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ABSTRACT

This paper investigates the coupling between the rotational and divergent circulations aiming to explain the

observations that show that the tropical eddy momentum flux is due to correlations between divergent eddy me-

ridional velocities and rotational eddy zonal velocities.A simple linearmodel inwhich theobserved eddydivergence

field is used to force the vorticity equation can reproduce quitewell the observed tropical eddymomentumflux. The

eddy momentum flux in the model shows little sensitivity to the basic-state winds and is mainly determined by the

characteristics of the divergent forcing. Vortex stretching and divergent advection of planetary vorticity produce

eddy momentum flux contributions with the same sign but the former forcing dominates. It is shown that the main

factor affecting the direction of the eddy momentum flux response to both forcings is the meridional tilt of the

divergence phase lines, albeit with an opposite sign to the classical relation between rotational momentum flux and

streamfunction phase tilt. How this divergent structure is determined remains an open question.

1. Introduction

Dimaet al. (2005)noted that theobserved climatological-

mean stationary wave in the tropics bears a striking

degree of hemispheric symmetry during both solstice

seasons, in spite of the strong seasonality of the eddy

forcing associated with the shift of the convective

heating into the summer hemisphere. They proposed

that the propagation of the eddies from the summer to

the winter hemisphere might be important for setting

up this symmetric pattern. Their hypothesis is sup-

ported by the strong seasonality of tropical eddy mo-

mentum fluxes, which are directed from the winter to

the summer hemisphere (indicating propagation in the

opposite direction for waves with westerly pseudomo-

mentum) during both solstice seasons. This seasonal

cross-equatorial propagation cancels out in the annual

mean, producing much smaller annually averaged eddy

momentum fluxes.

Despite its important impacts, the interhemispheric

propagation of Rossby waves is not fully understood.

Classical Rossby wave propagation theory (Hoskins and

Karoly 1981) predicts no meridional propagation

through boreal summer easterlies. During boreal winter,

it has been argued that meridional propagation may

be possible across westerly ducts, particularly over the

eastern Pacific (Webster and Holton 1982; Hoskins and

Ambrizzi 1993). However, the classical propagation

conditions are modified in the presence of significant

zonal-mean meridional flow (Schneider and Watterson

1984), a scenario of some relevance to the tropics due to

the strong cross-equatorial Hadley cell. Li et al. (2015)

show that this meridional flow plays an important role

for interhemispheric Rossby wave propagation, consis-

tent with the arguments of Schneider and Watterson

(1984).

In a study very relevant to this work, Kraucunas and

Hartmann (2007) used a simple shallow-water model to

investigate what factors are important for the observed

structure of the tropical climatological-mean stationary

wave and the determination of the cross-equatorial eddy

momentum flux. They found that the winter-hemisphere

response to summer-hemisphere forcing is signifi-

cantly enhanced by the Hadley cell flow, a sensitivity

that they attributed to the impact of the mean me-

ridional flow on propagation suggested by the work

of Schneider and Watterson (1984). They also used a
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simple barotropic, beta-plane model to illustrate this

effect analytically.

However, because all these ideas on meridional

propagation are based on the analysis of the barotropic

or quasigeostrophic shallow-water vorticity equations,

they should only apply in principle to the rotational

momentum flux u0
ry

0
r (we use r and d subscripts to refer to

rotational and divergent anomalies, respectively, while

overbars and primes denote zonal-mean values and

deviations therefrom). Yet we showed in the compan-

ion paper (Zurita-Gotor 2019, hereafter Part I) that this

rotational component only represents a small fraction of

the observed tropical eddy momentum flux in the deep

tropics. More fundamentally, Part I shows that the

mechanism of eddy momentum convergence in the

tropics is different from the extratropics, being associ-

ated with upper-level horizontal divergence over sectors

with anomalous easterly zonal winds and upper-level

horizontal convergence over sectors with anomalous

westerlies, rather than with eddy vorticity fluxes. This

pattern leads to an increase in the mass-weighted mo-

mentum and to an Eulerian acceleration in the presence

of vertical (cross isentropic) momentum advection.

Tropical eddy momentum fluxes arise from spatial

correlations between divergent eddy meridional veloc-

ities y0d and rotational eddy zonal velocities u0
r: u

0
ry

0
d.

Part I refers to this correlation as the divergent eddy

momentum flux, to distinguish it from the traditional

rotational momentum flux u0
ry

0
r. This divergent eddy

momentum flux is dominated by its stationary wave

component, associated with zonal anomalies in the

strength of the meridional overturning/Hadley cell and

the climatological Rossby gyres. This decomposition of

tropical eddy momentum transport requires some mech-

anism coupling the rotational and divergent anomalies.

For instance, consider the relevant scenario of enhanced

upper-level divergence over the warm pool in the sum-

mer hemisphere. In this scenario, we expect the cross-

equatorial Hadley flow to be locally intensified over the

same sector. However, whether this gives rise to north-

ward or southward eddy momentum flux will depend on

the sign of the rotational eddy zonal velocity, that is,

on the phase of the rotational response to this divergent

forcing. We argued in Part I that the answer to that ques-

tion will depend on the closure of the vorticity balance.

This is the question that we aim to address with our

study, which is organized as follows. Section 2 introduces

the data and some definitions, and provides a quick

overview of the main results in Part I. Section 3 uses a

forced, homogeneous, linear model to predict the rota-

tional response to divergent forcing, and shows that this

model can reproduce quite well the observed, seasonally

varying eddy momentum flux when it is forced by the

observed divergent flow. Section 4 analyzes in some

detail the dynamical determinants of the eddy momen-

tum flux response in the simple model using the vorticity

balance and section 5 investigates the relevance of that

analysis in observations.We finish with some concluding

remarks in section 6.

2. Data and conventions

We use in this paper the same ERA-Interim data (Dee

et al. 2011) of Part I, which span the period 1979–2016.

Data are defined on pressure levels at 2.58 resolution

and the diagnostics presented in this paper represent an

upper-troposphere average integrated over the 150–

300-hPa layer. The horizontal velocities are decomposed

into their rotational and divergent components (denoted

with r and d subscripts, respectively), obtained by inver-

sion of the vorticity and divergence fields. We also use

monthly mean GPCP precipitation data (Adler et al.

2003) for some diagnostics.

