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ABSTRACT

This study puts forward a mechanism for the observed upwelling in the tropical upper troposphere and lower
stratosphere. In this hypothesis, the tropical upwelling is driven by momentum transport by Rossby waves that
are generated by tropical convection. To test this hypothesis, model runs are conducted using an axisymmetric,
global, primitive equation model. In these runs, the effect of Rossby waves is included by driving the model
with observed fields of large-scale eddy momentum flux convergence. The resulting overturning circulation
includes both meridional flow from the intertropical convergence zone (ITCZ) to the equator and rising motion
in the tropical tropopause transition layer (TTL). This circulation therefore helps to explain the transport of
moisture from the lower portion of the TTL in the ITCZ to the equatorial cold-point tropopause, where tropopause

cirrus layers frequently occur.

1. Introduction

Remote sensing observations by satellites (Wang et
al. 1996; Rossow and Schiffer 1991), ground-based li-
dars (Mather et al. 1998), and airborne lidars (Winker
and Trepte 1998; Jensen et al. 1996b) have revealed the
frequent occurrence of thin cirrus layers (tropopause
cirrus, hereafter) near the tropical cold-point tropopause
at altitudes between 15 and 18 km. These layers gen-
eraly are several hundred meters to one kilometer in
thickness, extend several hundred to more than one
thousand kilometers horizontally, and persist for time
periods of severa hours to several days.

Tropopause cirrus layers impact the radiative balance
within the TTL. In general, these layers are radiatively
warmed, although it has recently been shown that they
can also be radiatively cooled when located above a
high, thick anvil (Hartmann et al. 2001). Theseradiative
processes, in turn, have important impacts on the ther-
mal structure and vertical velocity in the upper tropical
troposphere (McFarquhar et al. 2000; Hartmann et al.
2001; Rosenfield et al. 1998). In addition, it has been
suggested that sedimentation from tropopause cirrus
playsan important role in producing the low water vapor
mixing ratios observed in the lower stratosphere (New-
ell and Gould-Stewart 1981; Tsuda et al. 1994; Potter
and Holton 1995; Jensen et al. 1996a; Hartmann et al.
2001). Despite their importance to global climate, tro-
popause cirrus processes are poorly understood, in part
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because of an observational shortage of the properties
of these clouds (Heymsfield et al. 1998; Heymsfield and
McFarquhar 1996; Wang et al. 1996); in situ observation
requires specialized aircraft that can operate near the
tropical cold-point tropopause at altitudes of 16—18 km
and in occasionally turbulent conditions. Such obser-
vations are available for only a very small number of
cases (Heymsfield 1986; Booker and Stickel 1982).

An important topic related to tropopause cirrusisthe
source of water vapor near the cold-point tropopause.
While it is well established that water vapor is trans-
ported from the surface to the tropical upper troposphere
primarily by deep convection (Clark et al. 1998; Elson
et a. 1996; Sherwood 1999; Salathé and Hartmann
1997), it remains unclear exactly how water vapor
reaches the level of the cold-point tropopause. If deep
convection consistently reaches the cold-point tropo-
pause over alarge portion of the Tropics, then ice crys-
tals and water vapor detrained from convective clouds
can act directly as the required moisture source. If, on
the other hand, deep convection generally detrains well
below the cold-point tropopause, then additional mois-
ture transport is required.

While there are observations of convection penetrat-
ing to the tropical cold-point tropopause and even into
the lower stratosphere (Kley et al. 1982; Knollenberg
et al. 1982; Ebert and Holland 1992; Ackerman et al.
1988; Danielsen 1993; Schmetz et al. 1997; Simpson et
al. 1998), reported cases of such convection have been
primarily either associated with a tropical cyclone or
else from convectively favored regions, most frequently
the maritime continent region of the western Pacific



248

Ocean. This convection, therefore, is not representative
of typical conditions throughout most of the Tropics.
Instead, observations and model results suggest that in
most of the Tropics during most of the year tropical
convection is generally capped 2—4 km below the cold-
point tropopause, with only very infrequent penetration
tothat level (Gettelman et al. 2002; Graves 1951; Defant
and van de Boogaard 1963; Palmén and Newton 1969;
Thuburn and Craig 1997; Forster et al. 1997; Highwood
and Hoskins 1998; Folkins et al. 1999; Keith 2000). In
particular, Gettelman et al. (2002) estimated that the
annual average over al longitudes in the Tropics of the
timescale on which tropical convection replaces the
mass at a given altitude increases from 1 month at 12
kmto 1 yr at 16 km to 4 yr at an atitude of 18 km.
Because convection takes on the order of 1 yr to replace
the air at the cold-point tropopause, it is unlikely that
tropical convection acting alone is able to supply the
moisture required to explain the high frequency with
which tropopause cirrus is observed over much of the
Tropics.

As an aternative explanation, it has been proposed
that gentle, large-scale rising motion in the upper trop-
ical troposphere plays an important role in the vertical
transport of moisture from the altitude at which it is
detrained from convection to the cold-point tropopause
(Sherwood and Dessler 2000, 2001). Thereindeed exists
observational evidence of such gentle, large-scalerising
motion. A variety of indirect measurements and esti-
mates (Rosenlof 1995; Eluszkiewicz et a. 1996; Ro-
senlof and Holton 1993; Seol and Yamazaki 1999; Mote
et al. 1996, 1998; Niwano and Shiotani 2001; Hall and
Waugh 1997; Boering et al. 1996) find the zonal mean
vertical velocity near the tropical tropopause to be 0.2—
0.4 mm s—*. The possibility of gentle upwelling playing
the primary role in vertical moisture transport is con-
sistent with the recent finding (Comstock et al. 2002,
Manuscript submitted to J. Geophys. Res., hereafter
CAM) that the tropical ice crystals in tropopause cirrus
are radically different from those in cirrus anvils de-
trained from deep convection. It should be noted that
large-scale sinking motion has recently been observed
over a portion of the maritime continent region of the
western Pacific (Sherwood 2000), which is also the re-
gion where tropopause cirrus is most prevalent (Wang
et a. 1996). A possible explanation for this apparent
discrepancy is that horizontal transport through this ex-
ceptionally cold region leads to cirrus formation in air
parcels that reached the cold-point tropopause at other
longitudes, where the cold-point temperature is higher
(Holton and Gettelman 2001).

