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The influence of convective outflow on water vapor
mixing ratios in the tropical upper troposphere: An
analysis based on UARS MLS measurements

J. P. McCormack!, R. Fu'*, and W. G. Read?

Abstract. The source of increased water vapor mixing ra-
tios over the central and eastern tropical Pacific region during
the 1992 El Nifio event is examined using measurements of
upper tropospheric water vapor provided by the Microwave
Limb Sounder (MLS) on board the Upper Atmosphere Re-
search Satellite. Horizontal winds on isentropic surfaces are
combined with ISCCP cloud information to provide back-
trajectory calculations free of high clouds. These calculations
show that the water vapor mixing ratio of an air parcel in the
cloud-free regions of the eastern Pacific decreases to approxi-
mately one-half of its original value within the first 30 hours
after encountering deep convection. This analysis also finds
a larger number of air parcels encountering deep convection
within 30 hours of observation, and therefore having higher
mixing ratios, in March-April 1992 compared to March-April
1994. Hence, increased deep convection over the equatorial
central and eastern Pacific in 1992 contributed to the moist-
ening of the downstream tropical upper troposphere.

1. Introduction

The net outgoing longwave radiation is sensitive to changes
in humidity that occur in regions of the upper troposphere
where the background humidity is low (e.g., [Udelhofen and
Hartmann, 1995]). A key question in climate change studies
is whether surface warming in the tropics, and a subsequent
increase in the frequency and/or intensity of deep convec-
tion, would lead to an overall moistening or drying of the
tropical upper troposphere [Lindzen, 1990]. Previous stud-
ies examining geographic relationships between upper tropo-
spheric humidity, convective cloud amount, and surface tem-
perature either locally or averaged over large spatial scales
[Soden and Fu, 1995; Newell et al., 1997; Liao and Rind,
1997; Yang and Tung, 1998] suggest a positive correlation
between changes in tropical deep convection and changes
in upper tropospheric humidity. Recent theoretical studies
[Salathe and Hartmann, 1997; Soden, 1998; Pierrehumbert,
1998; Pierrechumbert and Roca, 1998] have shown that the
humidity distribution in these dry regions is primarily de-
termined by vertical and horizontal moisture transport from
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regions of convective outflow. These studies dealt with vari-
ations in relative humidity over a broad region of the trop-
ical upper troposphere (i.e., 200-500 hPa). Presently, it is
unclear whether moisture throughout the uppermost tropso-
phere (above 300 hPa) will change uniformly in response to
changes in convection, or whether this response will be depen-
dent on altitude. To address this point, measurements with
more accurate vertical registration are needed. The MLS wa-
ter vapor measurements are capable of focusing on a specific
region of the upper troposphere centered near 215 (£25) hPa.

In the present study, we diagnose the origins of water va-
por anomalies and their proximity to regions of deep convec-
tion using isentropic back trajectory calculations. The results
of these calculations are combined with cloud information
and the MLS observations to derive a relationship between
an air parcel’s water vapor mixing ratio and the time elapsed
since it encountered deep convection. This relationship illus-
trates how changes in the transport of water vapor from a
convectively active region moistened the upper troposphere
over the central and eastern tropical Pacific during the 1992
warm El Nifio/Southern Oscillation (ENSO) event.

2. Data

The UARS MLS instrument utilizes a limb-scanning tech-
nique to passively monitor the 205 GHz band, which is sen-
sitive mostly to emissions from the N2, Oz, and water vapor
continua [Read et al., 1995]. For the present study, we utilize
MLS water vapor retrievals at three discrete levels: 315 hPa,
215 hPa, and 147 hPa. The retrieval weighting functions at
each level are ~3 km wide in the vertical direction. Single
profile measurement precision is 5 ppmv or less [Newell et al.,
1997]. The Version 490 MLS water vapor retrievals presented
here are derived from an improved retrieval algorithm; differ-
ences between this and earlier versions are described by [San-
dor et al., 1998]. Here individual MLS water vapor profiles
are first screened to exclude retrievals degraded by the pres-
ence of mid- and low-level clouds. Additional quality control
rejects retrieved values at 315 hPa when the relative humidity
at that level is less than the single layer first-guess value by
5%. A complete description of the Version 490 MLS product
is forthcoming [Read et al., manuscript in preparation]. The
MLS instrument offers nearly continuous coverage between
34° S and 34° N latitude from September 1991 through Oc-
tober 1995. To compare upper tropospheric water vapor with
tropical convective activity, we examine daily global analyses
of cloud characteristics provided by the ISCCP D1 data set
[Rossow et al., 1996]. Back trajectory calculations are per-
formed to diagnose the dynamical origin of air parcels within
the tropical upper troposphere sampled by the MLS. These
calculations are based on 6-hourly horizontal wind fields on
the 350 K isentropic surface produced by the National Cen-
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Figure 1. 1992 minus 1994 differences in March-April MLS

