JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 102, NO. D17, PAGES 21,465-21,478, SEPTEMBER 20, 1997

Tropical mixing barriers in the lower stratosphere in the
Geophysical Fluid Dynamics Laboratory SKYHI model

Kenneth P. Bowman and Yongyun Hu
Department of Meteorology, Texas A&M University, College Station

Abstract. Large-scale isentropic mixing in the tropical lower stratosphere is investigated by
computing Lagrangian trajectories using winds from the Geophysical Fluid Dynamics Laboratory
SKYHI general circulation model. The use of model-simulated winds avoids some problems with
analyzed winds in the tropics. During the solstitial seasons a weak-mixing zone is present in the
tropics in the model simulations. The weak-mixing zone is relatively isolated from the
midlatitude surf zones in the northern and southern hemispheres by two mixing barriers: a strong
one on the summer hemisphere side and a weak one on the winter side. The mixing barriers vary
seasonally in response to seasonal variations of the tropical zonal-mean zonal flow and wave
spectrum. The roles of the zonal-mean flow and of different parts of the wave spectrum in -
meridional transport are tested using filter techniques. Effective meridional diffusion coefficients
are calculated by using filtered and antifiltered winds (i.e., winds with selected spatial scales
either attenuated or amplified). The results suggest that mixing in the tropical easterlies occurs
near the critical layers for the large-scale (zonal wavenumber <10) westward moving waves,
which is where the waves would be expected to break. Wave spectrum analysis indicates' that
during the solstitial seasons there is a zone in the tropics, exactly matching the w;qk—mixxtl.g zone,
where there is relatively little power in westward moving waves. The tropical mixing barriers are

a result of the relative lack of such waves.

1. Introduction

Air from the troposphere enters the stratosphere primarily in
the tropics, carrying with it many trace gases with tropospheric
sources. The exchange of air between the tropics and
extratropics in the stratosphere is an important aspect of middle
atmospheric chemistry. There has been considerable interest in
recent years in the possible existence of barriers to large-scale
mixing and transport in the tropical stratosphere. Here we define
mixing barriers as Eulerian boundaries across which there is
relatively little Lagrangian transport. Mixing barriers can be one-
way (allowing transport in only one direction) or two-way. Here
we look for barriers to meridional transport along latitude circles.

Much of the interest in mixing barriers has been spurred by
observations of volcanic aerosols. Volcanic aerosols injected
into the tropical stratosphere, such as those produced by the
eruption of Mount Pinatubo, tend to remain confined to the
tropics for a substantial period of time. Satellite and airborne
lidar observations show evidence of confinement by sharp
gradients of aerosol concentration between the tropics and the
middle latitude surf zones [Grant et al., 1996; McCormick and
Veiga, 1992; Read et al., 1993; Trepte et al., 1993]. Trepte and
Hitchman [1992] deduced that there is an aerosol reservoir in the
tropics, with a mixing barrier at each side. Furthermore, satellite
observations reveal that unlike the wintertime polar mixing
barrier, the tropical mixing barriers are quasi-permeable. There
is leakage of tropical air into the extratropics by way of narrow
“tongues” [Leovy et al., 1985; Manney et al., 1993; Randel et al.,
1993].
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Mixing barriers between the tropics and extratropics have also
been inferred from tracer observations. Murphy et al. [1993]
found a strong gradient of chemical species in the tropics.
Avallone and Prather [1996], Minschwaner et al. [1996], and
Volk et al. [1996] used tracer observations and photochemical
models to estimate how much extratropical stratospheric air is
mixed into the air that upwells into the tropical stratosphere from
the troposphere. Their conclusions are generally consistent,
indicating that a significant fraction of tropical air (~50%) has
been mixed in from the extratropics by the time air parcels reach
22 km altitude. They conclude, however, that tropical mixing is
relatively slow compared to midlatitudes and that the mixing rate
is likely to be height dependent. The vertical and seasonal
variation of mixing rates could not be deduced from the data
available.

Following the recent observational evidence for tropical
mixing barriers, there have been several attempts to study
transport near the barriers. Waugh [1993] used winds derived
from the National Meteorological Center/Climate Analysis
Center (NMC/CAC) stratospheric analyses to advect material
contours in order to try to reproduce the advection of narrow air
tongues from the subtropics into the middle and high latitudes
observed by Randel et al. [1993]. He suggested that the tongues
of tropical air are caused by disturbances of the stratospheric
polar vortices. However, more recent research suggests that air
mixing out of the tropics results from planetary wavebreaking in
the middle latitudes rather than disturbances of the polar vortices.
Chen et al. [1994] similarly used United Kingdom
Meteorological Office (UKMO) analyzed winds to study air
transport out of tropics. They confirmed the existence of the
tropical air tongues and concluded that the “quasi-permeability”
of the tropical barrier is due to planetary wavebreaking in the
middle latitudes. Waugh [1996] also suggested that air mixing
out of the tropics is related to wavebreaking in the middle
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latitudes, while Randel and Held [1991] showed that equatorward
propagating Rossby waves tend to break on the poleward side of
their critical lines, which are typically in the subtropics or
midlatitudes