In addition to its applicability to the tropopause cirrus
problem, the large-scal e rising motion mentioned above
isalso of great interest for the phenomenon of the Brew-
er—Dobson circulation (Brewer 1949; Dobson 1956;
Holton et a. 1995; Rosenlof 1995; Plumb and Elusz-
kiewicz 1999). Figure 9 isa partia reproduction of Fig.
9 in Mote et a. (1998), which shows a profile of the
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mean vertical velocity in the tropical (15°S to 15°N)
upper troposphere and lower stratosphere estimated us-
ing a time series of satellite measurements of water
vapor and methane. This profile shows the equatorial
rising branch of the Brewer—Dobson circulation, with a
maximum in the rate of ascent of about 0.35 mm st
at an altitude of about 18 km, decreasing to a minimum
of about 0.2 mm s~* at about 20 km, and then increasing
with altitude in the stratosphere. Of primary interest to
this study is the local maximum across the tropical tro-
popause, which not only constitutes the rising branch
of the Brewer—Dobson circulation, but alsoispotentially
able to provide the required moisture transport.

The processes responsible for this tropical upwelling,
however, are not well understood. It is partially driven
by extratropical ‘‘wave drag’” (Plumb and Eluszkiewicz
1999; Holton et al. 1995; Rosenlof 1995; Dickinson
1968; Eliassen 1951) in the extratropical stratosphere
and mesosphere. However, numerical model experi-
ments by Plumb and Eluszkiewicz (1999) suggest that
extratropical wave forcing alone is unable to produce
tropical upwelling of the observed magnitude. They
found that to generate upwelling of reasonable magni-
tude the equatorward edge of the stratospheric region
of divergence used to represent extratropical wave drag
was required to be unrealistically close to the equator,
for example, at alatitude near 12°. This result, however,
comes from steady-state responses to steady wave drag.
Different model responses result if one considersatime-
varying wave drag. Holton et al. (1995) show that when
the timescale of the wave drag is comparable to that of
the radiative relaxation, tropical upwelling takes place
even when the equatorward edge of the wave drag is
poleward of 20°. Thus, seasonality of the stratospheric
wave drag may be the key to the observed tropical up-
welling. On the other hand, it is still possible that other
mechanisms also contribute to the generation of rising
motion in the tropical upper troposphere. If so, it is
highly likely that the same mechanisms also transport
moisture to the cold-point tropopause. One such alter-
native mechanism is the focus of this article.

In the mechanism under consideration, rising motion
is generated in response to momentum transport by
Rossby waves generated by tropical convection. This
mechanism is detailed in section 2. In section 3 alarge-
scale dynamical model used to test this mechanism is
described. Sections 4 and 5 describe model runs testing
the mechanism. Finally, in section 6 the implications of
this work for tropical upwelling and tropopause cirrus
are discussed.

2. Hypothesis

In the mechanism under consideration, rising motion
is generated in response to the meridional convergence
of zonal Rossby wave momentum (eddy momentum flux
convergence, hereafter) in the tropical upper tropo-
sphere. Tropical Rossby waves can be readily excited
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by the zonally asymmetric component of the diabatic
heating associated with tropical convection (Gill 1980).
Under favorable conditions, these waves are able to
propagate poleward into the extratropics (Hoskins and
Karoly 1981; Sardeshmukh and Hoskins 1988). Provid-
ed that the meridional gradient of the background po-
tential vorticity is positive, there must be meridional
convergence of zonal wave momentum into the latitude
of the wave source (Held 1975). Asthe waves propagate
away from their source region, wave breaking, nonlin-
earity, and other dissipation mechanismsincluding fric-
tion dampen the wave flux. The result is meridional
divergence of the zonal wave momentum away from the
source region. Thus, Rossby waves that are generated
in the Tropics (midlatitudes) must pump westerly mo-
mentum into (away from) the Tropics. To understand
this, consider the zonal-mean zonal momentum equation
written in log-pressure coordinatest:

au 1 d au

— + v —(u - fl +wWw—

ot v a cos¢p a¢(u cos¢) Waz
where SY) = —(L/a cos?¢)(a/ad)(u'v’ cos?¢), ais the

radius of the earth, ¢ is latitude, D represents appro-
priate body forces in the longitudinal direction, and the
remaining notation is standard. As will be discussed in
section 3, in our calculation D represents subgridscale
mixing. The vertical convergence of zonal momentum
flux is neglected in (1) asthisterm is much smaller than
the meridional convergence of zonal momentum flux,
Sy, (Lee 1999). As can be seen in (1), there must be
westerly wind acceleration in the region where SY) is
positive, as long as the collective effect of D and ad-
vection of the zonal-mean angular momentum issmaller
than SY.

Analyzing 16 yr of National Centers for Environ-
mental Prediction—National Center for Atmospheric Re-
search (NCEP-NCAR) reanalysis data, Lee (1999)
showed that the net eddy momentum flux convergence,
S, is indeed positive in the equatorial upper tropo-
sphere, indicating that in this region the wave momen-
tum fluxes of tropical-origin dominate those of midlat-
itude-origin.2 Furthermore, it was shown that the spatial
and temporal scales of the waves that are responsible

1 While we will be using a o-coordinate model, for conceptual
clarity and for the ease of comparison with previous studies (Rosenl of
1995; Plumb and Eluszkiewicz 1999; Andrews et al. 1987) these
equations are written in log-pressure coordinates.

2 Provided that the meridional potential vorticity gradient is pos-
itive, the direction of the eddy momentum flux is opposite to that of
the meridional group velocity. Thus, in awave source latitude where
the group velocity diverges, the eddy momentum flux is expected to
converge. Also, if the meridional potential vorticity gradient is pos-
itive, away from the source latitudes where nonlinear and/or damping
effects become important, eddy momentum flux diverges. Therefore,
the fact that there is a net convergence of eddy momentum flux in
the Tropics suggests that Rossby waves of tropical origin dominate
the eddy momentum flux convergence in the Tropics.
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for the momentum flux convergence are consistent with
those of the El Nifio—Southern Oscillation (ENSO) and
the Madden—Julian Oscillation (MJO; Madden and Jul-
ian 1971, 1972). This result suggests that the eddy mo-
mentum flux convergence in the tropical upper tropo-
sphere is ultimately driven by convective heating. As
will be argued below, this is the central part of the
hypothesis to be tested in this study.