water vapor mixing ratios at 147 hPa, 215 hPa, and 315 hPa.
Contour intervals are drawn every 5, 25, and 50 ppmv, respectively.
Solid (dashed) contours represent positive (negative) differences.
Blue (red) shading indicates positive (negative) differences in deep
convective cloud fraction over the same period.

ters for Environmental Prediction (NCEP) reanalysis project
[Kalnay et al., 1996].

3. Observations

[Newell et al., 1997] found differences in MLS 215 hPa
water vapor mixing ratios of 20-40 ppmv occurring in the
central and eastern tropical Pacific between April 1992 and
April 1994. Higher water vapor amounts observed during the
1992 period coincided with the warm ENSO phase in equato-
rial Pacific sea surface temperatures. The geographical char-
acteristics of this feature at all three pressure levels can be
seen in maps of the change in March-April mean MLS water
vapor and deep convective cloud fraction between 1992 and
1994 (Figure 1). The region of enhanced convection centered
over the equatorial central Pacific and extending eastward to
South America corresponds to the regions of maximum water
vapor change observed at the three levels. Similarly, regions
of suppressed tropical convection extending westward from
the dateline to approximately 90° E longitude coincide with
areas of decreased MLS water vapor. In the eastern tropical
Pacific region, the area of increased water vapor at all three
levels extends from approximately 15° S - 25° N and 240° -
270° E. This area is approximately 3000 km to the east of
the maximum in convective activity and is broader in latitude
than the region of increased convective cloud amount. The
back trajectory calculations presented in the following section
will focus on this region. That the water vapor differences
shown in Figure 1 are representative of ENSO variability can
be seen when comparing them with results derived from much
longer data sets (e.g., comparing Figure 1c and Figure 8 of
Bates et al., [1996]).
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4. Back Trajectory Calculations

Isentropic back trajectory calculations are combined with
ISCCP cloud information to : (1) describe the relationship
between water vapor mixing ratios of air parcels sampled by
MLS and the time elapsed since they encountered deep con-
vection; and (2) diagnose any changes in the transport of wa-
ter vapor away from deep convective regions that may have
contributed to the observed differences over the eastern Pa-
cific between the 1992 and 1994 periods (Figure 1).

The MLS retrieval is most reliable at the 215 hPa level,
where water vapor mixing ratios generally range between 100-
300 ppmv [Read et al., 1995]. At this level, the retrieval
uncertainties are clearly smaller than the magnitude of the
observed variations from year to year (Figure 1b). In the
tropics, the 215 hPa pressure level lies near the 350 K isen-
tropic surface. Assuming that an air parcel in clear regions
of the tropics near 215 hPa cools at the rate of ~1 K day ™"
[Holton, 1992], the parcel’s subsidence rate is on the order of
~10 hPa day™'. After five days, the amount of subsidence
could be comparable with the width of the MLS weighting
function at 215 hPa, which peaks between 190 hPa and 240
hPa. Therefore, we select an upper limit of five days for
the range of the back trajectory calculations. The amount
of subsidence over this period should be small enough to al-
low winds from the 350 K isentropic surface and water vapor
information from the 215 hPa level to be representative of
conditions encountered by a parcel along its back trajectory.

For each UARS measurement day during March-April
1992 and 1994, the location of an individual MLS profile
falling within our region of interest (i.e. 240° - 270° E, 15° S
- 25° N) becomes the origin of a back trajectory. Each calcu-
lation is carried out for five days at three-hour intervals using
interpolated winds. At each interval, the value of the ISCCP
D1 deep convective cloud fraction for the corresponding loca-
tion is recorded. Each trajectory is then examined for values
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Figure 2. MLS water vapor measurements at the origin of each
350 K back trajectory versus the time elapsed since the parcel en-
countered deep convection during January-April 1992. Values from
trajectories free of high cloud are plotted as individual points along
with the means (solid line) and 1-sigma (dotted lines) standard de-
viations for 6-hour intervals.
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of daytime deep convective cloud fraction exceeding 15%. At
the first occurrence of this value, the MLS 215 hPa water
vapor mixing ratio at the origin is compared with the time
elapsed since the parcel last encountered a region of active
convection.