Analyzed winds are quite useful for calculating air transport in
middle and high latitudes. The major problem with this approach
in the tropics, however, is the lack of direct wind observations.
In the tropics, unlike midlatitudes, there are no simple balance
relations that can be used to infer the winds from the geopotential
height field. As a result, trajectory calculations in the tropics are
highly suspect. Bowman [1996] used CAC/NMC analyzed wind
data, which one would not expect to be accurate in the tropics, to
calculate meridional diffusion coefficients. His results show a
clear polar mixing barrier associated with the polar night jet in
high latitudes. However, there is little evidence of tropical
mixing barriers. On the basis of contour advection (CA)
calculations, Waugh [1996] found that results in the tropics were
sensitive to the choice of analysis used in his calculations.
Therefore he concluded that tropical trajectories using current
analyzed winds are too uncertain to examine the details of air
transport in the tropics.

Polvani et al. [1995] used a high-resolution shallow water
model to simulate air exchange between the tropics and middle
latitudes. They found that there are two types of tropical mixing
barriers. One type is associated with an unconfined
wavebreaking regime in which wavebreaking in the midlatitudes
extends beyond the main surf zone to the tropics and draws
tropical air into the surf zone. The other type occurs when
wavebreaking is confined to the winter hemisphere surf zone and
the tropical barrier is stronger and impermeable to equatorward
intrusion of midlatitude air. O’Sullivan and Chen [1996] used a
three-dimensional mechanistic model to study the
tropical/extratropical air exchange, with a quasi-biennial
oscillation (QBO) modulation. They confirmed that
wavebreaking in the middle latitudes is important to air transport
between the tropics and middle latitudes. Boville et al. [1991]
used the stratospheric version of the National Center for
Atmospheric Research (NCAR) Community Climate Model
Version 2 (CCM2) to simulate the spread of Pinatubo-like
aerosols. They found that tracers are well confined on the
summer side of the equator, with some transport into the middle
latitudes of the winter hemisphere.

All of the above studies have made three basic conclusions: (1)
there are barriers to meridional mixing in the tropics; (2) the
barriers are quasi-permeable at least some of the time; and (3)
planetary wavebreaking in the middle latitudes is crucially
important to air exchange between the tropics and middle
latitudes. The mechanisms that are responsible for the formation
and destruction of the tropical mixing barriers still remain
unelucidated. Bowman [1995, 1996] suggested that the polar
mixing barrier is a result of the lack of waves with fast phase
speeds comparable to the speed of the polar night jet. In this
study we investigate whether a similar mechanism could be
responsible for the tropical mixing barriers.

To avoid difficulties with analyzed winds in the tropics, we
use output from the Geophysical Fluid Dynamics Laboratory
(GFDL) high-resolution SKYHI model (N90). Using the model
allows us to study tropical mixing barriers in a dynamically
consistent framework. The limitations of the model approach are
discussed in the conclusions.
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2. Data and Methods
2.1. Data

We use | year (June to May) of wind and potential vorticity
fields simulated by the high-resolution SKYHI model (1° x 1.2°
in latitude and longitude and 40 levels from the ground to 80
km). A detailed description of the model is given by Fels et al.
[1980], Mahlman and Umscheid [1987], Hamilton et al. [1995],
and Manzini and Hamilton [1993]. Variables are saved twice
daily. Horizontal winds (u,v) and other variables from the
model are interpolated onto isentropic surfaces. We use the
450K isentropic level, which is at about 18 km altitude at the
equator.

2.2. Methods

Two techniques are used, Lagrangian trajectory calculations
and filtering. By calculating air particle trajectories, one can
estimate the effective meridional diffusion coefficient (K yy),
which is one measure of meridional mixing. For a finite domain
like the Earth the time period of integration must be long enough
to sample the variability in the flow and short enough that the
parcels do not disperse to fill the domain. In practice, monthly
integrations satisfy these criteria well. Trajectories are computed
for a large number of particles ( 1282 = 16,384 ) initially arranged
on a regular longitude-latitude grid extending from 85°S to 85°N.
Velocities are linearly interpolated in space and time, with 32
time steps per day (45 min for each time step). The effective
meridional diffusion coefficient as a function of latitude ( K yy) is
estimated from the rate of increase of the meridional dispersion
of the particles ( n'z) for each month [Bowman, 1993; Schoeberl
et al., 1992]. Filtering is used to remove or amplify specific
kinds of waves. Bowman [1996] has a detailed description of the
filter techniques.