The vertical cross sections of the eddy momentum
flux convergence fields, S, (Figs. 3a—d) show that
while the tropical eddy momentum flux convergence is
relatively weak, it is present in all seasons. A closer
examination of the latitude and altitude of the regions
of tropical eddy momentum flux convergence reveals
that they are centered near the latitude of the intertrop-
ical convergence zone (ITCZ) and the altitude of the
convective tropopause, below which nearly all convec-
tion is capped.

If gradient wind balance and hydrostatic balance ad-
equately describe the lowest order force balance of the
large-scale zonal mean circulation in the tropical at-
mosphere, the following *‘thermal wind"” relationship
must be maintained:

(f +—2Uta”¢’)a—“— _ R ®)

a Joz  aHap’

where the notation is the same asin (1) with the addition
of R for the ideal gas constant and H for the density-
scale height. An appropriate momentum and/or heat
source in the system can upset thermal wind balance.
In response to a vertically localized zonal momentum
source, such as that shown in Fig. 3, meridionally over-
turning circulations, or mean meridional circulations
(MMCs), must develop to bring the atmosphere back to
a balanced state. This process partially drives the tro-
pospheric MMCs (i.e. the Hadley, Ferrel, and polar
cells) and is responsible for the ‘““extratropical pump-
ing” (Holton et al. 1995) of the Brewer—Dobson cir-
culation.

In the case of extratropical pumping, it is the wave
drag (westward acceleration of the zonal mean flow) in
the subtropical lower stratosphere, also known as the
“surf zone,”" that upsets the thermal wind balance. In
an attempt to restore a balanced state, an MM C develops
with a rising branch in the Tropics and subtropics and
a sinking branch in high latitudes. This MMC is con-
fined below the altitude of the subtropical surf zone, as
friction at the lower boundary balances the Coriolis
torque associated with the meridional flow, while such
friction does not exist at the upper boundary. This is
the essence of ‘“‘downward control” discussed by
Haynes et al. (1991), and succinctly summarized by
Plumb and Eluszkiewicz (1999). Because this MMC is
shown to be able to account for the bulk of the Brewer—
Dobson circulation, the wave drag in the surf zone is
accepted asthe major driving mechanism of the Brewer—
Dobson circulation, although the equatorial upwelling
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driven by that **extratropical pump’ appears to be too
weak to explain the observed equatorial upwelling. As
stated earlier, in their calculations, Plumb and Elusz-
kiewicz (1999) find that for steady wave drag realistic
equatorial upwelling velocity can be obtained only if
the drag that mimics the surf zone wave drag intrudes
far into the Tropics.

While not widely noted, the tropical upper-tropo-
spheric eddy momentum flux convergence (*‘tropical
wave forcing”’, hereafter®) shown in Fig. 3 can also
drive an MMC. Furthermore, we argue that the MMC
can be driven above, as well as below, the level of the
tropical wave forcing. Raising the possibility of ‘‘up-
ward control” in the tropical atmosphere is not new.
Plumb and Eluszkiewicz (1999) points out the impor-
tance of weak viscosity in thetropical atmosphere. Their
equatorial B-plane scaling analysis predicts that within
atropical internal boundary layer, even weak viscosity
is able to balance the zonal component of the Coriolis
torque due to the MMC. Thistropical internal boundary
layer can be as wide as 17° latitude when the ratio of
the dissipation rates of zonal momentum to that of ther-
mal anomalies is as small as 0.02; if the dissipation
timescale of the thermal anomaly is 10 days, that of the
zonal momentum by the viscosity is 500 days. From
tracer measurements, Mote et al. (1996) estimate the
upper limit of the diffusive timescale to be 7-9 months
between 100 and 46 hPa. Combined with the vertical
scale of the tracer profile, the vertical diffusivity of the
tracer in thislayer is estimated as between 0.03 and 0.07
m? s~t. This is greater than the upper limit of 0.01 m?
s~ estimated by Hall and Waugh (1997), but smaller
than the value of 0.2 m? s~ given in WMO (1985).
Even with Hall and Waugh's (1997) relatively lower
estimate, the diffusive timescale should not be much
greater than 500 days. Thus, assuming that the viscosity
of the atmosphere is comparable to the diffusivity of
the tracers, the above estimates of diffusivity suggest
that upward control in the tropical atmosphereisindeed
a good possibility.

Having argued that even weak viscosity can act as a
drag that can balance the Coriolistorque associated with
the MMC, we now turn to the circulation driven by the
tropical wave forcing. Above the level of the tropical
wave forcing, this forcing must lessen vertical shear of
the zonal wind. In response to this wave forcing, to
recover the thermal wind balance expressed by (2), the
equator-to-pol e temperature gradient must be decreased.
In the absence of eddy heat fluxes and diabatic heating,
this must be accomplished through adiabatic cooling
(warming) equatorward (poleward) of the wave forcing.
Thus, abovethelevel of thetropical waveforcing, rising
(sinking) motion must be driven equatorward (pole-

3 Referring to the eddy momentum flux convergence as *‘forcing™
ismisleading. However, thisterm is adopted hereto be used in parallel
with the term wave drag, which represents eddy momentum flux
divergence.
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Fic. 1. Summary of the roles played by tropical convection in
moisture transport to the cold-point tropopause. First, the convection
transports moisture from the surface to the base of the tropopause
transition layer (TTL, thick straight arrows). Asymmetry in the dia-
batic heating associated with the convection excites Rossby waves
that propagate away from the ITCZ to both the north and south
(direction of propagation indicated by thick wavy arrows). The eddy
momentum flux convergence (solid oval) associated with these Ross-
by waves generates an MMC in the Tropics (dotted arrows). This
MMC plays an important role in the transport of moisture toward the
equator and upward toward the cold-point tropopause (thick curved
arrow).

Equator

ward) of the wave forcing. Below the level of the trop-
ical wave forcing, the same argument requires sinking
(rising) motion equatorward (poleward) of the wave
forcing. Figure 1 shows a schematic diagram of this
circulation. For reasons to be explained below, this di-
agram is drawn for the nonequinoctial condition. A con-
vective cloud is also included in this figure.