5. Results

We first examine more than 700 trajectories originating
within the region of interest between January and April 1992.
When all trajectories are considered, there is a large scatter
in the MLS water vapor mixing ratio as a function of time
elapsed since convection was encountered, and thus no clear
relationship emerges.

The presence of cirrus clouds along the back trajecto-
ries complicates the assumption of isentropic transport, ei-
ther through the evaporation of ice particles in the dry cloud
free regions or through diabatic heating anomalies [Sherwood,
1999]. We account for this by screening each back trajectory
for the presence of high clouds (i.e. cloud-top pressures <
310 hPa) using the ISCCP D1 cloud data set. If a parcel
far from a region of (daytime) deep convection encounters a
region where the high cloud fraction exceeds 5% then that
trajectory is disregarded on the grounds that cirrus clouds
may be present. When only those back trajectories free of
high clouds are considered, a relationship emerges between
215 hPa water vapor mixing ratio sampled by MLS and the
elapsed time since this air last encountered deep convection
(Figure 2). On average, the mixing ratios of parcels at 215
hPa that encountered deep convection within thirty hours of
being sampled by MLS are approximately 50 ppmv higher
than the mixing ratios of parcels encountering convection af-
ter more than thirty hours. Because of the uncertainties in
the MLS retrievals and the assumptions made in the back
trajectory calculations, we emphasize the qualitative nature
of the result plotted in Figure 2.

Figure 3 shows the locations where air parcels originat-
ing within the boxed region encounter daytime deep convec-
tion (cloud fraction > 15%) following the 350 K isentropic
back trajectories computed during March-April 1992 (Figure
3, top) and 1994 (Figure 3, bottom). A larger number of
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Figure 3. The locations of deep convection along individual 350
K isentropic back trajectories. All trajectories originate within the

boxed region and are based on wind and cloud fields for March-
April 1992 (top panel) and March-April 1994 (bottom panel).
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Figure 4. Frequency distribution of the number of trajectories
(from Figure 3) encountering deep convection within 6-hour bins
from zero to 120 hours for the March-April periods of 1992 and
1994.

parcels encounter active convection over the equatorial east-
ern Pacific region in 1992 compared to 1994. The eastward
shift in the center of deep convection associated with the 1992
warm ENSO event apparently moves the source of upper tro-
pospheric water vapor closer to where enhanced water vapor
amounts are observed in March-April 1992. To verify this,
we determine the number of back-trajectories originating in
this region that have encountered deep convection within six-
hour intervals from zero out to 120 hours. As Figure 4 shows,
there is a larger number of parcels encountering deep convec-
tion within 30 hours during the March-April 1992 period as
compared to the March-April 1994 period. The amount of
subsidence should be small compared to the width of the MLS
weighting function at 215 hPa within this initial thirty hour
interval.

6. Conclusion

In the present study we examine MLS water vapor re-
trievals for the region of the upper troposphere near 215 hPa
and assume that the history of an air parcel sampled by MLS
can be traced from isentropic flow on the 350 K surface over
relatively short time periods (< 5 days). We have found that
when the elapsed time since encountering deep convection is
in the range of 20-30 hours, a parcel’s mixing ratio is reduced
by roughly a factor of two compared to air parcels which have
just exited from a convective region (Figure 2). For typical
atmospheric conditions near 215 hPa in the tropics over the
March-April period, it would take approximately 4-5 days for
a parcel’s mixing ratio to decrease by a factor of two due to
subsidence alone, assuming a cooling rate of ~1 K day~'.
Because the trajectories have been screened for the presence
of high cloud, this observed decrease within the first 20-30
hours is presumably due primarily to mixing with surround-
ing dry air in the cloud free regions. The mixing ratios of
air parcels more than two days removed from a convective
region are about one-third to one-quarter of values for air
parcels just exiting convection.
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During the March-April 1992 period, back trajectory cal-
culations focusing on the eastern tropical Pacific region show
a larger number of air parcels sampled by MLS had encoun-
tered deep convection within the last 30 hours as compared
to the March-April 1994 period (Figure 4). The eastward
shift in deep convection associated with the 1992 ENSO event
thus moistened the downstream region of the tropical upper
troposphere. Future work will examine whether the radiative
effects of cirrus outflow from convective regions modulate the
observed drying, since air parcels encountering regions of high
cloud do not exhibit the same decrease in mixing ratio with
time as the cloud-free trajectories in Figure 2.
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