Eddies are defined as differences from the zonal mean

but we will focus in this paper on the stationary eddy

momentum fluxes, which were shown to dominate the

momentum transport in Part I. Because of the strong

eddy momentum flux seasonality, however, this sta-

tionary circulation must be defined seasonally. We thus

define a seasonal cycle of stationary eddy momentum

transport computing for each calendar month the zonal

mean of the products of the 37-yr monthly mean eddy

velocity components. This procedure eliminates the

submonthly and interannual variability but some of the

slow intraseasonal variability may be contaminated

into the seasonal cycle due to the limited record. How-

ever, Lee (1999) showed that the transient tropical eddy

momentum flux is dominated by the interannual vari-

ability and Part I shows that theMJO contribution to the

eddy momentum transport is an order of magnitude

smaller than the stationary wave contribution.

Figure 1 shows the seasonal cycle of the rotational

(u0
ry

0
r; black solid line) and divergent (u0

ry
0
d; black dashed

line) contributions to the stationary cross-equatorial

eddy momentum flux. The latter contribution domi-

nates as noted in the introduction. Part I shows that this

momentum flux reflects spatial correlations between the

cross-equatorial Hadley flow y0d and the rotational zonal

velocity u0
r associated with the equatorial Rossby gyres.

The change in sign of y0d (the meridional overturning is

always strongest over the warm pool region but its

direction reverses following the shift of the heating to

the summer hemisphere) as u0
r keeps a constant phase

[easterly (westerly) eddy zonal winds are observed to

the west (east) of the date line year-round] explains the

observed seasonal reversal of the cross-equatorial eddy
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momentum transport. Part I also shows that the diver-

gent momentum transport is dominated by the gravest

zonal waves, especially k5 1 (red dashed line in Fig. 1).

This large-scale time-mean pattern may reflect the aggre-

gate effect ofmany individual convective events.Although

the location of convection and cross-equatorial flow can

be highly variable on day-to-day time scales (B. Hoskins

2018, personal communication), there is a clear preference

for convection to occur west of the date line.

Wewill focus in this paper on the determination of the

dominant k 5 1 component of the stationary u0
ry

0
d mo-

mentum flux. However, many of our conclusions also

hold for other modes of momentum transport, station-

ary and transient, as illustrated in section 6 for the

Madden–Julian oscillation (MJO). We study this phe-

nomenon by regressing the dynamical fields on theMJO

indices of Adames and Wallace (2014a; see Part I for

more details).

3. A forced linear model

Consider the shallow-water vorticity equation on an

equatorial beta plane:

›
t
j1 J(c, j1by)2 n=2j

52(f 1 j)D2 u
d
›
x
j2 y

d
(b1 ›

y
j) , (1)

where c is the streamfunction for the rotational flow and

j5=2c is relative vorticity. The last term on the left-hand

side represents viscous damping andwe split the horizontal

advection term into its rotational and divergent compo-

nents, included on the left- and right-hand sides of the

above equation. This decomposition makes explicit the

role of the divergent flow in forcing the vorticity equa-

tion through both vortex stretching and horizontal vor-

ticity advection (Sardeshmukh and Hoskins 1988). In

the following, we will refer to the left- and right-hand

sides of this equation as the rotational tendency and

divergent forcing, respectively.

Although the divergent forcing on the right-hand side

of Eq. (1) also involves the rotational flow, this depen-

dence disappears when the equation is linearized about

a zonal basic state with horizontal velocities U and V:

›
t
j0 1U›

x
j0 1V›

y
j0 1b

e
›
x
c0 2 n=2j0

52(f 2 ›
y
U)D0 2 y0dbe

, (2)

where be 5b2 ›yyU is an equivalent beta and primed

values denote perturbations.

As noted in the introduction, the mean meridional

flow V plays an important role in theories of unforced

propagation. We can see this by assuming plane-wave

solutions of the form ei(kx1ly2kct), which leads to the fol-

lowing dispersion relation in the unforced and inviscid

barotropic limit:

c5U1
l

k
V2

b
e

k2 1 l2
. (3)

With a slowly varying basic-state U(y), V(y), the

above dispersion relation can be applied locally using a

WKB approximation, implying Rossby wave refraction

l5 f (y) as the basic state changes (Hoskins and Karoly

1981). For stationary waves, meridional propagation

(l2 . 0) requires U1 (l/k)V to be positive. As noted by

Schneider and Watterson (1984) and Li et al. (2015), with

FIG. 1. Rotational (solid lines) and divergent (dashed lines) components of the stationary

cross-equatorial eddy momentum flux. The black lines show the total flux, the red lines the

k 5 1 contributions and the blue lines the contributions by wavenumbers k 5 2–3.
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tropical easterlies propagation may still be possible

when l has the same sign as V, which is associated with

a meridional group velocity in the direction of V and

an eddy momentum flux in the opposite direction. This

is consistent with the observations showing an eddy

momentum flux toward the wave-forcing region in

the summer hemisphere through the tropical easter-

lies. Although this prediction strictly only applies to

the rotational eddy momentum flux u0
ry

0
r, we show in

appendix A that when the necessary condition for

propagation is satisfied the divergent momentum flux

reinforces the rotational momentum flux, becoming

the dominant term in the long-wave limit.

However, a theory of unforced propagation is unlikely

to explain the observed tropical momentum fluxes in the

strongly convecting terrestrial atmosphere. As discussed

in Part I, the divergent momentum fluxes are associated

with a region of strong momentum convergence/eddy

generation adjacent to the equator in the summer

hemisphere (see Figs. 7b and 8b in Part I), pointing to

the important role of the forcing for the determination

of these fluxes. Motivated by this, we study the forced

u0
ry

0
d response to tropical heating assuming that this

heating is determined independently of the circulation

as in classical tropical circulation theory (e.g., Gill 1980).

Under a weak temperature gradient approximationD0 ’
Q0, prescribing the heating is equivalent to prescribing

the full divergent field. We thus use the observedD0 and
y0d to force the vorticity equation [Eq. (2)] and calculate

the divergent eddy momentum flux u0
ry

0
d using the rota-

tional wind response u0
r to this divergent forcing.

As will be shown in the next section, the closure of the

vorticity balance can be very different for eddies of

different meridional scales. Our focus in this paper will

be on the gravest meridional modes, which we will show

to dominate the momentum transport. Aiming to un-

couple the meridional modes, we use a homogeneous

formulation with constant U, V, and be, under the as-

sumption that the meridional structure of the forcing

determines to first order the structure of the forced re-

sponse, with little role for the basic state (this is a poor

approximation in the subtropics, where vorticity shear-

ing is important). For the same reason, we use a plane

formulation in the meridional domain f 2 [2p/2, p/2].

