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ABSTRACT

A technique for detecting large hydrometeors at high altitudes is described here and applied to the Upper
Atmosphere Research Satellite/Microwave Limb Sounder (UARS/MLS) 203-GHz radiance measurements at
tangent pressures between 200 and 46 hPa. At these tangent pressures the radiances remain optically thin
and cloudy-sky radiances are brighter than normal clear-sky cases. Unlike infrared/visible cloud observa-
tions, the 203-GHz radiances can penetrate most ice clouds and are sensitive to ice crystals of convective
origin. Rough ice water content (IWC) retrievals are made near the tropopause using estimated size
distributions from in situ convective studies. The seasonal mean IWC observed at 100 hPa reaches vapor-
equivalent 20 ppmv or more over convective centers, dominating the total water content. Convectively
lofted ice, therefore, appears to be hydrologically significant at the tropical cold point. IWC is well corre-
lated spatially with relative humidity with respect to ice (RHi) at 100 hPa during both the dry (January–
March) and moist (July–September) periods.

1. Introduction

Clouds near the tropical tropopause layer (TTL) play
an important role in the water budget in the earth’s
upper troposphere. However, lack of cloud and water
vapor measurements has been a major limitation in un-
derstanding what this role is. In particular, the role of
overshooting, convective clouds near the tropical
tropopause has been contested in the literature (e.g.,
Newell and Gould-Stewart 1981; Danielsen 1982;
Dessler 1998; Sherwood and Dessler 2000; Holton and
Gettelman 2001).

Measuring cloud ice at the tropopause altitudes has
been challenging. Passive nadir-viewing microwave
techniques do not have sufficient resolution to resolve

vertical distributions of cloud ice near tropopause
heights. These observations have been limited to col-
umn measurements such as cloud liquid water path
(LWP) and ice water path (IWP; e.g., Evans et al. 1998;
Liu and Curry 2000; Zhao and Weng 2002). On the
other hand, satellite infrared (IR) and visible limb-scan
techniques (e.g., Wang et al. 1995) are dominated by
diffuse (thin cirrus) clouds rather than small, opaque
clouds that may contribute significant ice content.
Documentation of significant convective lofting of ice
to the tropical tropopause has been limited to a few in
situ cases (e.g., Knollenberg et al. 1993).

Millimeter and submillimeter limb techniques offer a
new opportunity for observing cloud ice near the tropo-
pause, which are complementary to IR/visible nadir
sensors in many aspects. In particular, microwave limb
techniques have gained appreciable vertical resolutions
to detect high clouds at different altitudes. The long
horizontal pathlengths of limb sounding become very
useful for surveying tropopause cloud ice with more
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frequent intersections of tall and narrow clouds than
that from nadir sounders. Moreover, microwave radia-
tion can penetrate through most ice clouds and provide
cloud mass information without being limited by cloud
temperature, surface emission, and multiple scattering
that often cause problems in other remote sensing tech-
niques.

This paper describes a cloud detection and ice water
content (IWC) retrieval technique, which has been ap-
plied to the Upper Atmosphere Research Satellite/
Microwave Limb Sounder (UARS/MLS) 203-GHz ra-
diances. The retrieval makes use of cloud-induced ra-
diances (�Tcir) at high tangent heights (ht) and involves
a two-step calculation: �Tcir to ice water path along line
of sight (hereafter hIWP) and hIWP to IWC. We focus
on the MLS IWC and cloud occurrence frequency (CF)
measurements for two special periods when dynamics
in the TTL differ substantially: the dry (January–March
1992) and wet (July–September 1992) phases of the
“tape recorder” phenomenon in the lowermost tropical
stratosphere (Mote et al. 1996). MLS measures tropo-
pause cloud ice and water vapor (Read et al. 2004)
nearly simultaneously, which makes these data unique
for TTL studies.