3. Tropical Mixing Barriers
in the SKYHI Simulations

We focus on the seasonal variation of the tropical mixing
barriers. Therefore the modeled year is divided into four seasons:
summer (June, July, and August, JJA), fall (September, October,
and November, SON), winter (December, January, and February,
DIJF), and spring (March, April, and May, MAM). Seasonal
averages of K yy are obtained from the three individual monthly
calculations.

3.1. Tropical Mixing Barriers and Their Seasonal Variation

Figure 1 shows seasonal averages of the zonal-mean zonal
wind, u (dashed line), potential vorticity, ¢ (dotted line), and
diffusion coefficient, Ky, (solid line). During the solstitial
seasons (JJA and DJF) there is a strong westerly polar-night jet in
the winter hemisphere at about 65°, with weak westerly winds in
the summer hemisphere. During the equinoctial seasons (SON
and MAM) the extratropical westerly jets have intermediate
strengths. The northern hemisphere jet is ~20 m s*!, while the
southern hemisphere jet is ~30 m s"). Winds in the tropics are
easterly with two maxima (hereafter, easterly jets). The stronger
one lies on the summer side of the equator and has maximum
winds of ~—25 m s°!, while the weaker one is ~—6 m s\, During
the equinoctial seasons the tropical easterly jets are nearly equal
in strength, with wind speeds of ~-10 m s°!.
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Figure 1. Seasonal averages of the zonal-mean zonal wind u (dashed line), the zonal-mean potential vorticity g
(dotted line, scaled to fit the graph), and the effective diffusion coefficient K yy (solid line).

The potential vorticity (PV) gprofile in Figure 1 exhibits
some important structure. The PV in the summer hemisphere is
nearly constant, which suggests that PV is well mixed throughout
the hemisphere. There is an abrupt change in the PV at about 10°
latitude in the summer hemisphere, with a much larger PV
gradient through the tropics. The PV gradient in the tropics is
consistent throughout the year, showing little seasonal variation.
The PV gradient in the surf zone of the winter hemisphere is
nearly flat, again indicating efficient mixing there. The PV
gradient is also large across the polar night jet, which indicates
the existence of the polar mixing barrier.

Seasonal averages of K yy are shown in Figure 1 (solid lines).
Both JJA and DIJF show the following significant features: (1)
near-zero K vy in the high latitudes of the winter hemisphere; (2)
larger K, in the midlatitude surf zone of the winter hemisphere;
(3) a weak-mixing zone with minimum K, in the tropics on the
summer-hemisphere side of the equator; (4) a narrow maximum
in on each side of the weak-mixing zone; and (5) almost
uniform Ky, in the extratropics of the summer hemisphere. In
distinct contrast, the equinoctial seasons (SON and MAM) show
the well-isolated Antarctic polar vortex. They show little
evidence of a weak-mixing zone in the tropics.

3.2. Permeability of the Tropical Mixing Barriers

In the previous section, calculations of K__ show that there is
a weak-mixing zone in the tropics during the solstitial seasons.
However, unlike the K yy Vvalues associated with the polar mixing
barrier (K W= 0) K vy in the tropical weak-mixing zone is not
near zero. This suggests that the tropical mixing barriers are
likely to be quasi-permeable. To test the permeability of the

tropical mixing barriers, we use mixing maps.

Figure 2 shows the mixing process for July. The left-hand
panels show snapshots of particle locations after 30-day
integrations, while the right-hand panels are histograms of
particle distributions. The zone between the two solid lines
indicates the approximate boundaries of the tropical weak-mixing
zone (0°-20°N) in July, while shading indicates the initial
particle locations. Figure 2a shows particle locations after 30
days for particles initially located between 20°N and 40°N,
immediately north of the weak-mixing zone. The particles are
fairly well mixed in middle and high latitudes of the northern
hemisphere. Few particles cross the northern barrier and enter
the weak-mixing zone, however. Figure 2b shows particle
locations for particles initially located within the weak-mixing
zone. In this case, most particles are still confined to the weak-
mixing zone, though some particles escape from both sides of the
zone. Gradients of particle concentration can be seen at both
edges of the weak-mixing zone, which is evidence of the tropical
mixing barriers. Many particles mix through the southern barrier
into the southern (winter) hemisphere. In contrast, few particles
mix into the northern (summer) hemisphere. Figure 2c shows
particle locations after 30 days for particles initially Iocated
between 20°S and 0°, immediately south of the weak-mixing
zone. Some particles mix into the weak-mixing zone. The other
particles mix only in the midlatitudes of the southern hemisphere,
not into high latitudes. This is due to the winter polar mixing
barrier.

