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ABSTRACT: The horizontal temperature gradients in the tropical free troposphere are generally assumed to be weak.
We show with ERAS data that substantial zonal virtual temperature (7,) gradients persist climatologically in the tropical
free troposphere and investigate their causes. The gradients change seasonally: 7, at 500 hPa over the equatorial western
Pacific Ocean (EWP) is usually much warmer (up to 3 K) than that over the equatorial central Pacific Ocean (ECP) during
December-February (DJF), while the temperature differences between EWP and ECP are much smaller during June—August
(JJA). During DJF, T, gradients over the Pacific prevail throughout the entire free troposphere, especially in the upper tro-
posphere near 300 hPa. We find that the associated hydrostatic pressure gradients are mainly balanced by the nonlinear
terms in the momentum equation, in particular via zonal wind advection. Strong zonal winds occur near the equator in bo-
real winter, transporting zonal momentum so as to balance the pressure gradient force. The zonal winds are due to large-
scale equatorial waves, excited by a heating pattern that is relatively symmetric about the equator. In boreal summer, the
large-scale equatorial waves are less active in the Pacific region due to a more asymmetric temperature pattern, so the
zonal momentum advection and T, gradients are both much weaker. The results point to an important role of the nonlinear
terms in the tropical balanced dynamics, stressing the need for an improved theoretical understanding and modeling frame-
work of the tropical atmosphere that includes these nonlinear terms, or their net effect.
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1. Introduction

The theoretical understanding of the tropical atmosphere,
including both dynamics and thermodynamics, builds upon
two fundamental approximations about the thermal struc-
ture of the free troposphere: first, that the temperature is
nearly horizontally homogeneous on large scales (Charney
1963; Neelin and Held 1987; Bretherton and Smolarkiewicz
1989; Mapes 1993; Sobel and Bretherton 2000) and second,
that the vertical temperature structure is nearly moist-
adiabatic (Betts 1982; Xu and Emanuel 1989; Emanuel
et al. 1994). Warm oceans near the equator frequently ex-
cite deep moist convection, which then generates gravity
waves. As the Coriolis parameter is weak in the tropics,
there is no force, which can readily balance the horizontal
pressure gradient force in the free troposphere. With such
a dynamical constraint, the fast propagating gravity waves
homogenize the buoyancy as well as virtual temperature (7,)
horizontally (Bretherton and Smolarkiewicz 1989; Mapes 1993).
As a result, if the virtual effect is neglected, then the whole
tropics should roughly adopt a vertical thermal structure that
is determined by convection—moist adiabatic.

The dynamical balance in the free troposphere is governed
by the horizontal momentum equations:
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where V is the horizontal wind vector, fis the Coriolis pa-
rameter, and @ is geopotential. The two terms on the lhs of
Eq. (1) are the partial derivative of horizontal wind with re-
spect to time and the nonlinear advection terms while the
two terms on the rhs are the pressure gradient force and
Coriolis force, respectively. In the extratropics, because of
the large Coriolis parameter, the main balance is between
the pressure gradient force and the Coriolis force. This geo-
strophic balance also holds over relatively higher latitudes
in the tropics, especially over 20°-30°N during boreal sum-
mer, allowing large free-tropospheric T, gradients to develop
in the Asian monsoon region when ITCZ is farther north of
the equator (Wu et al. 2015).