The results are very similar using a spherical harmonics

expansion (not shown) but the meridional modes are

formally coupled through the Laplacian in that case.

With these assumptions, Eq. (2) becomes for a sta-

tionary mode with wavenumbers k and l:

2(ikU1 ilV)(k2 1 l2)ĉ1 ikb
e
ĉ2 n(k2 1 l2)2ĉ

52cfD2b
e
by
d
, (4)

using circumflex accents to denote spectral space vari-

ables (note in particular that cfD is the Fourier transform

of the full fD0 product).
We solve Eq. (4) for the dominant zonal wavenumber

k 5 1 as follows. For each calendar month, we define

U and V as the climatological zonal-mean zonal and

meridional winds averaged over the equatorial band

jfj# 108 and calculate an effective be that also incor-

porates the relative vorticity gradient (averaged over the

same band). To isolate the tropical forcing, we multiply

the climatological monthly mean 2fD0 2 y0dbe by a me-

ridional Gaussian with half-width 408 before computing

its meridional Fourier transform. Using Eq. (4), we cal-

culate the rotational response ĉ and bur 52ilĉ for each

harmonic of the forcing, and then the divergent mo-

mentum flux u0
ry

0
d(k5 1, y) using the observed y0d and the

predicted u0
r (converted back to physical space).

Use of an effective beta improves the quantitative

agreement with observations by increasing the ampli-

tude of the response but the results are not very sensitive

to the othermodeling choices. In contrast, the results are

fairly sensitive to the viscosity coefficient n, chosen to

damp the resonant wavenumber (jl0j’ 4) with a time

scale of 1.5 days. The results are similar for moderate

variations (doubling or halving) in this parameter but

when much longer time scales are used the solution

becomes dominated by the resonant mode, while for

shorter time scales there is a significant amplitude loss.

Our use of the more scale-selective viscous damping

(as opposed to linear vorticity damping) is motivated by

the weak scale separation between the resonant mode

and the scales that dominate the momentum transport

(as shown below).

This procedure produces the u0
ry

0
d seasonal cycle in

Fig. 2b, which should be compared to the observed k5 1

stationary seasonal cycle in Fig. 2a. The predicted mo-

mentum flux is a bit too weak (note the different color

scale in both panels), particularly during DJF, and some

differences are also apparent near the winter subtropics,

where the large zonal wind and significant wind shear

would be expected to play a role in the vorticity balance

(Monteiro et al. 2014; Kraucunas and Hartmann 2007).

Nevertheless, the skill of the model in capturing the

observed seasonal cycle is striking given the crudeness of

the approximations involved. In contrast, the rotational

momentum flux is not well reproduced by the model

(not shown), which is not surprising in the absence of

extratropical forcing.

To investigate the relative importance of vortex

stretching and meridional divergent advection for the

model’s response, we have repeated the analysis forc-

ing the model with each of the terms on the right-hand

side of Eq. (4) in isolation. Figures 2c and 2d show that
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the two forcings produce a response of the same sign

(a momentum flux from the winter to the summer

hemisphere) but the model’s response to stretching is

significantly larger. Section 4b discusses in more detail

the dynamics of the two responses.

Likewise, we can investigate the role played by

changes in the eddy forcing and in the basic state for the

seasonal cycle of the eddy momentum flux in our model.

The left panels of Fig. 3 show that the mean tropical

winds play virtually no role for the determination of the

eddy momentum flux, as the results when fixingU and V

to their climatological DJF or JJA values and when us-

ing zero winds are very similar to those with seasonally

dependent winds. This implies that the seasonal de-

pendence of the eddy momentum flux in the model must

be due to seasonal changes in the eddy forcing, as indeed

confirmed by the right panels of Fig. 3. We provide an

interpretation of these results in the next section.

FIG. 2. Seasonal cycle of k 5 1 stationary eddy momentum flux u0
ry

0
d (m2 s22): (a) observed, (b) prediction by

the simple model, (c) model’s response to vortex stretching, and (d) model’s response to divergent beta advec-

tion. (e),(f) As (a) and (b), but computing the fluxes using only modes with jlj# 3 in observations and model,

respectively. Note the use of a different color scale in (a) versus all other panels.

APRIL 2019 ZUR I TA -GOTOR 1149



4. Dynamical analysis

a. Natural frequency and dominant meridional scales

The rotational response in ourmodel is constrained by

the requirement that the vorticity tendency balances the

prescribed vorticity forcing by the divergent field. To

analyze the determinants of the seasonal cycle, it is

useful to rewrite Eq. (4) in the form

2i(k2 1 l2)v
0
ĉ5 F̂ , (5)

FIG. 3. (left) Model’s sensitivity to prescribed mean winds U and V: (top) climatological DJF winds, (middle)

climatological JJA winds, and (bottom) U5V5 0. (right) Model’s sensitivity to prescribed divergent forcing:

(top) DJF divergence, (middle) JJA divergence, and (bottom) annual-mean divergence. All panels show the

stationary divergent momentum flux u0
ry

0
d (m

2 s22).
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where

v
0
(k, l)5 kU1 lV2

b
e
k

k2 1 l2
(6)

is the natural frequency for wavenumbers k and l im-

plied by the dispersion relation (ignoring the imaginary

component of v0 due to damping). In our linear model,

the sensitivity of the solution to themean flowU andV is

manifested through this term.

As discussed in section 3, the asymmetry in Rossby’s

dispersion relation due to the meridional Hadley flow V

plays an important role in theories of (unforced) Rossby

wave propagation in the tropics (Li et al. 2015). A related

argument is that with easterly or weak westerly U, modes

with Vl. 0 have a smaller jv0j and hence a stronger re-

sponse to forcing. In particular, the propagating wave-

number l0 predicted by the unforced theoryv0(k, l0)5 0 is

resonant in the forcedproblem.For forcing of this scale, the

amplitude of the response is only constrained by damping

in our model. The impact of resonance is emphasized by

the study of Arnold et al. (2012), who find abrupt transi-

tions in the circulation of an idealized model due to the

resonant amplification of the tropical eddy momentum

flux when the basic state changes. Beyond resonance,

the meridional-scale l0 is associated with a change in the

sign of the response. With Vl, 0, or with Vl. 0 and

jlj, jl0j, the sign of v0 agrees with that of the beta term

and the streamfunction minimum (vorticity maximum)

is found a quarter wavelength to the west of the positive

vorticity forcing. The opposite is true when Vl. 0 and

jlj. jl0j, in which case the vorticity maximum is found a

quarter wavelength to the east of the vorticity forcing.