Figure 3 shows the same experiments as Figure 2, but for
January. In this month the weak-mixing zone is located at
~18°S-3°S. The northern (winter) barrier allows more particles
to mix both into and out of the the weak-mixing zone compared
with the southern (summer) barrier. Again, the winter polar
mixing barrier limits particle mixing into the high latitudes of the
northern hemisphere (Figure 3a).
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Figure 2. Locations of Lagrangian particles after 1-month
integrations beginning on July 1 (left panels) and the latitude
distributions of the particles (right panels). The approximate
edges of the weak-mixing zone are indicated by the solid lines at
0° and 20°N in the right-hand panels. Particles are initialized on
a regular longitude-latitude grid in three different zones indicated
by shading in the right-hand panels: (a) 20°N—40°N (north of the
weak-mixing zone); (b) 0°~20°N (within the weak mixing zone);
and (c) 20°-0° (south of the weak-mixing zone).

In order to quantify air transport into and out of the tropical
weak-mixing zone, equivalent mass transport calculations were
done assuming each particle represents an air parcel area (which
is dependent on latitude). Calculations of equivalent mass
transport for July and January are summarized in Figure 4 as a
percentage of the amount of air within the weak-mixing zone.
Figure 4a (July) shows that the northern (summer) barrier allows
only 5% of the air mass to be transported into or out of the weak-
mixing zone, while the southern barrier allows 28% out of and
32% into the weak-mixing zone, respectively. The net gain in the
weak-mixing zone is 4%. In Figure 4b (January) the southern
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Figure 3. Same as Figure 2, except for January. In this case the
weak-mixing zone is from ~18°-3°S.

(summer) barrier is stronger and allows 7% equivalent mass of
the particles transported out of and 19% into the weak-mixing
zone, respectively. The northern (winter) barrier allows 38% to
be transported out of and 26% to be transported into the weak-
mixing zone, respectively. The equivalent mass transport into
and out of the weak-mixing zone balances.

Figure 5 shows mixing results for October, when there are no
tropical mixing barriers evident in K, (Figure 1). Particles are
initially arranged into three zones: 10°N-30°N, 10°S-10°N, and
30°S-10°S, respectively. Figure 5b shows that particles mix
freely from the tropics into both hemispheres. Figures 5a and Sc
show that particles also mix freely into the tropics from both
hemispheres. It is interesting to note that there are two polar
mixing barriers which prohibit particles mixing into the polar
regions. Similar results are found for April (not shown).

The equivalent mass transport for October and April is
summarized in Figure 6. Compared with the results in Figure 4,
Figure 6 shows substantial air exchange between the tropics and
midlatitudes in both hemispheres. Furthermore, the tropics lose
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Figure 4. Percentage of particles mixing into and out of the
tropical weak-mixing zone in July and January.

mass of about 7 and 8% for the 2 months, respectively. Note that
the calculations in this study are based on isentropic Lagrangian
transport calculations, not the mass continuity equation, so mass
balance is, at best, approximate.

4. Planetary Waves and Tropical Mixing

We test two factors that could lead to the lack of wavebreaking
and mixing in the weak-mixing zone: (1) insufficient wave power
and (2) wave phase speeds that do not match the zonal flow.

4.1. Wave Spectrum Analysis

Figure 7 shows seasonal averages of monthly power spectra of
the v component of the wind for JJA at nine latitudes. Note that
the contour intervals vary in the plots. The contour interval used
at 15°S, 0°, 15°N is larger than that used in middle and high
latitudes in order to clearly show the relatively weak tropical
wave power, and some contours near the large peaks for the
stationary waves are omitted for clarity. The zonal-mean
components (wavenumber 0) have been omitted. The dotted
lines indicate the zonal phase speeds of the waves, which
represent -5, —10, —20, =30, 30, 20, 10, and S5m s°!, respectively.

Figure 7 reveals the following seasonal-average features in
power spectra. Most phase speeds are less than 30 m s, The
largest components in all of the plots are the stationary and quasi-
stationary waves. In general, the power focuses on wavenumbers
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less than 5 and periods longer than 5 days. Compared with the
extratropical waves, the tropical waves have relatively weak
power. The winter hemisphere has a richer wave spectrum than
the summer hemisphere. There is no power in v for eastward
moving waves at the equator. Traveling waves are weak at 15°N.
In middle and high latitudes of both hemispheres, eastward
moving waves have larger power than westward moving waves.
Waves in Figure 7e show characteristics of Rossby-gravity
waves, with westward movement, relatively high frequencies,
and relatively strong power in meridional components at the
equator that decay rapidly with latitude (almost disappearing at
15° south and north, Figures 7d and 7f). These waves are
assumed to be Rossby-gravity waves.