In the deep tropics, the Coriolis parameter is very small,
Eq. (1) suggests that a pressure gradient force cannot develop
unless nonlinear advection terms act to balance it. The non-
linear advection terms are generally thought to be important
only for short time scales—those much less than the inverse
of the Coriolis parameter (Raymond 1992; Raymond et al.
2015): around 22 h at 5° and 11 h at 10° in latitude. Thereby
their contributions to force balance on long time scales is of-
ten neglected. A set of equatorial waves are known to exist
on time scales that can make their contributions through
nonlinear terms (e.g., Kelvin—Rossby waves), although only
a few studies explore dynamics of such a nonlinear balance
(Van Tuyl 1986; Raymond et al. 2015). Consequently, pres-
sure and temperature gradients are expected to be small in the
tropical free troposphere (e.g., Bretherton and Smolarkiewicz
1989; Mapes 1993; Sobel and Bretherton 2000).
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The assumption that the temperature is homogeneous in
the tropical free troposphere greatly simplifies our effort to
understand the complicated tropical climate system. This has
led to the idea that the essential features of the tropical atmo-
sphere can be represented in a single column model (SCMs).
SCMs have been configured in radiative—convective equilib-
rium (RCE) to represent the tropical atmosphere since 1960s
(e.g., Manabe and Strickler 1964; Manabe and Wetherald 1967,
Sarachik 1978; Nakajima et al. 1992). But such models often do
not resolve large-scale dynamics. Sobel and Bretherton (2000)
introduced an idealized modeling framework in which the ver-
tical velocity can be computed based on the boundary layer
temperature changes. Therefore, the vertical velocity essen-
tially becomes a diagnostic variable. This idealized modeling
framework to represent the tropical atmosphere is termed as
weak temperature gradient (WTG) approximation by Sobel
and Bretherton (2000). WTG has also been applied to provide
large-scale conditions for idealized cloud-resolving models
(CRMs) in RCE configuration over limited domains (e.g.,
Sessions et al. 2010; Wang and Sobel 2011; Daleu et al. 2012;
Warren et al. 2020). A similar, albeit more physically motivated
approach, which derives vertical velocity from momentum
equations by assuming that the horizontal pressure gradient is
weak in the free troposphere, is the weak pressure gradient
(WPG) approximation (e.g., Kuang 2008; Blossey et al. 2009;
Romps 2012; Edman and Romps 2014). Both approaches rely
on the assumption that the horizontal buoyancy variations are
small in the free troposphere. Although WTG was initially pro-
posed as a specific framework for idealized modeling (Sobel
and Bretherton 2000), later it has sometimes been used as a
terminology to describe that the horizontal temperature struc-
ture has weak gradients, enabling a further simplification in
physical interpretation. Numerous past climate studies have in-
voked this simplification (e.g., Pierrehumbert 1995; Miller 1997;
Sherwood 1999; Emanuel 2019), and it continues to underscore
findings about low cloud variability due to the implicit relation-
ship between local SST and lower-tropospheric stability (Ceppi
and Gregory 2017).

Surprisingly, very few studies have explored the horizontal
temperature structure of the tropical free troposphere. The
question about what limits the horizontal buoyancy and tem-
perature gradients in the tropical free troposphere and whether
they are indeed uniform remains largely unexplored. Sobel
(2002) looked at the climatological January-mean fields of at-
mospheric temperature at 500 hPa in observations. Although
he concluded that the temperature is almost uniform through-
out the entire tropical belt, it should be noted that his Fig. 1
does show some zonal temperature gradients such that the
midtroposphere west of 180° are about 1 K is warmer than east
of it. More importantly, he only analyzed the gradients in abso-
lute temperature, which means the virtual effect of water vapor
still needs to be accounted for. Bao and Stevens (2021) com-
pared the horizontal temperature structure from two CRM
simulations with very different configurations. One simulation
was from the RCEMIP project (Wing et al. 2018b), which was
conducted under RCE over an elongated channel domain with-
out rotation and SST gradient. The other one was from the
DYAMOND project (Stevens et al. 2019), which applied a

JOURNAL OF CLIMATE

VOLUME 35

realistic configuration forced with observed SSTs over a
global domain with rotation. They found that 7, is almost
perfectly homogeneous (less than 0.5 K spatially at 500 hPa)
in the RCE simulation, while the DYAMOND simulation
shows more horizontal inhomogeneities especially in the up-
per troposphere (up to 3 K difference across the equatorial
Pacific). Yang and Seidel (2020) analyzed horizontal distri-
bution of T, in moisture space (sorting 7, based on the cor-
responding column relative humidity), and showed that T,
(or equivalently buoyancy) is horizontally invariant on aver-
age within 2°N to 2°S as one goes from regions of low to high
humidity using NASA AIRS data. This does not necessarily
rule out systematic 7, variations but shows that they do not
simply correlate with moisture (averaging 7, by moisture can
help smooth out some of the spatial inhomogeneities). Zhang
and Fueglistaler (2020) showed that the zonal-mean convec-
tive moist static energy in the subcloud layer is roughly cons-
tant with latitude over 20°N-20°S. With convective quasi-
equilibrium approximation, this would indirectly imply that
the free-tropospheric saturation moist static energy and the
absolute temperature are meridionally uniform. However,
they examined only meridional variations, not zonal ones.