Figure 4 shows the structure of v0(k, l) for k 5 1 and

DJF (blue) or JJA (red) basic states, normalized by the

beta contribution 2bk/(k2 1 l2). As expected, the res-

onant wavenumber l0 changes sign between both sea-

sons, as it must satisfy Vl0 . 0. In contrast, its scale is

very similar during DJF and JJA (jl0j’ 4) because v0 is

insensitive toU for this small value of k, andV essentially

reverses between seasons. The response of the model to

forcings with meridional-scale jl0j is evidently sensitive to
V, andFig. 4 shows that the same is true for shorter waves.

However, for jlj# 3 the natural frequency is only weakly

sensitive to l and is well approximated by the b term

(dashed lines). These are the scales that dominate the

model’s response because the large model viscosity,

chosen to damp the resonant-scale jl0j5 4 with a time

scale of 1.5 days, strongly damps wavenumbers at scales

jlj$ jl0j. (The black line in Fig. 4 shows the imaginary

component of v0 as a function of wavenumber).

The model’s success suggests that these large me-

ridional scales are also primarily responsible for the

observed momentum transport. To assess the scales of

dominant momentum transport in model and obser-

vations, we have decomposed the meridionally aver-

aged momentum flux between 208S and 208N (shown in

Fig. 5a) into contributions by different meridional wave-

numbers. This metric is a sensible measure of the trop-

ical momentum flux, as themomentum flux is nearly one

signed during both solstice seasons (cf. Fig. 2). To

compute the contributions of each meridional wave-

number to this metric, we expand u0
r into its meridional

Fourier components and calculate their individual con-

tributions to the integrated u0
ry

0
d using the full y0d. Note

that because the meridional modes are only orthogonal

when integrated over the full sphere rather than between

2208 and 1208, this also includes mixed wavenumber

contributions bur(l) byd(l0) with l 6¼ l0. Although these mixed

contributions are relatively small, they are not strictly

zero—this is why we refer to this diagnostic as the

‘‘pseudocospectrum.’’ We did not compute the actual

cospectrum for the integrated momentum flux between

908S and 908N because that metric is sensitive to the

high-latitude structure.

Figure 5b shows that the observed momentum flux is

dominated by long waves, especially during JJA. During

DJF, shorter-scale contributions to the eddymomentum

flux are found around l524 (this is not due to reso-

nance as l0 514 during this season). This component

of the response is strongly damped in our model, which

predicts the peak flux at longer meridional scales

(Fig. 5c). More generally, the largest differences

between the observed and modeled pseudocospectra

are found at jlj$ 3. This suggests that the low eddy

FIG. 4. Natural frequency v0 for k5 1 as a function of meridional

wavenumber, normalized by the beta contribution2bk(k2 1 l2)21.

The blue and red lines show, respectively, the real DJF and JJA

components using the observedwinds (solid) andU5V5 0 (dashed;

note that we still use an equivalent b). The black line shows the

imaginary component due to damping.
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momentum flux bias in the model might be partly due to

the strong damping of scales shorter than jlj5 3. This

hypothesis is supported by Fig. 5a (dashed lines), which

shows that the seasonal cycle of the mean eddy mo-

mentum flux between 208S and 208N is very similar in

observations and model when only contributions by

modes with jlj# 3 are included. The impact of modes

with jlj. 3 can be further appreciated by comparing

Figs. 2e and 2f (computed including only modes with

jlj# 3) with Figs. 2a and 2b. Eliminating the contribution

FIG. 5. (a) Eddy momentum flux, integrated between 208S and 208N in observations (blue) and the model (red).

The dashed lines show the mean flux computed using only modes with jlj# 3. (b) Meridional pseudocospectrum

(see text for details) of the mean 208S–208N eddy momentum flux in observations. (c) As in (b), but for the model.

(d),(e) As in (c), but when the model is only forced by divergent beta advection and vortex stretching, respectively.
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by modes with jlj. 3 to the observed eddy momentum

flux leads to a significant reduction in this flux, so that

the model’s response (which is not as affected) is in

better quantitative agreement.

b. Divergent forcing and momentum flux direction

As noted in Part I, while the sign of the rotational

momentum flux is determined by the tilt of the stream-

lines, the sign of the divergent momentum flux depends

instead on the phase relation between the rotational and

the divergent flow. When the rotational flow is simply

forced by the divergent flow as assumed in this section,

this phase relation is determined by the closure of the

vorticity balance. In this section, we investigate what as-

pects of the divergent eddy forcing and the mean state

determine the direction of the divergent momentum flux.

This is trivial to assess for the part of the flow forced by

meridional divergent advection. Substituting F̂52be byd
in Eq. (5) with bur 52ilĉ, we obtain

u0
ry

0
d

b
52

b
e
lj by

d
j2

2(k2 1 l2)v
0

. (7)

The direction of themomentum flux depends on the sign

of v0l. For the long waves shown to dominate the

pseudocospectrum, v0 , 0 and the sign of u0
ry

0
d agrees

with that of l. The direction of u0
ry

0
d is still determined by

the tilt of the phase lines, but its sign is opposite to that of

the rotational momentum flux. Figure 6a illustrates the

structure of this solution for l, 0.Withv0 , 0 the sign of

the vorticity tendency is determined by b, so the rota-

tional flow must point northward to the east of the

divergence maximum to balance the positive vorticity

forcing by2bey
0
d at the filled red circle.With l, 0, c0 , 0

(c0 . 0) over the region of upper-level divergence

(convergence) and c0 and x0 are in phase. The contrary oc-

curs for l. 0 (Fig. 6b), in which case the rotational flow

points southward to the east of the divergence maximum

and c0 and x0 are 1808 out of phase. In both cases, the

streamfunction minimum (vorticity maximum) is found a

quarter wavelength to the west of the positive vorticity forc-

ing (indicated with a filled red circle) because v0 , 0. The

contrary would be observed for shorter waves with v0 . 0.

The configuration in Fig. 6a (Fig. 6b) is associated

with a southward (northward) divergentmomentumflux

u0
ry

0
d, which opposes the northward (southward) mo-

mentum flux by the rotational flow u0
ry

0
r. In the limit

in which the vorticity tendency is dominated by b, the

rotational and divergent fluxes compensate exactly as

Eq. (4) then reduces to a balance between rotational

and divergent beta advection: y0r 52y0d. This corresponds
to the simple thought example discussed in Part I (in that

example u0
ry

0
r and u0

ry
0
d vanish because there is no phase

tilt).More generally, when themean flow advection is not

negligible u0
ry

0
d will dominate when jv0j.bek/(k

2 1 l2).