Two features of the circulation just described need to
be emphasized here. First, rising motion is generated in
the equatorial tropopause transition layer (TTL), the re-
gion between the convective tropopause and cold-point
tropopause. It is this rising motion that is hypothesized
both to play a role in the transport of moisture to the
cold-point tropopause and to help explain the upper-
tropospheric equatorial upwelling of the Brewer—Dob-
son cell. The overturning circulation above the level of
tropical wave forcing provides a mechanism by which
moisture detrained from deep convection can be trans-
ported to where tropopause cirrus layers are often ob-
served. The equatorward flow within the region of trop-
ical wave forcing plays a role in transporting moisture
from the ITCZ, where convection is detraining signif-
icant amounts of moisture, to near the equator. Rising
motion within the equatorial TTL then transports the
moisture vertically to near the cold-point tropopause



15 JANUARY 2003

whereit isrequired for tropopause cirrus formation. The
sinking motion below the level of the tropical wave
forcing is not of concern, as the upward moisture trans-
port by convection must be strong enough to offset the
large-scale sinking motion generated by the tropical
wave forcing. Second, notice that even when the ITCZ
is off the equator, the associated tropical wave forcing
can readily drive rising motion over the equator, pro-
viding arobust mechanism for equatorial upwelling and
moisture transport.

3. Model description

Our hypothesis asks whether the mean meridional
circulation produced in response to tropical momentum
flux convergence induced by Rossby waves generated
by tropical convection is able to explain the transport
of moisture through the depth of the tropical tropopause
transition layer. Thus, the natural first step to test this
hypothesisisto determineif an axially symmetric model
atmosphere, driven by the observed Rossby wave mo-
mentum flux convergence, is able to produce the re-
quired MMC. Accordingly, we use the axisymmetric
version of amultilevel primitive equation model on the
sphere; this model is the dynamical core of the Geo-
physical Fluid Dynamics Laboratory (GFDL) genera
circulation model (Feldstein 1994; Kim and Lee 2001).

Equations for the vorticity, divergence, and temper-
ature at each vertical level, and for the pressure at the
surface were derived by Bourke (1974). In the original
PE model, these equations are integrated in spectral
space with the spectral representations of the variables
truncated at Rhomboidal-30 resolution. As indicated
above, this study uses the axisymmetric version of the
PE model by setting the spectral coefficientsfor nonzero
zonal wavenumbers to zero. Sigma coordinates were
used in the vertical direction, with 60 sigma levels cor-
responding to a spacing of 1000 m.

The vertical model resolution and values for various
model parameters to be described below closely follow
those used by Plumb and Eluszkiewicz (1999), who
examined the role of stratospheric wave drag in the
extratropical ‘‘surf zone" in the generation of tropical
upwelling. This was motivated by our desire to assess
the relative importance of tropical wave *‘forcing” and
stratospheric surf zone wave drag on the generation of
tropical upwelling. When the momentum forcing, SY
in (1), takes the form used in their study, our model is
able to reproduce their results in terms of the location
and magnitude of the tropical upwelling. This gives us
reasonable confidence that the response to tropical and
subtropical tropospheric momentum forcing in our mod-
el can be directly compared with the response to the
stratospheric surf zone wave drag studied by Plumb and
Eluszkiewicz (1999).

In (1) D stands for subgridscale mixing. In the model
this mixing is represented by diffusion. A second-order
scheme was used for vertical diffusion and a fourth-
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Fic. 2. Zonal-mean temperature profile at the equator for Jan from
the NCEP-NCAR reanalysis for the period 1958-97. Used as input
temperature profiles for large-scale model runs forced with Jan mo-
mentum forcing.

order scheme was used for horizontal diffusion. Except
where otherwise indicated, the model runs described
here were conducted using a vertical diffusion coeffi-
cient of 1.0 m? s—* and abiharmonic horizontal diffusion
coefficient of 7.0 X 10%*% m* s=*. These values were
chosen to ensure computational stability of the numer-
ical model. The sensitivity of our model solutionto these
somewhat arbitrary diffusion coefficients is described
in section 4c.

The upper boundary condition for the model is free
dlip (no friction), while a linear scheme is used for sur-
face friction at the lower boundary. For the runs con-
sidered here a surface friction damping timescale of 1
day is used.

To isolate the MMC that develops in response to mo-
mentum forcing from the thermally forced MMC that
would result if horizontal gradients were present in the
equilibrium temperature field, a horizontally uniform
equilibrium temperature field is used. The vertical pro-
file of the equilibrium temperature field used for model
runs conducted for January conditions (Fig. 2) is based
on the 40-yr mean January equatorial temperature pro-
file from NCEP-NCAR reanalysis data. The altitude of
the cold-point tropopause in this profile, 18 km, is con-
sistent with the maximum altitude at which tropopause
cirrus is generally observed during Northern Hemi-
sphere winter. Model runs for April, July, and October
conditionswill also be described. For each of theseruns,
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Fic. 3. Monthly and zonal-mean eddy momentum flux convergence fields, calculated based on NCEP-NCAR
reanalysis data for the period 1958-97 for the months of (a) Jan, (b) Apr, (c) Jul, and (d) Oct. Positive values indicate
momentum flux convergence and negative values (represented by dotted contours) indicate momentum flux divergence.

The contour interval is 107> m s 2.

an equilibrium temperature field based on the 40-yr
mean equatorial temperature profile from NCEP-NCAR
reanalysis data for the given month is used.

The temperature field is relaxed to the equilibrium
temperature field, thereby representing the effects of
radiation in maintaining the temperature field. In the
stratosphere, radiative processes relax the temperature
field to the equilibrium temperature field with a time-
scale of about 10 days, while in the troposphere, radi-
ative processes are weaker and the relaxation timescale
is generally longer, on the order of 20 days. Here, a
value of 10 days is used throughout the model domain
to prevent the development of strong temperature gra-
dients, again to help isolate the effects of momentum
forcing from those of thermal forcing. To test the sen-
sitivity to this parameter, a model run was conducted
with arelaxation timescale of 20 daysin the troposphere
and 10 days in the stratosphere. In this run, the rising
motion in the equatorial tropopause transition layer was
about 20% stronger than that in the run with arelaxation
timescale of 10 days throughout the domain. Thus, the
primary qualitative results of this study are not sensitive
to this parameter.

In the model runs described here, the model fields

reached steady state after about 200 days of integration.
Here, results at the end of 1000 days of integration are
presented.

4. Response to January ‘‘forcing”

Eddy momentum flux convergence/divergencefields,
Sy, were calculated based on NCEP-NCAR reanalysis
data for the period 1958-97, and were kindly provided
by H.-K. Kim of NCEP. The forcing was implemented
by adding aterm representing acceleration of the zonal-
mean wind by momentum flux convergence, SY, to the
model zonal momentum equation.