Based on the limited results obtained from previous studies,
it is unclear how uniform the horizontal temperature structure
is in the tropical free troposphere and what accounts for varia-
tions. Hence, we investigate this question here. The tempera-
ture variable that we focus on is 7,. Although the horizontal
differences mainly come from 7, T, is more precise as it takes
into account the density effect of water vapor. The outline of
the paper is as follows. Section 2 presents the data and meth-
ods. In section 3, we show substantial zonal temperature gra-
dients exist in the tropical free troposphere. In section 4, we
explain how the temperature gradients are sustained. Section
5 discusses the potential impact of such temperature gradients
and section 6 summarizes the results.

2. Data and methods

ERAS data at a horizontal resolution of 0.25° from 1979 to
2020 are used in the analysis (Hersbach et al. 2020). Most of
the results are obtained with the monthly mean data. Daily
data are only used when calculating horizontal momentum
budgets. To better illustrate the spatial temperature structure
near the equator, we plot the temperature distributions as the
spatial anomalies of either annual or monthly climatological
T,. The spatial anomalies are computed by subtracting their
corresponding annual/monthly climatological values averaged
spatially over 20°N-20°S. Plots that display the spatial distri-
butions include the whole tropical latitudes from 30°N to
30°S. Other type of plots focus on a narrower latitude band
near the equator (8°N-8°S) where the impact of rotation is
weak.

To help understand T, gradients in the tropical free tropo-
sphere, we focus on @, as according to hydrostatic balance T,
and @ are closely related:

P> D,
J. —RT dInp = J do, 2)
Py D,
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FIG. 1. (a) Spatial anomalies of the climatological annual mean T, 500 (K; shading) and Tso (K; contours) averaged
over 1979-2020. The spatial anomalies are computed by subtracting the spatial mean climatological 7,50y over
20°N-20°S. (b) Spatial distributions of correlation coefficient between the spatial anomalies of the monthly mean
T,s00 over the equatorial western Pacific region (EWP) and those at every point in the tropical region. The spatial
anomalies are computed by subtracting the spatial mean values over 20°N-20°S for each month. EWP (8°N-8°S,
120°-150°E) and ECP (8°N-8°S, 120°-150°W) are marked.

where p is pressure and R is the specific gas constant of
dry air. We calculate the zonal momentum budget, and in-
vestigate what processes other than the Coriolis force are
responsible for the balance. Here we follow Yang et al.
(2013) in carrying out the analysis of zonal momentum
budget. The zonal momentum equation in pressure coordi-
nates with the nonlinear terms expanded is expressed as
follows:

ot od (_om _ou _ou
E:*E* u£+v@+w$
w'u v o ®)
- + +fo+ X,
ax ay ap

where u, v, and w are the zonal velocity, meridional velocity,
and vertical velocity in pressure coordinates, respectively; the
overbars denote multiyear monthly means of each variable
over the specific month; and primes denote daily anomalies
from the multiyear monthly means. The first term on the rhs
is the pressure gradient force. The second and third terms are
the advection by the stationary flow and by transient eddies,
respectively. The fourth term is the Coriolis force, and the last
term is the residual. As we are interested in regions very close
to the equator, the Coriolis force is almost negligible. Then the
remaining terms should roughly balance and the residual term is
expected to be small in the free troposphere except when con-
vective momentum transports (CMT) on subdaily time scales,
not included in our budget, are significant (Lin et al. 2008). We
interpret all the terms that are not explicitly shown in Eq. (3) as
part of the residual.

To quantify the impact of horizontal temperature gradient
that may matter for energy transport in the tropical free tro-
posphere, we look at the potential temperature equation in
height coordinates:

a0 a0 a0 a0 0
+ +o—+ =
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ox ay
Adv = wa—e,
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where 6 is potential temperature; 7 is temperature; w is verti-
cal velocity; Q is diabatic heating; ¢, is the specific heat capac-
ity at constant pressure; p is air density; and Adv, and Adv,
are horizontal and vertical temperature advection, respec-
tively. Generally assuming a weak horizontal temperature
gradient enables to neglect the horizontal temperature ad-
vection, so that the diabatic heating is balanced only by the
vertical advection. We define a metric that we call advection
scaling ratio: log,,(Adv,/Adv,) to compare the relative im-
portance of horizontal versus vertical advection.