2. MLS 203-GHz observations

a. UARS/MLS experiment

UARS/MLS is a passive instrument with three
double-sideband radiometers near 63, 183, and 203
GHz, measuring temperature (T), H2O, O3, and ClO
profiles in the middle atmosphere (Barath et al. 1993;
Waters 1993; Froidevaux et al. 1996; Livesey et al.
2003). There are 30 spectral channels in the 183-GHz
radiometer and 45 channels in the 203-GHz radiometer
that cover spectral ranges: 183.1–186.5 and 200.1–206.4
GHz, respectively. Compared to nadir-scanning opera-
tional microwave radiometers, the vertical field of view
(FOV) of the MLS 203-GHz radiometer is narrower:
�3 km at the tangent point. The horizontal resolutions
are 7 km across and �300 km along the line of sight
(LOS).

The vertical plane of the MLS scan is 90° from the
satellite direction of motion, and the antenna step-scans
the atmospheric limb from �90 km to the surface in
65.5 s during normal operation. The scan interval varies
from �3 km in the stratosphere/troposphere, to �5 km
in the mesosphere. MLS radiances lack coherence
when they hit clouds because of the relatively large
spatial separation between adjacent measurements
(vertically by �3 km and horizontally by 15 km). With
such sparse sampling MLS cannot adequately resolve
deep convective clouds in either dimension. The MLS
horizontal resolution is also limited by the smearing
along the LOS (�300 km). MLS latitudinal coverage
ranges from 34° in one hemisphere to 80° in the other
as a result of the 57° orbital inclination and the instru-

ment-viewing direction. UARS performs a 180°-yaw
maneuver 10 times yr�1 to allow alternate observations
of high latitudes every �36 days. The MLS 203-GHz
radiometer was fully operational (producing �1300
profiles day�1) between September 1991 and Decem-
ber 1994 before the number of daily profiles was re-
duced. The 183-GHz radiometer stopped collecting
data in April 1993 after 18 months of successful opera-
tion. Beside the normal scan mode, MLS was also op-
erated occasionally with a limb-tracking mode in which
the FOV points at a fixed ht (usually �18 km).

The MLS 183- and 203-GHz radiometers together
provide nearly collocated water vapor and cloud ice in
the upper troposphere/lower stratosphere (UT/LS) re-
gion. The 183-GHz radiances have the best sensitivity
to water vapor in the lower stratosphere (Pumphrey
1999) and in the upper-TTL region (Read et al. 2004).
On the other hand, the 203-GHz channel provides the
best water vapor sensitivity at 464–147 hPa (Read et al.
2001). However, these water vapor retrievals suffer
from cloud contamination when scattering of ice par-
ticles is strong. Cloud-induced radiances are best de-
tected with the 203-GHz channel and can be used for
cloud ice retrieval.

b. Cloud signatures in limb radiances

Clouds can affect MLS radiances at all ht below the
cloud top but the cloud effects can vary substantially
with frequency and ht, which yield unique limb radiance
measurements in many cases. The best channel for
cloud detection is near the spectral window (i.e., 203
GHz for MLS) where the radiances are least affected
by H2O and O3. Figure 1 shows MLS radiance mea-
surements at �203 GHz during limb-scan and limb-
tracking operations. In the limb-scan case (Fig. 1a)
clear-sky radiance profiles are mostly clustered in a nar-
row band with clear upper and lower bounds. Water
vapor variabilities cause most of the radiance spread
within the band. A few measurements outside the clear-
sky band are indicative of thick and dense clouds where
the cloud-induced radiance �Tcir (the difference from
the clear-sky limit) can be as much as 30 K at ht � 12
km and �130 K at ht � 5 km. The instrument noise
(�0.09 K) is generally negligible compared to these
cloud effects. Lacking contrasts at ht � 8–12 km, cloud
effects become difficult to distinguish from clear-sky
variability. Thus, for the best cloud detection, we have
to rely on limb radiances in optically thin (at high ht) or
optically thick (at low ht) situations. To study cloud ice
near the tropopause, this paper uses the optically thin
radiances exclusively.