Tropical wave spectra for the other three seasons are plotted in
Figure 8. In Figure 8, waves at the equator show the
characteristics of Rossby-gravity waves (Figures 8b, 8e, and 8h).
Comparison of Figure 8d with Figure 8f shows that at 15°S, wave
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Figure 5. Same as Figure 2, except for October. There is no
weak-mixing zone in this season, but boundaries are drawn (solid
lines) for later comparison with Figure 12.
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Figure 6. Percentage of particles mixing into and out of the
tropical weak-mixing zone in October and April.

activity is somewhat weaker than at 15°N in DJF. This
phenomenon is not apparent in SON and MAM.

Table 1 shows the total wave power at three latitudes, 15°S,
the equator, and 15°N for the four seasons. The total power at
the equator is clearly larger than at 15°N and 15°S during the
whole year. In JJA, total power at 15°S is almost as twice large
as at 15°N. The situation in DJF is the reverse of JJA. However,
in SON and MAM, total power is almost the same at 15°N and
15°8S.

4.2. Effects of Spatial Scale

Figure 9 shows seasonal averages of K calculated from
unfiltered winds and from winds filtered by zonal wavenumber.
Three filters are used: a high-pass filter (waves with wavenumber
1<k<35 are removed, dotted line), a band-gap filter (waves
with wavenumber 6 <k <15 are removed, dashed line), and a
low-pass filter (waves with wavenumber 16<k<150 are
removed, dash-dotted line). The solid line indicates K yy from
the unfiltered winds (hereafter, K Wy from unfiltered winds is
plotted with a solid line). For all seasons, K is greatly reduced
when the high-pass filter is used. However, there is almost no
change in K when the low-pass filter is used. The band-gap
filter does not result in significant changes in K yy atany latitude
during the solstitial seasons. However, it results in some changes
in the tropics for the equinoctial seasons. Thus, for the wave
spectra of the SKYHI model, meridional mixing in the lower
stratosphere is controlled mainly by the large-scale waves
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(wavenumber 1-5), while the smaller scale waves may play some
role on the tropics. This is not surprising since Figure 7 shows
that most of the wave power is in large-scale low-frequency
waves.

4.3. Effect of Westward Moving Waves

Figure 10 shows the seasonal averages of K using
unfiltered, filtered, and antifiltered winds. The dotted line is for
the case in which all westward moving waves are removed; the
dashed line is for the case in which all westward moving waves
are amplified by a factor of 2. The figure clearly shows that
mixing falls abruptly to zero in the tropics for all the seasons
when all westward moving waves are removed, indicating that
mixing in the tropics results mainly from breaking of westward
moving waves. Westward moving waves also cause some
mixing in middle latitudes but have no effect in high latitudes.
Figure 10 shows that there is a large increase in K, in the
tropics when the westward moving waves are amplified. This
helps confirm that tropical mixing is mainly controlled by
westward moving waves.

Figure 11 shows the same experiments as in Figure 2, but for
winds with all westward moving waves removed. Comparison of
Figure 11 with Figure 2 indicates that the tropical mixing barriers
become nearly impermeable when westward moving waves are
removed. Figure 12 shows the same experiments as in Figure S
(October), but for filtered winds with all westward moving waves
removed. It is clear that there are tropical mixing barriers which
confine tropical air to the tropics (Figure 12b) and limit intrusion
of midlatitude air into the tropics (Figures 12a and 12c). During
the equinoctial seasons, which normally lack tropical mixing
barriers, mixing barriers appear when all westward moving
waves are removed.

4.4. Effect of Westward Moving Waves
With Different Phase Speeds

In order to determine which westward moving waves are
responsible for tropical mixing, several experiments are carried
out with filtered and unfiltered winds (Figure 13). Three filters
are used: filter 1 removes waves with —ee<c<-25 ms’!
(dashed line); filter 2 removes waves with —ec<c<~10 ms’!
(dash-dotted line); and filter 3 removes waves with
-0 <¢<0 ms! (dotted line). Filter 1 causes little change in
mixing at any latitude. For the solstitial seasons K tends to
zero in the tropics when filter 2 is used. For the equinoctial
seasons, when filter 2 is used, a weak-mixing zone occurs in the
tropics. Filter 3 reduces mixing in the tropics and middle
latitudes more than the filter 2. This is because the third filter
also removes some quasi-stationary waves. These experiments
suggest that fast westward moving waves with
—eo<¢<—25 ms! do not influence mixing at any latitude since
they move too quickly to match the tropical zonal flow. For the
tropics the westward moving waves with intermediate phase
speeds of —25<c<-10 ms’! are most important. This is
because most of the traveling-wave power is in that range and the
maximum speed of the tropical easterly zonal flow varies
between about —25 and —10 m s, When waves in this phase
speed range are removed from the flow, mixing is reduced at the
equator in all cases, even though the flow at the equator itself,
which lies between the two tropical jets, is slower than the wave
phase speeds. Waves with phase speeds between —25 and
—10m s°! have a small percentage of the total power (not shown).
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Figure 7. Seasonal averages of monthly wavenumber-frequency power spectra of the v component of the wind for

JJA.