Figure 5d shows that the u0
ry

0
d pseudocospectrum pro-

duced by the model when it is only forced by 2bey
0
d

agrees qualitatively with these predictions: modes with

positive (negative) l are associated with northward

(southward) eddy momentum transport. The former (lat-

ter) are dominant during JJA (DJF), so thatVl, 0 during

both solstice seasons (implying no role for resonance).

We next discuss the u0
ry

0
d response to vortex-stretching

F 0 52fD0, which dominates the full response in our

model. Consider first the case in which the Coriolis pa-

rameter is constant: f 5 f0 (Fig. 6c). With positive f0, vortex

stretching produces a negative vorticity forcing over the

divergencemaximum,whichmust bebalancedby vorticity

advection by southward rotational flow (assuming

again that v0 , 0). As shown in Fig. 6c, this produces a

streamfunction response in quadrature with the diver-

gence anomaly so that there is no divergent momentum

flux: u0
ry

0
d 5 0.

It is thus key to take into account the meridional f

structure to obtain a nonzero momentum flux response.

Figure 6d shows the response to the forcing 2(f 2 f0)D
0

(where f0 is the mean Coriolis parameter over the scale of

the wave)1 using the same divergence field as in Fig. 6c.

Northward of the latitude where f 5 f0 there is again neg-

ative vorticity forcing and southward rotational flow, but

southward of that latitude the vorticity forcing is positive

and the rotational flow northward. The rotational circula-

tion must then be closed by a component perpendicular to

the divergence phase lines (note that the D0 and c0 phase
lines can no longer be aligned), in the direction of y0d. As

shown in Fig. 6d this produces a southward momentum

flux when l is negative, while the contrary is true when l is

positive (Fig. 6e). This is consistent with our findings that

the model responses to vortex stretching and divergent

advection have the same sign (cf. Figs. 2c and 2d).

With nonconstant f, it is not possible to find a simple

expression for the momentum flux similar to Eq. (7).

A divergent mode with meridional wavenumber l does

not force a rotational flow of the same scale and the

pseudocospectrum has a complicated structure (Fig. 5e).

The analysis is simplified if we can assume that the

vorticity tendency is dominated by b (or more generally,

if we can neglect meridional derivatives). In that limit,

it is shown in appendix B that for a slowly varying

1 The fact that the divergent momentum flux is sensitive to the

range of variability of f, rather than to its mean value, is key to the

impact of vortex stretching for the model’s response in spite of

the small values of f near the equator. These arguments also sug-

gest that the impact of vortex stretching will be larger for waves of

longer meridional scales.
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divergence field the response to vortex stretching ap-

proaches the response to divergent meridional advection

(and is thus determined by the tilt of the divergence phase

lines). However, the two responses can differ significantly

when the divergence field has meridional structure.

5. Closure of the vorticity balance and divergence
phase tilt in observations

Although the simple arguments presented in the

previous section can help explain the sensitivity of the

idealized model, their actual relevance for the observed

momentum flux is a bit more questionable given the

crude assumptions of the simple model. In particular,

our arguments rely heavily on (a very simplified version

of) the vorticity balance that may not be appropriate for

observations. The closure of the observed tropical vor-

ticity balance is subject to big errors even in modern

reanalysis products (e.g., Yang and Hoskins 2017), as it

has been known for a long time that transience and

nonlinearity play an important role for this balance

(Sardeshmukh and Hoskins 1985).

FIG. 6. Sketch illustrating the rotational circulation forced by prescribed divergent forcing and the

associated momentum flux u0
ry

0
d when v0 , 0. (a) Response to 2by0d with l, 0. (b) As in (a), but

with l. 0. (c)Response to2f0D
0 with constant f0. (d)Response to2(f 2 f0)D

0 with l, 0. (e)As in

(d), butwith l. 0. In all panels, we indicate themaximumpositive (negative) forcingwith afilled red

circle (blue diamond). The divergent velocity vector v0d (blue) is drawn pointing from the divergence

maximum to the divergence minimum, while the rotational velocity vector v0r (red) is inferred as-

suming that the vorticity tendency ;y0rb balances the vorticity forcing. With v0 , 0, the stream-

function minimum is located one-quarter wavelength to the west of the positive vorticity forcing.

The direction of u0
ry

0
d is inferred from the sign of the zonal component of v0r and the meridional

component of v0d. Note that the phase slope is exaggerated for clarity because k � l.
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We contend that the aforementioned difficulties in

closing the tropical vorticity balance are mainly due to

the small scales, those most affected by nonlinearity,

while the large scales found to dominate the meridional

eddymomentum transport can be reasonably understood

using the idealized vorticity closure equation, Eq. (4). In

support of this argument, we show below that the simple

relations between the divergent forcing and the rotational

response that constrain the sensitivity of the eddy mo-

mentum flux in the model are also at work for the ob-

served JJA and DJF flows.

Focusing on JJA first, Fig. 7a shows the k 5 1 eddy

precipitation field (shading), upper-level (150–300-hPa

average) divergence (contours), and upper-level divergent

wind vectors. Although the divergent wind is evidently

related to the precipitation and divergence fields, it is also

apparent that the latter have finer spatial structure

than the winds, as expected for a differenced field. This

is consistent with our findings that the eddy momentum

flux is primarily determined by the gravest meridional

modes of the divergence field. As shown in Fig. 7b, the

coarse-grained (jlj# 3) precipitation and divergence

fields capture the gross structure of the divergent wind,

its direction being determined by the mean phase tilt as

in the sketches of Fig. 6.

The shading in Fig. 7c shows the net vorticity forcing

by the (nonfiltered) divergence field. We emphasize

with filled red circles (blue diamonds) in this figure the

FIG. 7. JJA climatology of k 5 1 (a) eddy precipitation (color shading), eddy upper-level

divergence (contours), and eddy divergent velocity (blue vectors); (b) coarse-grained (jlj# 3)

precipitation and divergence as in (a); (c) coarse-grained divergence (contours; the thick axis

line emphasizes the phase tilt) and the vorticity forcing by the divergent flow (color shading; we

emphasize the positive and negative extrema using filled red circles and blue diamonds, re-

spectively); and (d) eddy rotational streamfunction (contours), rotational vorticity tendency

[color shading, with markers as in (c)], and eddy rotational velocity (blue vectors).
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approximate locations of maximum positive (negative)

vorticity forcing in both hemispheres. For a divergence

field with l. 0 as observed, we expect to find the maxi-

mumdivergent-advection forcing near thewestern node of

the divergence (cf. Fig. 6b), and the maximum vortex-

stretching forcing near the axis of maximum convergence

(divergence) at some distance from the equator in the

Northern (Southern) Hemisphere (cf. Fig. 6e). The ob-

served maxima lie somewhere between these two limits,

though vortex stretching appears to be more important in

the Northern Hemisphere and divergent advection ap-

pears to be more important in the Southern Hemisphere.