In the 18-km limb-tracking observations (Fig. 1b),
clear and cloudy radiances can be distinguished by
correlation among adjacent measurements, which ex-
hibit very different characteristics in the two cases.
Clear-sky radiances vary smoothly along the orbit due
to changes in tangent pressure (Ptan), H2O, and T. Ex-
cept for the sharp discontinuities caused by MLS-
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pointing adjustments, the coherence among neighbor-
ing clear-sky radiances is very high. On the other hand,
cloudy radiances lack point-to-point coherence but ex-
hibit generally higher brightness than the normal back-
ground as a whole. In this example the peak �Tcir

reaches as high as �20 K at latitudes between 15° and
20°N.

The limb �Tcir near the tropopause could arise from
narrow thick and dense towers (e.g., deep convective
core) or from extensive cirrus outflows. Because MLS
limb measurements are separated by 15 km horizon-

tally, the correlation between adjacent �Tcir measure-
ments could be used to infer the sizes of cloud systems.
Poor point-to-point correlation suggests that the clouds
are likely to be deeply convective since their sizes are
typically 10–50 km, whereas extensive cirrus anvils
would produce a better point-to-point correlation. We
have browsed many days of the limb-tracking data and
found that MLS-sensitive clouds at the tropopause
heights are mostly of convective type with a few cases
blended with broad warmer-than-normal features in
the brightness temperature. Long-lived, extensive thin
cirrus do not contribute significantly to the MLS �Tcir

because of low IWCs and small ice particles. This as-
sertion is also in line with the result from the Mie cal-
culation (see the appendix), where only large (100–300
�m) ice particles can produce significant volume extinc-
tion at 203 GHz. The appearance of a significant num-
ber of such large particles is generally associated with
strong deep convection.

In principle, ice emission and scattering can both
cause the excess radiances at ht � 12 km. Scattering
directs the radiation from below and above into LOS.
The scattered radiance from below brings in brightness
temperature radiation that is higher than the normal
background, whereas the one from above brings in
colder radiation (cosmic background plus downward
radiation). In addition to scattering, cloud ice emission
itself adds radiation to the normal background. If �Tcir

is dominated by ice emission, cloud ice would behave
like a gas species and the �Tcir–hIWP relation is inde-
pendent of particle size distributions (PSDs). If the pro-
cess is dominated by scattering, the �Tcir–hIWP rela-
tion depends on PSD, shape and ice density, as well as
surface emission and cloud distribution. For the coarse
sampling with UARS/MLS, it is not practical to retrieve
IWC from hIWP on a single scan because of the re-
quired spherical homogeneity assumption. To over-
come this limitation, we make regional averages of
hIWP measurements on a monthly or seasonal basis, in
which cloud variabilities at short temporal and spatial
scales are hopefully washed out, and the spherical ho-
mogeneity assumption may be applied to the region. In
this study the region for averaging hIWP is defined as a
5° � 10° latitude–longitude box, where typically 40
samples are collected for a period of 1 month in the
Tropics. A similar retrieval approach was used on the
Stratospheric Aerosol and Gas Experiment II (SAGE
II) data where CF is averaged to overcome undersam-
pling problems by the limb technique (Wang et al.
1995).

c. Clear- and cloudy-sky separation

The methods for cloud detection generally fall into
two categories: 1) empirical approaches based on clear–
cloudy-sky contrasts among adjacent measurements,
and 2) model approaches to compute clear-sky limits
based on radiative-transfer (RT) models. In either
case, the algorithm needs to be robust and reliable

FIG. 1. UARS/MLS 203-GHz radiances measured during (a)
limb-scan and (b) limb-tracking operations. In the limb-scan case,
most of the radiances are confined in the envelopes determined by
clear-sky variability. Above �12 km tangent heights, clouds are
indicated by excess radiances above the clear-sky limit, whereas at
lower tangent heights they show up as radiance depressions below
the clear-sky limit. Clouds are not readily detectable at interme-
diate tangent heights (8–12 km for 203 GHz). In the limb-tracking
case, clear- and cloudy-sky radiances show very different varia-
tions in terms of horizontal scale. The large short-scale radiance
fluctuations near 20°–25°N are indicative of cloud hits, whereas
the more gradual radiance variations are likely due to water vapor
and pointing variations. The periodic discontinuities along the
orbit are caused by pointing corrections in maintaining 18-km
limb tracking.
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enough for handling exceptions like missing data, un-
known atmospheric background, and erroneous in-
strument pointing. For IR limb sounding, efforts have
been spent to distinguish clouds from aerosols (Kent
et al. 1993). For MLS, cloud detection relies largely
on the accuracy of Ptan and clear-sky radiance calcula-
tions.