3. Observed temperature structure

We start by looking at the horizontal distribution of the vir-
tual temperature at 500 hPa (T,sq0) averaged over 1979-2020
(Fig. 1a). Indeed, T,s00 is quite homogeneous especially over
the Pacific Ocean near the equator as the zonal temperature
difference is less than 0.3 K. The homogeneous 7,50 pattern
also extends meridionally (up to 10°-20° in latitudes in both
hemispheres). We also add the contours of the absolute tem-
perature at 500 hPa (7o), and the distributions of T's509 and
Tso0 are generally consistent, suggesting that the spatial struc-
ture in 7,500 is mainly determined by 7'sq0. The physical rea-
soning for such a homogeneous 7,50y pattern is based on the
assumption that the free-tropospheric temperatures near the
equator are determined by regions with deep convection
through gravity wave homogenization. As the most prominent
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FIG. 2. Times series of the monthly mean T, anomalies over the EWP and ECP at (a) 500 and (b) 300 hPa. Thin
lines show the original data, and thick lines show the 6-month running averages. The anomalies are computed by sub-
tracting the horizontal mean values over 8°N-8°S for each month. The Pearson correlation coefficients are calculated
with the original monthly data (R;) and 6-month running-average data (Rg).

deep convection occurs in the equatorial western Pacific Ocean
(EWP), the warm sea surface temperatures there would act to
regulate the temperature in the entire tropical free troposphere.

Therefore, based on the above theoretical considerations, if
the tropical free-tropospheric 7, were homogeneous due to
gravity wave homogenization by convection in EWP, we may
expect the temporal variations in T, throughout the tropics to
follow the T, variations in EWP. To test this assumption we
look at the correlation coefficient of the time series of 7,500
anomalies (relative to tropical means over each month) be-
tween the EWP region and each point in the tropical domain
(30°N-30°S) using the monthly mean ERAS data from 1979
to 2020 (Hersbach et al. 2020; Fig. 1b). We define EWP as re-
gions over 8°N-8°S, 120°-150°E. Although we see strong posi-
tive correlations in most of the tropics, surprisingly, in the
equatorial central and eastern Pacific Ocean there are strong
negative correlations. We define these regions showing strong
negative correlations as ECP (equatorial central Pacific Ocean),
which are the regions over 8°N-8°S, 150°-120°W. The incon-
sistent temperature variations in EWP and ECP suggest that
T, must not be the same. This provides us the impetus to
probe further into T, gradients in tropical troposphere and to
analyze what sustains them in the absence of Coriolis force
where they do exist. Apart from the anticorrelation between
T, variations in EWP and ECP, we also note that the time se-
ries of T, in the EWP and the Asian continent are anticorre-
lated (Fig. 1). This is likely related to the Asian monsoons, as
the seasonal change in the monsoonal circulation can lead
to such a dipole in T, correlations between EWP and Asian
continent.

Figure 2a shows the time series of the monthly mean 7,500
anomalies in EWP and ECP. The T 50 anomalies in both re-
gions show a strong seasonal cycle. When EWP has a warm
T.s00 anomaly, ECP usually has a cold 7,500 anomaly. The
monthly 7,500 anomalies in EWP and ECP are negatively

correlated with a correlation coefficient of —0.66. The maxi-
mum 7,500 difference between EWP and ECP can be over
3 K, which often happens during DJF, while in JJA the T,s500
difference is slightly negative.

We perform a composite analysis by averaging the monthly
Ts00 anomalies of all Januaries, which are usually the time
when T,s09 differences are large and positive; and Julys, when
T,s00 differences are small or negative. Figure 3 illustrates
that 7,500 distributions show distinct patterns and are far from
being uniform. In January, 7,590 in EWP and Maritime Conti-
nent are warmer than the rest of the tropical domain. The rel-
atively warm T,s00 over EWP extends to 20° meridionally in
both hemispheres. However, T,s00 in ECP is substantially
colder, even in regions close to the equator where the Coriolis
force vanishes. T,509 over the South American Continent and
neighboring eastern Pacific Oceans are also warmer than
ECP. The distributions of 7,50 roughly follows T'so9. As water
vapor is more abundant in EWP than in ECP, the virtual ef-
fect adds an extra 0.5 K on top of the absolute temperature
difference. In July (northern hemispheric summer) the warm-
est Ts00 regions are over the Asian Continent, far away from
the equator, while over the Pacific Ocean, 7,500 becomes
more uniform. The ECP is slightly warmer than the EWP,
whereas the Atlantic region is substantially cooler.

The T, gradients are even larger in the upper troposphere.
At 300 hPa, we find that T,300 in EWP is almost always
warmer than that in ECP, and the maximum difference can be
up to 4.5 K, which again usually occurs in January (Fig. 2b).
Thus the above analyses indicate strong seasonal variations of
the free-tropospheric T, pattern, often with substantial hori-
zontal gradients.