On the other hand, the shading in Fig. 7d shows the

rotational tendency, linearized about the time- and

zonal-mean flow as on the left-hand side of Eq. (2) [note

that we took into account themeridional structure of the

basic-state u(y), y(y) to compute the mean-flow advec-

tion for increased accuracy]. It is apparent that even in

this simplified form, the rotational tendency balances

quite well the observed divergent forcing, the small phase

bias likely due to the neglect of nonlinear zonal eddy

advection. Consistent with v0 , 0 for the dominant grave

meridional waves, we observe northward (southward)

rotational flow over regions with positive (negative)

vorticity forcing, so that the streamfunction minimum is

found to the west of the positive vorticity forcing as

expected. Because the vorticity forcing is roughly an-

tisymmetric about the equator (Fig. 7c), the stream-

function field has a quadripolar structure. Finally, we note

that the northward eddy momentum flux observed during

this season (cf. Fig. 2) is consistent with the northwest-to-

southeast tilt (l. 0) of the divergence phase lines based

on the arguments of the previous section.

Figure 8 shows a similar analysis during DJF. The

negative eddy momentum flux during this season is

consistent with the northeast-to-southwest tilt (l, 0) of

the coarse-grained divergence. The balance between

divergent forcing and rotational tendency is, however,

FIG. 8. As in Fig. 7, but for DJF.
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significantly worse than before, suggesting that other

terms may be important for the vorticity balance as also

found for this season by Sardeshmukh and Hoskins

(1985). Since the meridional pseudocospectrum peaks

at smaller scales during this season,2 we expect nonlin-

earity to play a bigger role than during JJA. Addition-

ally, the vorticity fluxes by eddies of extratropical origin

are likely more important during DJF than during JJA

because the summer extratropical hemisphere is more

active during DJF and extratropical eddies forced in

the winter hemisphere are also able to penetrate deeper

into the tropics during this season (Zurita-Gotor and

Álvarez-Zapatero 2018). In this regard, it is noteworthy

that the streamfunction field in Fig. 8d has a pronounced

northeast-to-southwest tilt, in contrast with the nearly

standing pattern in Fig. 7d. Such a tilt is associated with

northward rotational eddy momentum fluxes during this

season by zonal wave k 5 1 (see Fig. 1), opposite to the

divergent momentum fluxes, and with Rossby wave prop-

agation from the winter to the summer hemisphere. The

simple model is unable to reproduce this behavior, though

it is unclear if this is due to a deficiency of the model or to

the lack of extratropical forcing.While all these factorsmay

contribute to the poor closure of the vorticity balance

during DJF, the model still appears to be relevant for ex-

plaining the divergent momentum flux during this season.

6. Concluding remarks

In this paper we have analyzed the mechanisms cou-

pling the divergent and rotational circulations aiming to

understand the determination of the observed trop-

ical eddy momentum flux, associated with correlations

between the divergent eddy meridional velocity and the

rotational eddy zonal velocity. We showed that a sim-

ple homogeneous, linear model with uniform basic-state

winds can reproduce quite well the observedmomentum

flux when the rotational circulation is forced by the

observed divergent flow, which suggests that the eddy

momentum flux can be understood as a response to the

divergent forcing.We found our simple model to display

very little sensitivity to changes in the mean state, in

contrast to previous studies showing significant eddy mo-

mentum flux modulation by the Hadley cell (Kraucunas

and Hartmann 2007). In the context of a forced linear

model, the sensitivity to the basic state is associated with

changes in the natural frequency of the system and a

possible transition to resonance of the sort described by

Arnold et al. (2012). The inevitable nonlinearity near the

resonant scale cannot be resolved by our simple model,

which uses strong scale-sensitive damping to prevent res-

onant behavior. We would expect more sensitivity of the

solution to the basic-state winds in a nonlinear model that

can resolve these and shorter scales.

As changes in the basic state have little bearing on the

determination of the eddy momentum flux, the single

most important factor affecting the seasonal reversal of

the momentum flux in our model is the seasonal vari-

ability in the divergent forcing. We found that vortex

stretching anddivergent beta advection produce responses

with the same sign—amomentum flux directed from the

winter to the summer hemisphere—but the former is

about twice as large.We can understand these responses

by noting that for the long waves that dominate the

momentum transport the natural frequency v0 is nega-

tive and the vorticity maximum is shifted a quarter

wavelength to the west of the positive vorticity forcing

(indicated with a filled red circle in all the sketches of

Fig. 6). We showed that with both types of forcing the

eddy momentum flux response is positive (negative)

when the divergence anomalies have a northwest-to-

southeast (northeast-to-southwest) tilt, which is consis-

tent with observations. Note that this is opposite to the

classical relation between rotational eddy momentum flux

and streamfunction phase tilt, so that we expect the di-

vergence and streamfunction contours to tilt in opposite

ways when the rotational and divergent momentum fluxes

have the same sign. Reversibly, when the divergence and

streamfunction contours have the same tilt the rotational

and divergentmomentum fluxes tend to cancel each other,

as found for instance for k 5 1 during DJF (cf. Fig. 8).

The important role played by the divergence phase tilt

underscores a crucial limitation of our analysis: the use

of a prescribed divergence field. It is now well recog-

nized that the heating is not independent of the circu-

lation in the tropics. Our results provide an eloquent

validation to this axiom: even though the mean heating

is thought to be mainly determined by the boundary

conditions (Hoskins et al. 1999), we cannot think of any

obvious reason why the divergence field should tilt

in opposite meridional directions during both solstice

seasons. It seems more likely that the seasonal reversal

of the phase tilt in observations should be associated

with changes in meridional wave propagation as the

wave source moves into the summer hemisphere (Dima

et al. 2005). Because Rossby waves have westerly

pseudomomentum, they transport easterly momentum

as they propagate and converge momentum into their

source region. In the extratropics the eddymomentumflux

is dominated by the rotational flow, so the streamfunction

field must tilt westward with latitude away from the

2Note that only the divergence field is coarse grained in Figs. 7

and 8, but not the vorticity forcing or the rotational response. The

filtered fields are in better agreement (not shown).
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source region to produce eddy momentum convergence

into that latitude. Along similar lines, we speculate that

the observed eastward phase tilt of the divergence field

moving from the summer hemisphere to the winter

hemisphere is linked to the requirement that the diver-

gent momentum flux, dominant in the tropics, converges

momentum into the source region. As Figs. 7b and 8b

show, this phase tilt has important implications for the

large-scale distribution of precipitation in the tropics.