However, breaking by these waves is mainly responsible for
tropical mixing. i

4.5. Effect of Eastward Moving Waves

According to the theory of wavebreaking at critical layers,
eastward moving waves should not affect tropical mixing for the
SKYHI simulations because this model has only easterlies in the
tropics. Two filters are used to test this hypothesis (Figure 14).
One filter removes the waves with 25<c¢<e ms’! (dashed
line). The other filter removes eastward moving waves with
0<c<eo ms! (dotted line). Figure 14 shows that removing all
eastward moving waves does not change tropical mixing but does
reduce mixing in middle and high latitudes. In particular, Figure
14c shows significant changes in the southern hemisphere, where
K W tends toward zero. Therefore, as expected, the experiments

suggest that eastward moving waves have no effect on tropical
mixing.

4.6. Effects of Stationary and Quasi-Stationary Waves

Figure 15 shows K vy from unfiltered (solid), filtered (dotted),
and antifiltered (dashed) winds when stationary and quasi-
stationary waves (5<c<5ms’!) are removed or amplified.
During the solstitial seasons the tropical weak-mixing zone
becomies slightly stronger without stationary and quasi-stationary
waves. In particular, in JJA the big spike in K, at 30°N
disappears. The spike in the unfiltered case probably results from
the transport by strong monsoon highs over east Asia and North
America in the northern hemisphere summer. Animations of
mixing maps show two anticyclonic vortices located in east Asia
and North America, which carry particles from very low latitudes
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Figure 8. Seasonal averages of wavenumber-frequency power spectra of the v component of the wind for SON,'

DJF, and MAM.

Table 1. Seasonal Average of Total Wave Power in the Tropics

15°S 0 15°N

JIA 2.02 4.08 1.24
SON 1.74 3.38 222
DJF 1.20 3.66 2.16
MAM 1.80 2.66 1.90

Average is in 10'* m3 5L JJA, June, July, and August; SON,

September, October, and November; DJF; December, January, and
February; MAM; March, April, and May.

to very high latitudes in the northern hemisphere. During the
equinoctial seasons, weak tropical mixing barriers appear when
stationary and quasi-stationary waves are removed. In the
antifiltered case, for all four seasons K increases everywhere
except for very high latitudes. In JJA the tropical weak-mixing
zone almost disappears. In DJF the antifiltered winds clearly
increase mixing, though there still is a minimum in Kyy in the
tropics.

4.7. Effects of Zonal Flow

As an alternative test of the wavebreaking hypothesis, K v is
calculated with modified zonal flows rather than modified wave
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Figure 9. Seasonal averages of the diffusion coefficient (K yy) @s a function of latitude estimated from particle
dispersion statistics for unfiltered winds (solid line) and winds filtered by zonal wave number & : (1) 0<k<5
removed (dotted line); (2) 6 < k <15 removed (dashed line); and (3) 16 < k <150 removed (dash-dotted line).
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Figure 10. Seasonal averages of the diffusion coefficient (K y) as a function of latitude estimated from particle
dispersion statistics for unfiltered winds (solid line) and winds f’i'ltered (dotted line) and antifiltered (2x, dashed line)
by removing or amplifying all the westward traveling waves (—co < ¢ <0).
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Figure 11. Same as Figure 2, except that all westward moving
waves are removed.

spectra. The zonal flow is modified by simply adding a solid
body rotation (which does not change meridional PV gradients).
Here the zonal flow is modified by subtracting 20 cos¢ m st(¢
indicates latitude). This strengthens the tropical easterly winds to
40ms’!. Figure 16 shows a very wide weak-mixing zone with
near-zero mixing in the tropics. This indicates that the structure
of the tropical zonal-mean flow has a strong impact on tropical
mixing. In this case, no waves with significant power are fast
enough to match the strong easterlies. Figure 16 shows that the
location of the tropical weak-mixing zone matches the maximum
speed of the easterly jet rather than the shear region of the jet.