This study chooses to use the RT method for deter-
mining clear-sky radiance and compute the 203-GHz
�Tcir for each Ptan. The clear-sky RT model is the
same as used in Read et al. (2001) for upper-tropo-
spheric H2O retrieval, which is initialized with MLS v5
retrievals for T, Ptan, and stratospheric H2O and O3

(Livesey et al. 2003). In the troposphere the National
Centers for Environmental Prediction (NCEP) T
is used. For the 203-GHz radiance, the sensitivity to
H2O increases with Ptan at 100–300 hPa, showing a
dynamic range of 50–110 K at 200 hPa between very
dry and very moist situations. This generally signifies
poor ability for detecting clouds. To model clear-sky
radiance limits at Ptan � 100–200 hPa, we assume
RHi � 110% for tropospheric H2O, which accounts for
�50% supersaturation cases according to the expo-
nential power law deduced from aircraft data (Sprich-
tinger et al. 2002). This RHi threshold has a small im-
pact on the radiance limit at 100 hPa because of insen-
sitivity to H2O at this level. This is shown in Read et al.
(2001) and also in Fig. 1a, where the 203-GHz radiance
at 100 hPa is dominated by the dry-continuum emis-
sion.

The �Tcir uncertainty depends on how well the clear-
sky radiance can be modeled. As discussed in Read et
al. (2001), the empirically derived 203-GHz dry and wet
continuum coefficients have effectively absorbed most
of the systematic biases in the NCEP T. As a conse-
quence, the T biases do not have as much impact on the
modeled radiance limit as one would expect. Figure 2a
shows the �Tcir deduced from the dataset in Fig. 1a
using the RT method. The sharp division in numbers of
measurements between positive and negative �Tcir at
high ht suggests that the RT model method works rea-
sonably well in separating clear- and cloudy-sky radi-
ances. The edge of the division is blurred at Ptan �
200–300 hPa, reflecting increasing error in cloud detec-
tion with the RT method. Figure 2b shows the 100-hPa
�Tcir histogram from 6 months of the data. The clear-
sky �Tcir, fitted well to a Gaussian distribution, has a
bias of 0.9 K and a standard deviation of 0.9 K at 100
hPa, due to a combination of error in Ptan and T, and
uncounted atmospheric variabilities in H2O, O3, and
HNO3, etc. False cloud detection, which could intro-
duce a bias to �Tcir, is determined by the portion of the
Gaussian distribution with �Tcir � 3 K. For the 3-K
threshold, false detection can cause biases of 0.03 K in
�Tcir and 0.9% in CF. These errors drop sharply to
0.001 K and 0.025%, respectively, when the 4-K thresh-
old is used.

3. Cloud ice retrieval

Figure 3 outlines the MLS cloud detection and re-
trieval algorithm scheme for measurements at high ht.
For cloud ice retrieval, we use a cloudy-sky RT (in the
appendix) to obtain the �Tcir–hIWP relations. Unlike
the conventional definition of nadir cloud column,
hIWP represents the integral along MLS LOS, which is
oriented more horizontally than vertically.

a. The �Tcir–hIWP relation

The �Tcir–hIWP relations are ht dependent and
the RT model with cloud scattering assumes spherical
ice particles and PSDs from McFarquhar and Heyms-
field (1997; hereafter MH97). Because of the penetra-
tion ability of the 203-GHz radiation, the calculated