Under this perspective, what we have described here

as a forced rotational response could perhaps be better

regarded as coupled rotational–divergent propagation.

It is unclear what a theory for this propagation might

look like, butwe expect it to be different from thedivergent

extension of the classical rotational theory discussed in

appendix A due to the important role of heating. In this

scenario of an internally determined divergence field, it is

plausible that the divergence phase tilt could be affected by

the mean meridional flow (e.g., through its impact on me-

ridional propagation), which would explain our different

conclusions from Kraucunas and Hartmann (2007) on the

sensitivity of the eddy momentum fluxes to changes in the

Hadley cell. It would be of interest to investigate what

factors determine the divergence phase tilt in an idealized

moist model similar to that of Shaw (2014), in which the

divergence field is internally determined.

Although we have focused on the dominant stationary

eddy momentum transport in this paper, similar con-

straints apply to propagating tropical modes in the

corotating reference system, with implications for the

latitudinal distribution of precipitation. A good example

is the MJO. As shown in Part I, the MJO also produces

divergent eddy momentum transport into the Northern

(Southern) Hemisphere during JJA (DJF), even if this

transport is much weaker than that by the climatological

stationary wave (Lee 1999). The left panels of Fig. 9

show regressions of upper-level divergence and (u0
r, y

0
d)

wind vectors on theMJO indices of Adames et al. (2016)

during November–March (NJDFM), June–September

(JJAS), and the whole year. We have chosen for illus-

tration the MJO phase for which the maximum velocity

potential difference is found at 1508E, but results are

similar for other phases.3 For the annual regression we

FIG. 9. (top) NDJFM, (middle) JJAS, and (bottom) full-year MJO regressions of (left) upper-

level divergence and (u0
r, y

0
d) wind vectors and (right) gravest (k 5 1) zonal component of the

divergence (color shading; the thick axis line emphasizes the phase tilt) and streamfunction fields

(contours). For all seasons, the regressions shown correspond to the MJO phase with maximum

velocity potential difference at 1508E.

3 For the different MJO phases, these regressions are computed as

linear combinations of the regressions on the leading velocity potential

EOFs defining theMJO (Adames andWallace 2014a; see also Part I).
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observe the well-known MJO shallow-tail shape (e.g.,

Adames and Wallace 2014b), and subtle phase tilts are

also apparent during the two solstices. These phase tilts

become much more obvious for individual large-scale

zonal components: the right panels of Fig. 9 shows the

k 5 1 contribution to the MJO regression and similar

features can also be seen for k 5 2 (not shown). No

meridional coarse graining is necessary in this case. We

observe a southwest-to-northeast tilt during NDJFM,

consistent with cross-equatorial propagation of Rossby

waves forced south of the equator, and a northwest-to-

southeast tilt during JJAS, consistent with southward

propagation of Rossby waves forced in the northern

tropics. These phase tilts and the accompanying anom-

alous streamfunction patterns are reminiscent of those

described in Figs. 7 and 8 for the climatological sta-

tionary wave during the same seasons. Interestingly,

the shallow-tail shape found in the annual regression

appears to result, at least in part, from the mix of the

two seasonal signals, though there is also some hint of

westward retraction of the NH divergence during

NDJFM. Note that the swallowtail pattern, with diver-

gence lines tilting westward away from the equator, is

not consistent with the poleward propagation of Rossby

waves forced at the equator, which would require the

opposite tilt based on the arguments presented in this

paper. For symmetric, equatorially forced variability,

a mechanism involving the interaction between off-

equatorial Rossby waves and the equatorial Kelvin

wavemight bemore relevant for producing the observed

eddy momentum flux (Showman and Polvani 2011;

Zurita-Gotor and Held 2018).

To conclude, we note that the arguments presented in

this paper are based on an inviscid closure of the vor-

ticity balance. In this limit, we have shown that for long

zonal waves the streamfunction minimum is shifted a

quarter wavelength to the west of the maximum positive

vorticity forcing. In the presence of friction we expect

this phase shift to be reduced, with the vorticity

maximum–streamfunction minimum catching up in

phase with the vorticity forcing in the frictionally dom-

inated limit. Friction may be due to cumulus mixing or

represent the damping effect of transience and nonlin-

earity on vorticity. Whatever the source, friction is an

essential ingredient to the Gill (1980) problem and is

thought to be important for the tropical circulationmore

generally. Friction is responsible for instance for preventing

the westward and eastward spreading of the Rossby and

Kelvin components of the Gill response and confin-

ing zonally the response to localized heating. We have

shown that friction is also necessary to prevent reso-

nance in the presence of a strong Hadley cell. However,

our results suggest that friction may only be needed at

the small scales, at least during JJA, when the inviscid,

large-scale vorticity balance can be closed linearly to

reasonable accuracy.
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APPENDIX A

Divergent Eddy Momentum Flux in Unforced
Propagation

Section 3 reviews the theory of unforced, barotropic

Rossby wave propagation in the presence of a basic state

with both zonal and meridional components: U(y) and

V(y). This is a classical refraction problem, in which the

wave changes its meridional wavenumber l(y) according

to the dispersion relation, Eq. (3), conserving its zonal

wavenumber k and frequency due to the symmetries of the

problem. As noted in section 3, stationary wave propaga-

tion requires that U1 (l/k)V remains positive, so that

with easterly U propagation is only possible when

Vl. 0. This implies that the rotational eddy momen-

tum flux u0
ry

0
r ;2(1/2)kljĉj2 is directed from the winter

to the summer hemisphere (opposite to V), consistent

with observations.