The eddy momentum flux convergence field for Jan-
uary is shown in Fig. 3a. Positive values indicate mo-
mentum flux convergence (eastward zonal wind accel-
eration), while negative values indicate momentum flux
divergence (westward zonal wind acceleration). There
are three main regions of momentum flux convergence:
one in the midlatitudes of each hemisphere and one near
the equator. Momentum flux convergence in the mid-
latitudes is primarily due to momentum transport by
extratropical baroclinic disturbances, while momentum
flux convergence in the Tropics at the scales resolvable



15 JANUARY 2003

altitude

60S 30S

FQ 30N 60N
latitude

BOEHM AND LEE

(0)

253

2]
23 :
21

IR A SR
19
I —
1745

161
151
14
13
12
11
10

altitude

105 85 65 45 N BN BN 10N

2s EQ 2N
latitude

FiG. 4. (a) Vertical velocity field for model run driven by the Jan eddy momentum flux convergence field shown in
Fig. 3a. The contour interval is 0.5 mm s~* and negative contours are dotted. (b) Close-up view of this vertical velocity
field for the tropical upper troposphere and lower stratosphere. The contour interval has been reduced to 0.1 mm s—*.

by the reanalysisis due to momentum transport by Ross-
by waves generated by tropical convection (Lee 1999).
There are four main regions of momentum flux diver-
gence: one in the subtropicsin each hemisphere and one
at polar latitudes in each hemisphere. These regions of
momentum flux divergence are regionsin which Rossby
waves tend to break. The feature most relevant to the
mechanism under consideration is the tropical region of
momentum flux convergence centered at a latitude of
8°S and at an altitude of 14 km. The location of this
region is consistent with the mean latitude of the ITCZ
during January and with observations that deep con-
vection is generally capped at an altitude of about 14
km.

a. “Control” calculation

Results are now presented for amodel run forced with
this January momentum flux convergence field. As stat-
ed earlier, the values of the diffusion coefficients were
1.0 m2 s7* for K, and 7.0 X 10* m* s~* for K,,. The
structure of the mean meridional circulation that de-
velops in response to this forcing resembles the ob-
served MMC, as it contains a Hadley cell, a Ferrel cell,
and a Polar cell in each hemisphere (Fig. 4a), with each
cell being stronger in the Northern Hemisphere than in
the Southern Hemisphere due to stronger forcing from
baroclinic disturbances in the winter hemisphere than
in the summer hemisphere. As expected, the structure
of the MMC agrees reasonably well with observations
(e.g., Peixoto and Oort 1992) in the midlatitudes, while
significant differences are found in the Tropics and sub-
tropics, primarily due to the absence of the thermally
driven circulation. This general feature assures the ad-
equacy of our model setup for the investigation at hand.

Because our primary interest is on the rising motion
that develops in the tropical tropopause transition layer
in response to Rossby wave momentum flux conver-
gence driven by tropical convection, we focus on model

results in the tropical upper troposphere and lower
stratosphere. The vertical motion field in this region is
shown in Fig. 4b. At the equator, rising motion is ob-
served above about 14 km, with a maximum vertical
velocity of about 0.4 mm s—1, or about 35 m day ¢, at
an altitude of 16.5 km. The magnitude of this rising
motion isin good agreement with the estimated vertical
velocity in this region (Mote et al. 1998), suggesting
that tropospheric eddy momentum forcing aloneis able
to drive the equatorial upwelling in the tropopause tran-
sition layer, thereby helping to answer the question as
to what is responsible for driving the upwelling across
the tropical cold-point tropopause.

b. Relative importance of tropical and midlatitude
forcing

If the equatorial upwelling is to effectively transport
water vapor, it is desirable that the upwelling be driven
by equatorial eddy momentum flux driving rather than
by its midlatitude counterpart. The reason isthat tropical
momentum flux convergence/divergence is driven by
Rosshy waves excited by tropical convection, and there-
fore the rising motion generated by this convergence/
divergence will be strongest in the vicinity of convec-
tion, where it can have the largest impact on moisture
transport. In contrast, the equatorial upwelling driven
by midlatitude momentum forcing may or may not take
place in regions where moisture is readily available to
be transported upward.

It would therefore be useful to partition the eddy mo-
mentum flux convergence/divergence fieldsinto tropical
and extratropical regions, and examine separately the
corresponding MMC responses. Accordingly, the total
eddy momentum flux convergence/divergence field is
partitioned into three portions. the tropical momentum
flux convergence (Fig. 5a), the tropical momentum flux
convergence plus half of the subtropical divergence
(Fig. 5b), and the remaining half of the subtropical di-
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vergence plus middle- and high-latitude momentum flux
convergence/divergence (Fig. 5¢). The sum of Figs. 5b
and 5c is equal to Fig. 3a.

Half of the subtropical divergenceisincluded in both
Figs. 5b and 5c to crudely represent the subtropical
divergence associated with both tropical and midlatitude
eddy momentum flux convergence. While a more ac-
curate partitioning of the subtropical divergence could
have been calculated, for example, through spectral de-
composition (Lee 1999), such detail seems unwarranted
given the relatively simple model setup employed here.
Furthermore, it will be shown that the tropical eddy
momentum flux convergence plays a greater role than
subtropical divergence in producing tropical upwelling,
so that our conclusions do not depend on the exact par-
titioning of subtropical divergence.

Figure 6d shows the sum of the model responses to
the eddy momentum flux convergence/divergence sub-
sets shown in Figs. 5b and 5c¢. This solution compares
reasonably well with Fig. 4b, indicating that the model
response of equatorial upwelling is sufficiently linear.
Thus, we now ask what portion of the equatorial up-
welling in the full solution (Fig. 4b) is attributable to
Rossby waves propagating from the Tropics.