FIG. 2. (a) Cloud-induced radiances �Tcir obtained with the RT
method from 1-day MLS observations. The imbedded box indi-
cates the high ht radiances that will be flagged as cloudy skies. As
indicated by the sharp division between the number of points at
�Tcir � 0, the RT method works reasonably well at Ptan up to
�200 hPa but becomes less robust in the middle troposphere.
(b) Histograms of the �Tcir at 100 hPa in connection to clear-sky
radiance bias and variability. Symbols represent the number of
�Tcir measurements in 1-K bins from 6 months of MLS data in
early 1992 at latitudes between 25°S and 25°N. A Gaussian dis-
tribution is fitted to the clear-sky variability with the bias and
standard deviation indicated in the plot. The number of cloudy-
sky measurements drops off at large positive �Tcir exponentially.
The 3-K cloud flag threshold is indicated by the dashed line.
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�Tcir–hIWP relation is affected little by the IWC profile
used. Cloud self-extinction and air attenuation is consid-
ered in the hIWP calculation, which can become critical
for low-ht situations where cloud self-extinction is strong.

The retrieval starts by first converting �Tcir to hIWP
with the modeled �Tcir–hIWP relation. This is applied
independently to each measurement at ht before they
are averaged into monthly or seasonal composites. As
shown in Fig. 4, the modeled �Tcir–hIWP relation is ht

dependent, varying from �7 K kg�1 m2 at �15 km to
�11 K kg�1 m2 at 11 km. The ht dependency is caused
primarily by the height-dependent PSDs in MH97.

b. IWC retrievals

The converted hIWP are averaged into eight Ptan

bins (44.4, 58.2, 76.3, 100, 131, and 172 hPa) and 5° �
10° (latitude � longitude) grid boxes. For each grid
box, IWC is retrieved from the averaged hIWPs using
the onion-peeling technique and outputted at four pres-
sure levels at 76, 100, 131, and 172 hPa. The false de-
tection bias (0.03 K) in �Tcir would yield a �0.05 mg
m�3 bias in IWC at 100 hPa. The retrieved IWC is a
regional mean (including both clear and cloudy cases),
which is different from the regional mean single-cloud
IWC. The latter is the IWC averaged only for cloudy
cases that measure the average ice mass carried by a
single cloud. The two quantities are related by CF, a
quantity that is also derived from MLS radiance mea-
surements.

c. IWC–�Tcir relation at 100 hPa

Because most deep convective clouds in the Tropics
top out around 100 hPa, the hIWP-to-IWC inversion
may not be needed at the top level. Cloudy-sky RT
calculations (Fig. A3) show that the 100-hPa �Tcir is
approximately proportional to IWC at 100 hPa and the

FIG. 4. The hIWP–�Tcir relations for 203-GHz limb radiance as
calculated from the cloudy-sky RT model. The model uses the
PSD parameterization in MH97 and assumes spherical ice par-
ticles for scattering calculations. The calculated hIWPs have been
corrected for cloud self-extinction and air attenuation effects (see
the text).

FIG. 3. MLS cloud ice retrieval scheme.
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IWC–�Tcir relation is nearly linear (�1.5 mg m�3 K�1)
for �Tcir less than �30 K. Since the observed �Tcir are
mostly less than 30 K at this level, it is valid for most
cloud cases at 100 hPa to use the linear IWC–�Tcir

relation for the conversion. Like the hIWP–�Tcir con-
version, the IWC–�Tcir conversion suffers from the
scaling error due to uncertainties about ice PSD, shape,
and density.

4. Initial results

The initial studies with MLS cloud ice measurements
are focused on the dry (January–March) and moist (Ju-
ly–September) phases of the lower stratospheric tape
recorder (Mote et al. 1996). Figures 5 and 6 compare
maps of T, CF, IWC, H2O, and RHi (relative humidity
w.r.t. ice) at 100 hPa for the two periods in 1992. MLS
v702 H2O (Read et al. 2004) is used to help diagnose/
interpret IWC morphology. The RHi data are derived
from MLS H2O volume mixing ratio (vmr) and NCEP

temperature. The following analyses are focused on the
geographical distributions and temporal variations of
cloud ice in relation to T, H2O, and RHi at 100 hPa.

a. Dry period (January–March 1992)