In the following, we focus on a latitude band near the equa-
tor (8°N-8°S) where the impact of rotation is very small. We
first look at the vertical cross section of zonal T, distribution
in Fig. 4. In January, there are large zonal T, differences
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FIG. 3. Spatial anomalies of the climatological monthly mean 7,500 (K; shading) and Tsyo (K; contours) averaged
in (a) January and (b) July. The spatial anomalies are computed by subtracting the spatial mean values over

20°N-20°S for January and July.

throughout the entire free troposphere (Fig. 4a), consistent
with Fig. 3. The upper troposphere shows especially large
temperature gradients, which are almost as large as the gra-
dients in the boundary layer where WTG is not expected to
hold as turbulent friction can sustain temperature and pres-
sure gradients.

Although such turbulent friction effects are expected to be
weak in the upper troposphere, we find large 7, gradients
there implying substantial pressure gradient forces. This is
confirmed by analyzing the horizontal geopotential anomalies
(Fig. 4c) in which the upper troposphere shows large contrast-
ing geopotential anomalies over the west and east Pacific
Ocean in January. By contrast, in July, we do not see large
geopotential gradients over the Pacific Ocean. Instead,
the gradients are more pronounced over the Indian Ocean,
where substantial virtual temperature gradients also prevail.
Note that 7', and geopotential anomalies are not collocated
in their vertical distribution. This is because, according to
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hydrostatic balance, it is the vertical integration of T, between
two pressure levels that determines the layer thickness. There-
fore, although sometimes there are weak gradients in the geo-
potential field on one level, the temperature gradients can still
be substantial. In such a case, the geopotential gradients may
primarily manifest at levels above or below the temperature
gradients.

4. How are the temperature and pressure
gradients supported?

Since gradients in pressure/geopotential have to be bal-
anced in the momentum equation, we calculate the zonal mo-
mentum budget, and investigate what processes other than
the Coriolis force are responsible for the balance. Each bud-
get is calculated for January and July (Fig. 5). In both months,
the zonal momentum budget is almost closed in the free tro-
posphere as the residual terms are small, suggesting that the
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FIG. 4. (a),(b) Mean virtual temperature anomalies (K) and (c),(d) mean geopotential height anomalies (m) on the longitude—pressure
cross section averaged between 8°N and 8°S. The anomalies are calculated relative to the mean over each pressure level. (a),(c) January

and (b),(d) July.
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FIG. 5. Mean zonal momentum budget on the longitude—pressure cross section averaged between 8°N and 8°S. (a),(f) Pressure
gradient force; (b),(g) advection by stationary flows; (c),(h) advection by transient eddies; (d),(i) Coriolis force; and (e),(j) the resid-

ual. Units are m s~ 2. (a)-(e) January and (f)—(j) July.

contributions from subdaily CMT are not large when aver-
aged over the month. In the boundary layer, however, the re-
sidual terms are much larger especially over land, signifying
the important role of surface friction (or shallow CMT) in the
zonal momentum balance (Lin et al. 2008; Helfer et al. 2021).
Note that over some land points, large magnitude of pressure
gradient force (therefore residuals) also extends throughout
the entire vertical column. This could be due to numerical is-
sues. In January the main balance is between the pressure gra-
dient force (Fig. 5a) and the advection by stationary flow
[second term on rhs of Eq. (3), Fig. 5b]. This balance prevail
in both the Pacific and Atlantic regions where pressure gradi-
ent forces are relatively large. The advection by transient
eddies and Coriolis force also contribute to the balance, but
are much weaker. The same dominant balance occurs in July,
but with smaller gradients.

We further probe the mean advection term by decomposing
it into mean zonal, meridional, and vertical advective compo-
nents. We find that the dominant component at all levels where
substantial zonal geopotential/pressure gradients were noted
before (Fig. 6), is the zonal advection component. This is consis-
tent with Yang et al. (2013) who calculated the budget of zonal
momentum equations with ERA-Interim data. Therefore, the
strong zonal pressure gradient force is primarily sustained by
the mean zonal wind advection, —udu/0x.