Figure 6a shows the vertical velocity response to the
tropical eddy momentum driving shown in Fig. 5a
Within the equatorial TTL, upward vertical velocities
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Fic. 5. Partitioning of the Jan eddy momentum flux convergence
field (Fig. 3a) used to drive model runs testing the importance of the
various regions of convergence and divergence in the generation of
rising motion near the tropical tropopause. The pieces include: (a)
tropical convergence only, (b) tropical convergence and one-half of
subtropical divergence, and (c) high-latitude divergence, midlatitude
convergence, and one-half of subtropical divergence. The contour
interval for each panel is5 X 10-¢ m s~2, and negative contours are
dotted.

of greater than 0.1 mm s~* are found between 15.5 and
18.5 km, with a peak value of about 0.23 mm s~* at an
altitude of about 17 km. Because it is located between
the convective tropopause and the col d-point tropopause
(Fig. 2), thisrising motionis able to assist in the vertical
transport of moisture through the TTL. When consid-
ering this rising motion, keep in mind that a vertical
velocity of 1 mm s—* corresponds to upward motion of
about 86 m day —*. Weaker rising motion extends upward
into the lower stratosphere.

Now consider a run forced with the sum, shown in
Fig. 5h, of the tropical momentum flux convergence and
one-half of the subtropical momentum flux divergence.
The general features of the vertical velocity field for
this run, shown in Fig. 6b, are similar to those in the
run forced with only the tropical convergence. Adding
the forcing due to subtropical divergence increased the
vertical velocity throughout the tropical troposphere,
with the amount of the increase decreasing with altitude.
In the equatorial upper troposphere, the maximum ver-
tical velocity increased to 0.33 mm s—*.

Finally consider arun forced with the sum, shown in
Fig. 5¢, of middle- and high-latitude momentum flux
convergence and divergence and one-half of the sub-
tropical momentum flux divergence. In thisrun, the ver-
tical velocity in thetropical upper troposphere and lower
stratosphere, shown in Fig. 6¢, gradually decreaseswith



15 JANUARY 2003

altitude

altitude

F= SN S T )

45 25 £Q. 2N 4N BN 8N 10N
latitude

=}
@
]
7]
o
%)

BOEHM AND LEE

(0]

255

altitude

altitude

FQ. 2N 4N
latitude
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the portions of the Jan eddy momentum flux convergence field shown in Figs. 5a—c, respectively. (d) The sum of Figs.
6b and 6¢. The contour interval in each panel is 0.1 mm s—* and negative contours are dotted.

height, with a value of about 0.5 mm s~* at an altitude
of 12 km decreasing to zero in the lower stratosphere.
At 16.5 km, the altitude of the maximum equatorial
upwelling associated with tropical momentum flux con-
vergence, the vertical velocity is about 0.2 mm s,
The above results suggest that in the zonal mean
Rossby waves generated by tropical convection play an
equal or slightly greater role in generating rising motion
in the TTL than midlatitude disturbances. Both mech-
anisms generate rising motion within the TTL on the
order of 0.2 to 0.3 mm s~*. However, we suspect that
the rising motion generated in response to Rossby waves
generated by tropical convection is more effective in
the vertical transport of moisture through the TTL.

C. Sensitivity

A series of runs forced with January momentum flux
convergence were performed to investigate the sensi-
tivity of the modeled tropical upwelling to the values
chosen for the diffusion coefficients. First, four runs
were conducted in which the second-order vertical dif-
fusion coefficient was set to 1.0 m2 s~ and the fourth-
order horizontal diffusion coefficient was set to 5.0 X
10, 7.0 X 10%, 1.5 X 10%, and 5.0 X 10* m* s1,

respectively. In each of these runs, the maximum rising
motion at the equator was located at an altitude of about
16.5 km, while the vertical velocity at this altitude in-
creased as the coefficient increased, having values of
0.33, 0.41, 0.52, and 0.59 mm s-*, respectively. The
vertical upwelling velocity approximately follows log-
arithmic dependency on the horizontal diffusion coef-
ficient, exhibiting relatively weak sensitivity for values
greater than 7.0 X 10% m#* s~*. In most numerical mod-
els like the one used here, the scale-sel ective horizontal
diffusion scheme is included to mimic enstrophy cas-
cade to the subgrid-scales, which results from nonlinear
wave interactions. In the calculations presented here,
such enstrophy cascade is not present as baroclinic
waves are not explicitly represented. On the other hand,
inertial instability becomes important in calculations
such as those presented here. In fact, weak inertial in-
stability developed in the run with ahorizontal diffusion
coefficient of 5.0 X 10* m* s—*.

Inertial instability has been observed in a number of
GCM studies (Dunkerton 1981, 1983, 1989; Hunt 1981,
Held and Hou 1980). In the model used for this study,
it sometimes develops near the equator, where the Cor-
iolis parameter, f, is small, and near 30°N latitude,
where large gradients in the zonal momentum forcing
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create large zonal wind gradients. The instability leads
to the development of small-scale meridional circula-
tions that act to smooth out the zonal wind gradient.
While these small-scale circulations are real solutions
to the governing equations, and not just numerical ar-
tifacts (Hunt 1981), and the model reaches a steady state
in which these circulations are present, the small-scale
circulations generated by inertial instability make the
model results difficult to interpret. Such an undesirable
manifestation of inertial instability can be removed by
increasing either the horizontal or vertical diffusion co-
efficients. Thus, the horizontal diffusion used here may
be thought of as mimicking the momentum mixing by
the small-scale circulations that are generated by inertia
instability. Based on the model runs just described, it
was decided to use avalue of 7.0 X 10 m* s~* for the
fourth-order horizontal diffusion coefficient, except
where indicated otherwise. Using this value in associ-
ation with a vertical diffusion coefficient of 1.0 m2 s1,
the horizontal diffusion is strong enough to decrease the
meridional zonal wind gradient to the point where in-
ertial instability virtually disappears.

To test sensitivity to the vertical diffusion coefficient,
four model runs were conducted in which the horizontal
diffusion coefficient was set to 7.0 X 10* m* s~* and
the vertical diffusion coefficient was set to 0.25, 0.5,
1.0, and 2.0 m? s, respectively. The maximum vertical
velocity in these runs was again located at an atitude
of about 16.5 km, with values at this altitude of 0.47,
0.45, 0.41, and 0.34 mm s, respectively. Therefore,
the model results are also somewhat sensitive to the
vertical diffusion coefficient, with the maximum vertical
velocity decreasing by about 25% in response to the
factor of 8 increase in the vertical diffusion coefficient.
The value of 1.0 m? s* used as the control value is
comparable to the values used in some other similar
studies (Held and Hou 1980; Lindzen and Hou 1988)
and larger than that used by Plumb and Eluszkiewicz
(1999). This sensitivity study shows that had a lower
value been selected, such as 0.25 m? s—* as was used
by Plumb and Eluszkiewicz (1999), the magnitude of
the tropical upwelling generated by tropical momentum
flux convergence would be even larger. In addition, such
use of weaker vertical diffusion requires stronger hor-
izontal diffusion, and, as discussed above, increasing
the horizontal diffusion coefficient will lead to further
strengthening of the vertical upwelling.

