verti-

cal velocity at the ITCZ edge (Fig. 8). Therefore a full,

prognostic theory for ITCZ width in the idealized GCM

simulations requires not only a prediction for wind stress

changes but also for changes in horizontal and vertical

momentum advection (though helpfully these advection

terms are strongly correlated; Fig. 9). In the more

comprehensive CMIP5 simulations, ITCZ width is only

weakly controlled by momentum advection (Fig. 6)

raising the possibility of a more dominant influence of

Ekman processes on ITCZ width than suggested by the

idealized GCM simulations. Additional research is re-

quired to assess the relative influences of Ekman pro-

cesses versus momentum advection on ITCZ width in

more realistic GCMs and in the observed atmosphere.

Because of the fast time scales of atmospheric pro-

cesses relative to the slow time scales on which SST

evolves, there has been a long-standing interest in de-

veloping theories for tropical circulation and pre-

cipitation given the SST distribution (e.g., Sobel 2007).

Extending the Lindzen and Nigam (1987) theory, which

itself is based on the assumption of Ekman balance, we

find that ITCZ width scales with the latitude at which

the Laplacian of SST is zero (Fig. 11). This powerful

result connects ITCZ width to a well-observed and

fundamental physical feature of the climate system

(SST) and provides a simple dynamical framework with

which to understand the responses of ITCZ width to

SST variability, for example, between phases of El

Niño–Southern Oscillation (Dias and Pauluis 2011) and

under global warming (e.g., Byrne and Schneider

2016b). An alternative model of the tropical circulation

(Emanuel 1995) suggests that ITCZ width scales with

the latitude where the Laplacian of the departure of

boundary layer moist entropy from a critical distribution

is zero. Our extensions to the Lindzen and Nigam (1987)

and Emanuel (1995) theories have some skill in cap-

turing the behavior of ITCZ width across the idealized

GCM simulations.

The analyses and scalings presented here establish a

dynamical framework with which to understand the

processes determining ITCZ width. This dynamical

framework complements recent efforts to understand

ITCZ width based on the atmospheric energy budget

(Chou et al. 2009; Byrne and Schneider 2016a; Harrop

and Hartmann 2016; Dixit et al. 2018) and has the po-

tential to be more informative and predictive, given that

surface convergence and the ITCZ are thought to be

driven predominantly by boundary layer pressure gra-

dients and dynamics rather than by thermodynamic

effects higher in the atmosphere (Lindzen and Nigam

1987; Sobel and Neelin 2006; Back and Bretherton

2009). Ultimately, however, the tropical circulation

obeys both momentum balance and energy balance.

The challenge for future theoretical work on ITCZ

width will be to combine dynamical and energetic

perspectives into a unified theory, perhaps through

the use of a quasi-equilibrium framework following

Sobel and Neelin (2006). In conclusion, our investiga-

tions into the dynamics of ITCZ width have advanced

fundamental understanding of the atmospheric circula-

tion and are likely to be useful for examining ITCZ

biases in more complex climate models, differences in

ITCZwidth over land versus ocean regions, and the past

and future evolution of tropical rainfall.
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