We next analyze the spatial patterns of the wind field to un-
derstand the accelerations due to mean wind (Fig. 7). The
wind field in the upper troposphere shows that the westerlies
near the equator are very strong and accelerate in ECP, thus
appearing in the budget as zonal wind advection enabling the
mean zonal wind advection. Then the logical question to ask
is what drives strong westerlies here? One possibility is that
these winds are simply a part of the upper branch of the
Walker Circulation as it flows from west to east. To test this
we apply the Helmholtz decomposition (e.g., Hawkins and
Rosenthal 1965; Sangster 1987) using the windspharm Python
package (Dawson 2016) and divide the zonal wind field into a
divergent component (u,) and a rotational component (u,):

u=u, +u,. %)
The Walker Circulation is an overturning circulation whose
strength can be measured via the zonal streamfunction us-
ing only the divergent wind component (Schwendike et al.
2014), since the rotational wind that is nondivergent does
not contribute to it. Following this we can rule out the pos-
sibility that the strong westerlies in the upper troposphere
are a part of the Walker Circulation, as we find that the
zonal winds near the equator in ECP are mainly dominated
by the rotational component, while the divergent component
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FIG. 6. Mean zonal momentum budget decomposed into advection by (a),(d) zonal wind; (b),(e) meridional wind; and (c),(f) vertical wind
on the longitude—pressure cross section averaged between 8°N and 8°S. Units are m s~ . (a)—(c) January and (d)—(f) July.

associated with the Walker circulation is an order of magni-
tude weaker (Fig. 8).

The rotational wind is often linked to tropical wave activity
(Sardeshmukh and Hoskins 1988; Yasunaga and Mapes 2012).
We find (Fig. 7) that the circulation pattern in January broadly
resembles the planetary wave response to an isolated equatorial
mass or midtropospheric heat source symmetric about the equa-
tor on an equatorial 8 plane, with a Kelvin-wave-like structure
to the east of the source and Rossby waves to the west (Gill
1980). This may suggest that the key circulation is a classic,
damped linear wave response to convective heating. However,
there are important differences between the observed pattern
and the Gill solution. The observed pattern is significantly
broader in horizontal extent and is asymmetric about the
equator. A probable reason is that, although the strongest

(a) January
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20°N
10°N

0°
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latitude
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"m‘

latitude

convection mainly occurs near the equator in EWP, the
average location is a little bit south of the equator as the
Australian monsoon is active in January. As a consequence,
the heating pattern is not exactly symmetric. More impor-
tantly, in reanalysis data nonlinearities related to momen-
tum advection are retained and were found above to be
crucial, but they are neglected in the linear damped solu-
tions. We therefore find that the observed equatorial waves
on one hand resemble in its spatial pattern the linear Kelvin
and Rossby wave solutions, but on the other hand involve a
significant zonal pressure gradient force that is not captured
in the linear solutions to the shallow water equations. In-
deed, Lin et al. (2008) found that a strong damping is
needed in the Gill model because nonlinear advection con-
tributes to balance the pressure gradient force, but the

180°
longitude

120°wW

FIG. 7. Spatial distributions of the climatological monthly mean wind (vectors; m s™2) and geopotential height
(contours; m) at 200 hPa in (a) January and (b) July.
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(a) January rotational component
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FIG. 8. Spatial distributions of the climatological monthly mean wind decomposed into (a) rotational component and
(b) divergent component at 200 hPa in January.

damping rate is spatially inhomogeneous. Van Tuyl (1986)
compared nonlinear and linear solutions of the shallow wa-
ter model for idealized tropical heating (mass sink), finding
that when this is latitudinally symmetric (corresponding to con-
vective heating), the zonal wind near the equator is stronger in
the nonlinear solution. Dima et al. (2005) showed that many
characteristics of the circulation pattern can be replicated by
the nonlinear solution to the shallow water equations with a
heat source centered 8° south of the equator.

In July, when the gradients are relatively small, all terms
are small over the Pacific regions (Figs. 5f-j), because there is
no strong zonal wind to sustain pressure or temperature gra-
dients. Indeed during the boreal summer the strong convec-
tive heating occurs over the Asian continent, far away from
the equator, and the wave activity and winds are weak near
the equator. As a result the winds over the Pacific are weak
and the temperature gradients are small (Fig. 7). Meanwhile,
we see strong zonal winds over the Indian Ocean, where the
mean advection is again contributed mainly by zonal compo-
nent associated with the monsoonal circulation (Fig. 6d).
These winds explain the pressure gradients and temperature
gradients there.

Finally, we show the relationship between horizontal T,
structure and the upper-tropospheric zonal wind in Fig. 9. As
expected, the T, difference and regional zonal wind are highly
correlated, with R = 0.85. Positive temperature gradients be-
tween EWP and ECP occur during westerly winds, negative
gradients occur during easterlies, and uniform 7, structure oc-
curs when the zonal wind speed is close to zero. This again
confirms that substantial horizontal temperature gradients do
exist in the tropical free troposphere, and are mainly main-
tained by the strong zonal winds near the equator, which in turn
are driven by the rotational winds associated with nonlinear
equatorial waves.