These sensitivity studies show that the magnitude of
the rising motion in the TTL is somewhat sensitive to
the values chosen for the diffusion coefficients, and that
the quantitative results of this study should be treated
cautiously. However, qualitatively the results are found
to be very robust.

In the model runs described here, athermal relaxation
timescale of 10 days is used throughout the model do-
main to prevent the development of strong temperature
gradients. While this value is reasonable in the strato-
sphere, it is too small in the troposphere by a factor of
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about two. As discussed in section 3, a model run con-
ducted using a relaxation timescale of 20 days in the
troposphere and 10 days in the stratosphere revealed
only minor sensitivity to this parameter, with the main
qualitative results basically unaffected.

5. Seasonal dependence of tropical upwelling

The seasonal dependence of tropical upwelling was
investigated by conducting model runs forced with the
momentum flux convergence fields for the months of
January, April, July, and October, shown in Figs. 3a—
d. In these fields, the strength and location of the regions
of convergence and divergence vary with season. Of the
months considered, the tropical momentum flux con-
vergence is strongest during January and July and weak-
est during April and October. The shift in latitude of
the maximum tropical momentum flux convergence is
consistent with the observed shift in the location of the
mean latitude of the ITCZ from south of the equator
during Northern Hemisphere winter to north of the equa-
tor during Northern Hemisphere summer. The shift in
altitude of the tropical momentum flux convergence is
also consistent with the observed seasonal cycle in the
altitude of the mean tropical tropopause. The tropical
tropopause is highest during Northern Hemisphere win-
ter and lowest during Northern Hemisphere summer
(Reid and Gage 1981).

The vertical velocity in the tropical upper troposphere
and lower stratosphere for these runs is shown in Fig.
7. In al four months the most prominent feature is the
dipole structure of rising (sinking) motion above (be-
low) the tropical momentum flux convergence maxi-
mum. In each month, rising motion of greater than 0.3
mm s-tisobserved at an atitude of 16 km. Theseresults
suggest that tropospheric Rossby wave momentum flux
convergence/divergence is able to drive rising motion
within the TTL throughout the year.

The relative weakness of the tropical momentum flux
convergence in April compared to that in January sug-
gests that the impact of tropical wave momentum flux
convergence on rising motion in the TTL would be
greater in January than in April. However, a model run
forced with only the April tropical momentum flux con-
vergence shows that thisis not the case. Figure 8 shows
the vertical velocity field for this run. The vertical ve-
locity at the equator above the altitude of maximum
forcing is similar in April (Fig. 8) and January (Fig.
6a), while below this altitude the magnitude of the equa-
torial downwelling is considerably weaker in April than
in January. This suggeststhat the magnitude of the equa-
torial upwelling generated in response to momentum
transport by Rossby waves generated by tropical con-
vection is relatively constant year round.

6. Discussion and concluding remarks

A hypothesis is presented to explain the transport of
moisture from where it is detrained from convection to
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the tropical cold-point tropopause, where cirrus layers
have been frequently observed. According to this hy-
pothesis, the moisture transport is accomplished by me-
ridionally overturning circulations in the tropica tro-
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Fic. 8. Vertical velocity in tropical upper troposphere and lower
stratosphere for run driven with the tropical region of eddy momentum
flux convergence for Apr. The contour interval is 0.1 mm s~* and

negative contours are dotted.

popause transition layer that develop in response to mo-
mentum transport by Rossby waves generated by trop-
ical convection.

A global primitive equation model has been used to
test the hypothesis that Rossby waves generated by trop-
ical convection play a role in the transport of moisture
from where it is detrained from convection to the cold-
point tropopause. A series of runs was conducted in
which the model was driven with fields of eddy mo-
mentum flux convergence calculated from NCEP-
NCAR reanalysis data.

As is expected from thermal wind adjustment, the
output from these model runs shows that Rossby waves
generated by tropical convection generate meridionally
overturning circulations, including both meridional flow
from the ITCZ to the equator and rising motion in the
TTL near the equator. It is suggested that the meridional
flow plays arole in the transport of moisture from the
ITCZ, where it is detrained, to the equator, where tro-
popause cirrus are often observed; and that the rising
motion then transports the moisture vertically through
the depth of the TTL to the cold-point tropopause where
tropopause cirrus are observed. The meridional trans-
port hel psto explain the frequent presence of tropopause
cirrus over the equator in spite of the fact that the ITCZ
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israrely positioned there. Note that meridional transport
in this region can also be accomplished directly by flux-
es associated with the tropical waves themselves. Fur-
ther work is needed to ascertain the relative importance
of these two mechanisms for meridional moisture trans-
port. Additional model runs suggest that the rising mo-
tion in the TTL associated with momentum transport by
tropical Rossby waves also shows little variation, de-
spite significant seasonal difference in the strength of
the tropical forcing (Fig. 3).

Rossby waves also provide meridional heat fluxes.
Because the meridional temperature gradient issmall in
the tropical troposphere, the meridional heat flux is also
small for tropical Rossby waves (not shown). For com-
pleteness, however, we investigated the impact of this
heat flux on the tropical upwelling by forcing the axi-
symmetric model’s temperature equation with the tro-
pospheric zonal-mean meridional heat flux field from
the NCEP-NCAR reanalysis data described earlier. The
results show that the impact of the heat fluxes in gen-
erating rising motion within thetropical TTL isminimal
(not shown).