5. Discussion

Lagrangian trajectory calculations show that a weak-mixing
zone is present in the GFDL SKYHI model at 450 K in the
tropical lower stratosphere during the solstitial seasons. There
are two mixing barriers associated with the weak-mixing zone, a
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stronger one on the summer side of the zone and a weaker one on
the winter side. The two barriers tend to confine particles to the
tropics, but the barriers are quasi-permeable. The stronger barrier
allows little exchange with summer hemisphere midlatitudes,
while the weaker one allows some mixing into and out of the
winter hemisphere. ,

The location and strength of the barriers vary seasonally and
are closely related to the seasonal variations of the tropical zonal
flow and wave spectra. Comparison of the K, and u profiles
(Figure 1) shows that during the solstitial seasons a strong
easterly jet is located at about 20° latitude in the summer
hemisphere, and the minimum K, values lie on the equatorward
side of the easterly jet. During the equinoctial seasons the
tropical easterlies are weaker, and there are no tropical mixing
barriers. Comparison of K, in Figure 1 with wave spectra in
Figures 7 and 8 shows that the tropical weak-mixing zone
matches the latitudes where there is a relative lack of westward
moving waves. This suggests that the tropical mixing barriers

October

0 200 400

0 200400

Figure 12. Same as Figure 5, except that all westward moving
waves are removed.



BOWMAN AND HU: TROPICAL MIXING BARRIERS IN SKYHI

JJA DJF

- 6_ -
|
- 4_ " -
Y/ ! A
1 SVY SRS Mg |
o AN -
0Ls A L DY . L
90 -90 -60 -30 0 30 60 90
Latitude Latitude

Figure 13. Seasonal averages of the diffusion coefficient (K yy) s a function of latitude estimated from particle
dispersion statistics for unfiltered winds (solid line) and winds filtered by phase speed c: (1) —eo<c<-25 ms’!
removed (dashed line); (2) —oo<c<-10 ms”! removed (dash-dotted line); and (3) —eo<c<-3 ms! removed
(dotted line).
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Figure 14. Seasonal averages of the diffusion coefficient ( K yy) as a function of latitude estimated from particle
dispersion statistics for unfiltered winds (solid line) and winds filtered by removing (1) 0<c<25 ms-! (dotted
line) and (2) 0<c< oo ms’! (dashed line).
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Figure 15. Seasonal averages of the diffusion coefficient (K yv as a function of latitude estimated from particle
dispersion statistics for unfiltered winds (solid line) and winds m%o:wa (dotted line) and antifiltered (dashed line) by
removing or amplifying stationary and quasi-stationary waves (-5<c<5 ms).
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Figure 16. Seasonal averages of the modified zonal-mean zonal wind (# —20 cos¢, dashed line) and the
corresponding diffusion coefficient ( K, dotted line). The solid line indicates K, values corresponding to the
unmodified winds.
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result from the lack of breaking waves at some latitudes in the
tropics.

Comparing K, and g profiles in Figure 1, we find that a
sharp PV gradient in the tropics does not imply the existence of a
tropical mixing barrier. Figure 1 shows that a sharp PV gradient
exists in the tropics all the year, though the mixing barriers do
not. Tropical mixing barriers occur only in the solstitial seasons.
Therefore it may be more appropriate to think of the PV structure
as being the result of the tropical mixing, rather than the factor
that controls tropical mixing.

Trajectory calculations with filtered winds show that tropical
mixing is produced mainly by breaking of large-scale westward
moving waves, while eastward moving waves make no
contribution. The westward moving waves interact with the
easterly tropical zonal flow, break near their critical layers, and
mix air in the tropics. Westward moving waves with phase
speeds between —25 and —10 m s°! control tropical mixing in the
model. The tropical weak-mixing zone matches the zone (around
15° south or north) where there is a relative absence of such
waves.

Figures 7 and 8 show that in the SKYHI model the Rossby-
gravity-like waves are trapped near the equator. This suggests
that permeability of the tropical mixing barriers, which lie at
about 15° north or south, must be attributed to the equatorward
propagation of the extratropical westward moving waves. The
equatorially trapped modes are generally faster than the flow and
so would not be expected to break. Superposition of multiple
linear equatorial wave modes can still cause mixing [Li ef al.,
1996]. When waves propagate into the tropics from midlatitudes,
some of them are expected to break at their critical layers and
draw tropical air into midlatitudes. The fact that the weaker
tropical mixing barrier lies on the winter side of the weak-mixing
zone suggests that propagation of waves into the tropics and
wavebreaking events mainly happen on the winter-hemisphere
side and are blocked on the summer-hemisphere side.

Figure 1 shows that in JJA a strong easterly jet with a
maximum wind speed of about —25 m s™! is located at about
20°N. This means that all the waves with phase speed > —25
m 5! will break on the northern flank of the jet as the waves
propagate equatorward from the midlatitudes of the northern
hemisphere. This is why there is relative absence of westward
moving waves at 15°N (Figure 7d). However, the weaker
easterly jet (maximum speed of about -6 m s°!) on the winter side
allows waves with phase speeds <—6 m s™! in the midlatitudes of
the southern hemisphere to propagate further into the tropics. In
DJF the situation reverses.