The seasonal contrast in the temperature gradients over
the equatorial Pacific suggests that WI'G approximation is

followed more closely only during boreal summer while its
applicability during boreal winter depends on the impor-
tance of nonlinear terms. Although the gravity wave homog-
enization of the free-tropospheric temperature is not always
the main restoring mechanism, lessons can still be learned
for WTG from the relationships between the horizontal T,
anomalies and vertical temperature advection. One possibility
to incorporate this seasonal contrast into the current WTG
framework is to take into consideration the relative difference
in the time scale of WTG establishment and the time scale of
the phenomenon under investigation. One may apply different
relaxation time scales for WTG implementation during differ-
ent seasons, with larger (shorter) relaxation time scales during
boreal winter (summer). The relaxation time scales can be
roughly estimated by regressing virtual temperature anomalies
against vertical temperature advection. Figure 10 shows that
the relaxation time scales are generally shorter in July than in
January and depend on height. If we assume that damping is

3.

T, difference at 500 hPa [K]

-10 0 10 20
Zonal wind at 200 hPa [m s71]

FI1G. 9. Scatterplot of monthly mean zonal wind averaged over the
central and eastern Pacific region (8°N-8°S, 180°-80°W) at 200 hPa
vs T, difference between EWP and ECP at 500 hPa.
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F1G. 10. T,, anomalies over the deep tropical latitude regions (8°N-8°S) as a function of vertical temperature advec-
tion [ wd6/dz ] calculated for (a) 500 and (b) 300 hPa. T, anomalies are sorted by wo6/dz and plotted as a function of
wd6/dz percentiles. Monthly mean data over 1979-2020 are used, and each line represents the relationship between

T, anomalies and wd6/dz in either January or July.

linear, then in January the relaxation time scales are between
1 and 2 h at 500 hPa, whereas they are about 4 h at 300 hPa.

5. Discussion

We have shown that substantial zonal temperature gradients
exist in the tropical free troposphere. Then the question is:
what gradient can be considered as weak? We compare the
relationship between spatial 7, difference (relative to 7, at
EWP) and advection scaling ratio log,,(Adv,/Adv,) in Fig. 11.
When log,(Adv,/Adv,) = —1, vertical advection is an order
of magnitude larger than horizontal advection. This roughly
corresponds to a temperature difference of about 2 K. Above
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FIG. 11. Kernel density estimation of the probability distribution
function of the climatological monthly mean advection scaling ratio
log,,(Adv,/Adv, ) and spatial T, difference (K; relative to T, over
EWP) at 300 hPa over 30°N-30°S in January.

that, horizontal advection becomes increasingly important and
may be not neglected. Thus, when T, in some non-convective
tropical regions is colder than 7, in EWP by over 2 K, horizon-
tal advection also acts to balance a nonnegligible part of the
diabatic heating.

Although horizontal advection helps to balance the diabatic
heating (mainly radiative cooling in some of the non-convective
regions), modeling the regional atmosphere in the tropics by ap-
plying the WTG framework in an idealized SCM or CRM may
still be valid. Because the convective heating resulted from tem-
perature difference relative to the target temperature in the
convective regions as described in WTG is several orders of
magnitude larger than the horizontal advection. In the end, it is
still mainly the vertical advection that acts to balance the con-
vective heating. Our results confirm, however, that the back-
ground temperature in the upper troposphere in some non-
convective regions should actually be a couple of degrees cooler
than the tropical mean temperature.

An inhomogeneous horizontal temperature structure has
potentially important impacts, particularly, thermodynamic
effects on the tropospheric stability. Convection takes place in
a less stable condition than the environment assuming a uni-
form horizontal temperature. This may explain why convec-
tion is sometimes too organized in RCE simulations (Wing et al.
2018a; Holloway et al. 2017), because the free-tropospheric vir-
tual temperature distribution is almost perfectly uniform, lead-
ing to a too-stable condition where the convection is happening.
Additionally, convective available potential energy (CAPE)
is sensitive to the environment temperature. Several degrees
colder in the environment temperature could lead to a sub-
stantial increase in CAPE.