It must be kept in mind that these results were ob-
tained using the axisymmetric version of a primitive
equation model. As stated earlier, thisis not because we
believe that the upwelling takes place in a zonally sym-
metric manner, but rather because it allows us to test
the central idea in a simple dynamica framework. In
this version of the model, momentum flux convergence
cannot be explicitly resolved, but rather must be pre-
scribed through the addition of aterm to the zonal-mean
zonal momentum equation. Furthermore, the longitu-
dinal variation of the tropical upwelling (Sherwood
2000; Holton and Gettelman 2001; Pfister et al. 2001)
cannot be determined by this model. Therefore, to more
completely test and describe the mechanism proposed
in this study it is desirable to conduct model runs using
the full three-dimensional model. In that direction, one
can think of at least two hierarchical model experiments.
First, experiments very similar to what was done in this
study can be performed, except that full three-dimen-
sional wave momentum flux fields are prescribed. In
this case, one expects a three-dimensional circulation as
the response. Second, to make a more explicit connec-
tion to convection, experiments similar to Highwood
and Hoskins (1998) may be performed where an ide-
alized tropical heating, which mimics convective heat-
ing, is prescribed. With realistic background flow, the
streamfunction response in Highwood and Hoskins
(1998) shows structure indicative of Rosshy wave prop-
agation into the extratropics. Thus, it isunclear whether
the vertical motion field in the upper troposphere and
lower stratosphere is understood in terms of the thermal
wind adjustment to the baroclinic Rossby wave response
(Gill 1980) to the heating (Highwood and Hoskins 1998)
or the thermal wind adjustment to the import of westerly
momentum from the extratropics, as proposed in our
study. We suspect that both mechanisms are operating.
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The relative importance of these two processes may be
determined by calculating the momentum flux fields re-
sulting from the response to the heating, and repeating
the first experiment with this model-generated momen-
tum flux field, rather than with the observed field.

As stated in section 3, to isolate the mean meridional
circulation that develops in response to momentum flux
convergence from that which would result in the pres-
ence of horizontal temperature gradients, a horizontally
uniform equilibrium temperature field was used. How-
ever, the thermally driven tropical circulation, that is,
the Hadley cell, can also leak into the stratosphere
(Plumb and Eluszkiewicz 1999). Theoretical calcula-
tions by Lindzen and Hou (1988) show that when the
maximum diabatic heating associated with tropical con-
vection (corresponds to the ITCZ) lies away from the
equator, as is typically observed, the associated rising
branch of the Hadley circulation is even farther from
the equator [see Fig. 3 in Lindzen and Hou (1988)].
Therefore, although a portion of the rising branch of the
Hadley circulation driven by thermal gradients may leak
intothe TTL, thisrising motion is expected to take place
poleward of the ITCZ. In contrast, the rising motion
associated with eguatorial momentum flux convergence
isfocused at the equator (Figs. 1, 4b, and 7), and there-
fore is expected to play a greater role in the generation
of equatorial upwelling than the thermally forced por-
tion of the Hadley circulation.

a. Discussion of Brewer—Dobson tropical upwelling

The results of this study suggest a possible expla-
nation for the tropical vertical velocity profile estimated
by Mote et al. (1998) and shown here in Fig. 9. The
vertical velocity reaches alocal maximum of about 0.35
mm st at an altitude of about 17.5 km. Both the mag-
nitude and altitude of this peak approximately agree
with the peak vertical velocities determined in the model
runs described here (e.g., Fig. 7). Comparing Figs. 7a
and 7c more closely, however, one notices that the up-
welling response to tropical momentum forcing is great-
er in July than in January. This contrasts with obser-
vations (e.g., Eluszkiewicz et a. 1996) that the tropical
upwelling isin general greater in January than in July.
We do not yet have an explanation for this discrepancy
in seasonal asymmetry, and this is certainly an issue
that needs to be addressed in a future study.

Above 18 km, the estimated vertical velocity then
decreases with atitude to a value of about 0.2 mm s—*
at an altitude of about 20 km, before increasing with
altitude in the stratosphere. That there is an upwelling
minimum between the TTL and the middle stratosphere
suggests that the primary mechanism for the local max-
imum in the TTL is different than that for the local
maximum in the middle stratosphere. In particular, the
altitude of the latter suggests that diabatic heating by,
say, ozone, might be responsible for the upwelling peak,
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while the surf zone wave pump remains as a viable
mechanism for the overall observed tropical upwelling.

While the discrepancy in the seasonal asymmetry in
the TTL upwelling velocity poses as a potential pitfall,
the above consideration leads us to speculate the fol-
lowing picture; the primary mechanism for the local
maximum in the TTL is tropical eddy momentum flux
convergence associated with Rossby waves generated
by tropical convection, the primary mechanism for the
local maximum in the middle stratosphere is diabatic
heating by ozone, and the surf zone wave pump con-
tributes toward weak background upwelling throughout
the entire depth.

b. Implications for tropical tropopause cirrus

As stated earlier, the meridional circulation within the
TTL described here suggests a possible explanation for
the frequent occurrence of tropopause cirrus over the
equator despite the facts that the ITCZ is generally lo-
cated several degreesaway from the equator and tropical
convection is almost always capped at least 2 km below
the cold-point tropopause where these layers are ob-
served. According to this hypothesis, the equatorward
branch of the circulation transports moisture horizon-
tally from the ITCZ to the equator, where the rising
branch of the circulation, which is expected to be stron-
gest at the equator, transports the moisture vertically to
the cold-point tropopause.

Once moisture is present near the cold-point tropo-
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pause, large-scale cooling is required to initiate the ice
crystal nucleation and growth that leads to the wide-
spread in situ formation and maintenance of tropopause
cirrus. Adiabatic cooling associated with the tropical
upwelling under consideration here is one possible
source of this large-scale cooling. However other cool-
ing sources likely play more important roles. For ex-
ample, Boehm and Verlinde (2000) showed close cor-
relation between Kelvin wavesin the lower stratosphere
(Holton et al. 2001) and cirrus layers near the tropical
cold-point tropopause during Nauru99, an Intensive Op-
erational Period conducted by the Department of Energy
Atmospheric Radiation Measurement program.

Once tropopause cirrus forms, the atmospheric layer
containing the cirrus is typically radiatively heated, and
this heating is generally 0.5-4 K day-* (CAM; Mc-
Farquhar et al. 2000). Recently, Thuburn and Craig
(2002) showed that radiative warming on the order of
0.2 K day—*in a narrow region near the cold-point tro-
popause playsarolein creating the tropopause transition
layer. While Thuburn and Craig (2002) looked at heating
associated with carbon dioxide, we suggest that in re-
gions where tropopause cirrus is prevalent, the heating
associated with the cirrus may also play arole in cre-
ating the TTL. Above the radiatively warmed layer, the
air can become statically unstable, and small-scale con-
vection may take place. Such convection, if it indeed
occurs, must cool the layer heated by the cirrus, thereby
playing arolein balancing the radiative heating. Clearly,
more observational and modeling effort is required to
further our understanding of the physical processes as-
sociated with tropopause cirrus.
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