In contrast, during the equinoctial seasons the twin easterly
jets have almost equal maximum speeds of about ~10 ms™L.
Such zonal flow allows waves with phase speeds <-10 ms! to
propagate into the tropics from the midlatitudes of the both
hemispheres. Figures 8a and 8c clearly show that there are waves
at both 15° north and south, with phase speeds >-10m sL,
Similar results can be seen in Figures 8g and 8i. Table | shows
consistent results with the above discussion. Therefore it is the
strength of the easterly jets that determines whether waves can
propagate into the tropics.

To summarize, during the solstitial seasons, westward moving
waves propagate equatorward from the midlatitudes of the winter
hemisphere. Some of the waves break in the low latitudes and
mix tropical air into the winter hemisphere. In the summer
hemisphere, however, the stronger easterly jet prevents westward
moving waves from propagating into the tropics and leads to the
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relative lack of westward moving waves. This produces a weak-
mixing zone that is isolated from the surf zones. During the
equinoctial seasons, relatively weak tropical easterlies allow
midlatitude waves to propagate into the tropics from both
hemispheres. This leads to no tropical mixing barriers or weak-
mixing zones.

The tropical mixing barriers are produced by a somewhat
different mechanism than the barriers around the polar vortices.
In the tropics, waves are filtered out as the waves propagate
across the zonal mean shear, and wave power at the mixing
barrier is very weak. At the polar mixing barrier, on the other
hand, wave amplitudes are very large, but the phase speeds of the
waves do not match the zonal flow, so the waves do not break.
As a result, large parcel displacements occur at the polar mixing
barrier but are reversible.

Observational data allow some comparison with the SKYHI
results. Trepte and Hitchman [1992] suggested that there are two
tropical mixing barriers that lie at about 20°N and 20°S during
the easterly QBO phase. Hitchman et al. [1994] found that
during DJF the aerosol concentration gradient in the northern
(winter) hemisphere appears to be steeper than in the southern
hemisphere. However, for the other seasons it is difficult to
discern a steeper gradient. Stowe et al. [1992] presented the
observations of the Pinatubo aerosols in July and August 1991.
They found a sharper edge of the tropical reservoir in the
southern hemisphere rather than in the northern hemisphere.

The results from the SKYHI simulation are consistent with
Boville et al.’s [1991] simulation results. They found a stronger
mixing barrier lying on the summer side of the equator at about
30°N, with a weaker one at about 15°S. Aerosols from the
Pinatubo eruption did not penetrate poleward of 30°N until the
stratospheric wind switched to westerly in October. In contrast,
some aerosols mixed across the weaker barrier and into the
southern hemisphere. In their simulation the stronger tropical
mixing barrier was also associated with the tropical easterly jet in
the summer hemisphere.

These results from the SKYHI simulations are also consistent
with the barotropic model simulations of Polvani et al. [1995].
They suggested, however, that stronger easterly shear in the
tropics is responsible for the mixing barriers. We interpret their
results slightly differently and argue that it is stronger easterly
winds in the tropics that are responsible for the tropical mixing
barriers, not the shear per se, although one implies the other when
there are westerly winds in the middle latitudes.

Various studies disagree on mass transport into and out of the
tropics. In the SKYHI simulations the mass transported into and
out of the tropics roughly balances during the solstitial seasons,
while the tropics lose mass during the equinoctial seasons. The
net exchange of tropical and extratropical air is less than 10%.
O’Sullivan and Chen [1996], by contrast, concluded that air is
mainly transported out of the tropics, with very little mixing of
extratropical air into the tropics.

The applicability of these results to the real atmosphere
depends largely upon the fidelity of the SKYHI simulation. Both
the zonally averaged flow and the wave spectrum are important
for mixing and must be simulated properly. Because the SKYHI
model does not produce a QBO, the zonal-mean flow in the
tropics is quite different from the observed circulation. Care
should thus be taken when interpreting tracer transport in the
tropics in general circulation model (GCM) simulations. The
critical line mechanism for wavebreaking, mixing, and the
formation of mixing barriers seems to be robust, however. We
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are currently carrying out a similar analysis of a SKYHI
simulation that includes a mechanically forced QBO with
alternating descending westerlies arid easterlies at the equator.
As part of the new study we will also evaluate the height
dependence of tropical mixing in the strongly sheared QBO flow.
On the basis of the results here we can hypothesize that the weak-
mixing zone in the tropics will be wider and more symmetric
during the easterly phase of the QBO, when a stronger, more
symmetric easterly jet is centered over the equator. When
tropical winds are weak or westerly, however, the mixing
characteristics may be very different.
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