The results here can also help explain why the vertical ther-
mal structure in the tropical free troposphere is not exactly
moist-adiabatic relative to ascending parcels in convective re-
gions. Some previous studies attribute departures from moist-
adiabats to the impact of entrainment, as most of the rising
saturated air parcels mix with the nonsaturated environment
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during ascent (Singh and O’Gorman 2013, 2015; Zhou and
Xie 2019; Bao et al. 2021; Keil et al. 2021). This argument
essentially accepts a homogeneous horizontal temperature
structure and assumes that deep convective parcels determine
the thermal structure everywhere in the tropics, while attrib-
uting the departures from the moist-adiabatic structure solely
to the entrainment. Our result suggests that the inhomoge-
neous horizontal temperature distribution could also push the
tropical mean vertical structure away from a moist adiabat be-
cause of spatial averaging between convective (warm) and
non-convective (cool) regions, even if convection locally en-
forces such an adiabat. In particular, this explains why the
temperature structure often deviates from a moist adiabat in
the upper troposphere across all the DYAMOND models
(Bao and Stevens 2021).

From the perspective of dynamics, a warmer free tropo-
sphere in the deep convective regions contributes to the low
surface pressure, which would enhance the mass convergence
and circulation. This suggests that we cannot rely solely on
boundary layer temperature patterns to predict the surface
pressure gradient and circulation. This may explain why
Lindzen and Nigam (1987) had to extend the height of the
boundary layer to 700 hPa in their calculations to obtain a
realistic flow field with no geopotential gradient at the PBL
top. The contributions from above 700 hPa can also be im-
portant, as shown here.

6. Conclusions

In this study we report substantial zonal virtual temperature
gradients in the free troposphere near the equator in contrast
to conventional wisdom. The virtual temperature at 500 hPa
over the equatorial western Pacific Ocean (EWP) can some-
times be up to 3 K warmer than that over the equatorial cen-
tral Pacific Ocean (ECP). These zonal temperature gradients
show strong seasonal variations: they mainly occur in boreal
winter when the free-tropospheric temperature over EWP is
substantially warmer than that over ECP. Meanwhile, the vir-
tual temperature gradient pattern (warmer over EWP, colder
over ECP) exists consistently throughout the entire free tropo-
sphere, and is most pronounced in the upper troposphere near
300 hPa where the virtual temperature difference between
EWP and ECP can be as large as 4.5 K. In boreal summer,
the virtual temperature over the Pacific Ocean becomes more
homogeneous.

The large virtual temperature gradients in the upper tro-
posphere indicate strong pressure gradient forces. This is
in contrast to many previous studies, arguing that such gra-
dients cannot develop in the free troposphere near the
equator because the Coriolis force is too weak (Bretherton
and Smolarkiewicz 1989; Sobel and Bretherton 2000) or
finding them to be absent in models with idealized geome-
tries (Bao and Stevens 2021). We find that although the
Coriolis force is very weak near the equator, the pressure
gradient force there is balanced by steady zonal momen-
tum advection associated with strong zonal winds. Further-
more, by decomposing the winds into divergent and rotational
components, we find that the strong zonal winds during the
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boreal winter are mainly rotational and are related to nonlin-
ear large-scale equatorial waves. The nature of large-scale
equatorial waves are strongly linked to the pattern of convec-
tive heating. When the major heating due to active convection
occurs closer to the equator, such as in boreal winter, the
equatorial waves are very active. Whereas in boreal summer,
as the strong convection takes place in the Asian Continent,
which is far away from the equator, the large-scale equatorial
waves become less active in the Pacific region, and therefore
the zonal winds become too weak to sustain free-tropospheric
pressure or temperature gradients near the equator. Mean-
while, strong zonal winds associated with the monsoonal circula-
tion develop in the Indian Ocean region, resulting in substantial
temperature gradients there in the upper troposphere.

An inhomogeneous temperature structure in the tropical
free troposphere have important thermodynamic impacts on
the tropospheric stability, and dynamical impacts on the sur-
face pressure. Additionally, it also suggests that horizontal
temperature advection should not always be neglected. We
find that horizontal and vertical temperature advections are
equally important in some non-convective tropical regions
when the virtual temperature there is over 2 K colder than in
the deep convective regions.

This study highlights the important role of the nonlinear ad-
vection term in the dynamical balance equations over the
tropical free troposphere where the impact of Coriolis force is
very weak. It agrees with Raymond et al. (2015) who pointed
out that balanced dynamics, mainly the nonlinear dynamics,
and convection work together in the tropics, emphasizing the
need to account for the nonlinear terms in the theoretical un-
derstanding of the tropical atmosphere.
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