However, as noted in the introduction, this prediction

only applies to the rotational eddymomentum fluxwhile

in observations the divergent component u0
ry

0
d domi-

nates. To estimate this component, we assume that

the divergent circulation is constrained by adjustment to

balance, similar to the ageostrophic extratropical cir-

culation. Following Schubert et al. (2009), we use the

balance condition:

gh0 5 fc0 , (A1)

where h0 is the shallow-water depth and f is allowed to

vary with latitude. Substituting this expression into the

(linearized) shallow-water continuity equation,

›
t
h0 1U›

x
h0 1V›

y
h0 1HD0 5 0, (A2)

we obtain

D0 52
1

fl2
(›

t
c0 1U›

x
c0 1V›

y
c0)2

V

bl4
b

c0 , (A3)

where l5
ffiffiffiffiffiffiffi
gH

p
/f , lb 5 (gH)1/4/

ffiffiffi
b

p
, and H is the mean

layer depth. For a plane-wave solution, c0 ; ĉei(kx1ly2kct),

we can write
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by
d
5 ilx̂52

ilD̂

k2 1 l2
5

il

K2

"
ik(U2 c)1 ilV

fl2
1

V

bl4
b

#
ĉ ,

(A4)

whereK2 5 k2 1 l2 is the squared horizontal wavenumber.

Using bur 52ilĉ and the above expression for byd we

finally obtain

u0
ry

0
d 5

1

2
Refbu

r
* by

d
g52

Vl2

2bK2l4
b

jĉj2 , (A5)

so that the divergent eddy momentum flux is also di-

rected against the mean meridional flow V. Note that it

is key for the above derivation to consider the latitudinal

dependence of f, which produces the last term in Eqs.

(A3) and (A4). Without this term, y0d would be 1808 out
of phase with c0 and in quadrature with u0

r, and there

would be no divergent momentum flux.

Using the dispersion relation, we can also estimate the

ratio between both eddy momentum flux components:

u0
ry

0
r

u0
ry

0
d

5K4l4
b

�
11

k(U2 c)

Vl

�
, (A6)

suggesting that for long waves compared to the scale lb

the divergent momentum flux becomes the dominant

component to the full momentum flux, provided that the

zonal wind is not too strong.

At first sight, this result seems consistent with the ob-

servations. Comparing the solid and dashed black lines in

Fig. 1, we can see that the rotational and divergent con-

tributions to the cross-equatorial stationary eddy momen-

tumflux have the same sign through the seasonal cycle (see

also Figs. 7 and 8 in Part I). However, while the divergent

flux is strongly dominated by the k 5 1 component (red

dashed line), the rotational momentum flux by this wave-

number (red solid line) is negligible for all seasons butDJF,

when its sign is opposite to that of u0
ry

0
d. The theory derived

above might perhaps explain the k5 2–3 momentum flux

contributions, but not the dominant k 5 1 contribution.

As discussed in Part I, while the rotational momentum

fluxes have an extratropical origin (they diverge through

the tropics), the divergent momentum fluxes are asso-

ciated with a region of strong momentum convergence/

eddy generation adjacent to the equator in the summer

hemisphere. The implication is that one cannot regard

u0
ry

0
d simply as a by-product of the rotational propagation

as envisioned in this appendix: it is essential to consider

the tropical heating to understand the determination of

this flux. Adding a heating-term HQ0 to the right-hand

side of Eq. (A2), we now have D0 5Q0 1D0
ad where

the adiabatic contribution D0
ad is defined by Eq. (A3).

This contribution is in general much smaller than the

heating. More importantly, the vorticity sources due to

vortex stretching and divergent vorticity advection can

no longer be neglected in the vorticity equation.

APPENDIX B

Divergent Momentum Flux Response When the
Rotational Tendency Is Dominated by b

In this limit, the vorticity balance reduces to

ikb~c5 ~F , (B1)

where tildes are used to indicate that the Fourier trans-

form is only taken in the zonal direction: ~c5 f (k, y).

Differentiating this expression meridionally, we obtain

~u
r
52~c

y
5

i ~F
y

bk
(B2)

and a divergent momentum flux:

u0
ry

0
d 5

1

2
Ref~u

r
~y
d
*g52

1

2bk
Imf ~F

y
~y
d
*g . (B3)

Expressing ~yd 5R(y) expfi[kx1Q(y)]g, where R is

the amplitude and Q the phase of the divergent merid-

ional velocity, we can calculate the momentum flux re-

sponse to meridional divergent advection ( ~F52b~yd) as

u0
ry

0
d

b
5
R2Q

y

2k
, (B4)

whose sign only depends on the tilt of the phase lines

consistent with Eq. (7).

To calculate the response to vortex stretching, we

differentiate ~F52f ~D52f (ik~ud 1 ~ydy):

~F
y
52ikb~u

d
2b~y

dy
1 fk2~y

d
2 f~y

dyy
, (B5)

where we took into account that ~ud and ~yd are irrota-

tional, so that ~udy 5 ik~yd. Plugging into Eq. (B3), the first

termgivesu0
dy

0
d, the second term givesu0

ry
0
d

b
, and the third

term vanishes. Finally, the last term can be expressed as

1

2bk
Imff~y

dyy
~y
d
*g 5

f

2bk
Imf›

y
(~y

dy
~y
d
*)2 ~y

dy
~y
dy
* g

5
f

b

›

›y
(u0

ry
0
d

b
) , (B6)

so that the full eddymomentum flux response is given by

u0
ry

0
d

str
’ u0

ry
0
d

b
1

f

b

›

›y
(u0

ry
0
d

b
) , (B7)
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where we neglected u0
dy

0
d (see Part I). Equation (B7)

implies that u0
ry

0
d

b
and u0

ry
0
d

str
must have the same sign

when u0
ry

0
d

b
5R2Qy/2k varies more slowly than f, which

is consistent with our findings in section 3 (although the

observed divergence field has fine meridional structure,

the eddy momentum flux is dominated by the gravest

modes of this field).

If u0
ry

0
d

b
were constant with latitude, the response to

vortex stretching would double up the momentum flux

forced by the divergent meridional advection. The ad-

ditional enhancement in the momentum flux is associ-

ated with the meridional structure of u0
ry

0
d

b
. When

›y(u
0
ry

0
d

b
), 0, this term produces a positive (negative)

contribution to u0
ry

0
d

str
in the Southern (Northern) Hemi-

sphere, hence an equatorward momentum flux in both

hemispheres. During the solstice seasons, when the eddy

forcing and eddy momentum convergence move into

the summer hemisphere, this contribution weakens the

momentum flux directed from the equator to the forcing

latitude in the summer hemisphere and strengthens the

equatorward momentum flux in the winter hemisphere.

Although this seems qualitatively consistent with the sea-

sonal cycle in Fig. 2, Eq. (B7) does not work well quanti-

tatively (not shown), presumably because Eq. (B1) is not a

good approximation when u0
ry

0
d

b
has meridional structure.
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