During the dry period the 100-hPa IWC and CF ex-
hibit clear maxima near the intertropical convective
zones (ITCZ). The CF map agrees well with overshoot-
ing cloud morphology observed by the Tropical Rain-
fall Measuring Mission (TRMM) Precipitation Radar
(Alcala and Dessler 2002). The maximum 100-hPa IWC
in this seasonal average reaches �3 mg m�3, which co-
incides with the CF peak (�20%). Deep convective
regions over South America and South Africa have less
ice mass at 100 hPa with a maximum of �2 mg m�3 in
IWC and �20% in CF. Over northern Australia and
the Southeast Asian archipelagos, there are some scat-
tered occurrences with IWC around 1–1.5 mg m�3.

The comparison with NCEP T shows that the cold
(less than 198 K) regions are associated with the high
100-hPa IWCs but shifted slightly in latitude. Generally
speaking, the regions, with temperature less than 198 K
exhibit good symmetry about the equator and cover a
much larger area than cloud ice. Despite the latitudinal
shift, the longitudinal temperature variations (2–4 K)

FIG. 5. Cloud ice, water vapor, and temperature maps at 100
hPa for Jan–Mar 1992. (top) MLS CF (colors) and NCEP tem-
perature (contours). (middle) MLS IWC (colors) and H2O vmr
(contours). (bottom) MLS IWC (colors) and RHi (contours). Pro-
files contaminated by clouds are excluded in the water vapor and
RHi maps. The estimated IWC precision and bias for these maps
are �0.02 and �0.05 mg m3, respectively.

FIG. 6. As in Fig. 5 but for Jul–Sep 1992.
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correlate well with the modulations of IWC. These
characteristics are consistent with comparisons between
MLS IWC and the United Kingdom Met Office
(UKMO) temperature (not shown).

At 100 hPa the IWC patterns differ noticeably from
the H2O vmr, especially in the southern subtropical Pa-
cific where the high vmr belt is �5°–10° southward of
the IWC band. This shift between these two maximum
locations implies that the water vapor band is even far-
ther away from the center of the cold temperature re-
gion in the central Pacific. The vapor vmr and cloud ice
distributions at 100 hPa appear to have larger devia-
tions over oceans than over land masses. However, the
100-hPa IWC patterns are found to correlate signifi-
cantly better with MLS 147-hPa vapor vmr (not shown)
where no obvious latitudinal shift is found in the south-
ern Pacific.

In the Northern Hemisphere, there exists a low (�2.3
ppmv) H2O vmr band around �25°N latitude across
most longitudes with a slightly wider region over Cen-
tral America. This low vmr band also exists but appears
wider at 147 hPa where the moist band in the Southern
Hemisphere shrinks and vanishes eventually at 215 and
316 hPa (not shown). The similar H2O distribution re-
peats during the period of January–March 1993. Over
South America and South Africa, IWC and H2O vmr
are well correlated but the locations of their maxima
remain slightly shifted.

There is a better correlation between the IWC and
RHi patterns at 100 hPa. However, there are some no-
ticeable differences. For example, the peak RHi is
found slightly north of the IWC maximum over South
America, but aligned closely over South Africa. The
100-hPa RHi over the central Pacific is lower than those
over land masses, whereas the opposite is true for the
100-hPa IWC for land–ocean differences. This appears
in line with the finding of Sherwood (2002) that conti-
nental cumulus clouds have smaller crystal sizes, which
would reduce their microwave scattering potential, but
increase their ability to moisten the tropopause region.
However, caution is required when interpreting RHi

here since it depends on NCEP temperatures. The av-
erage RHi is far below saturation at 100 hPa near the
cloudy regions, varying between 25% and 40%, which
is mostly due to the biases in MLS H2O retrieval (Read
et al. 2004) and NCEP temperature (Randel et al.
2000).

b. Moist period (July–September 1992)

During the moist period (Fig. 6) the 100-hPa IWC
pattern is dominated by the contributions from Indian
monsoons and typhoon systems in Southeast Asia.
Deep convective systems produce up to 8-K modula-
tions in NCEP T across the 25°N latitude band. The
UKMO T indicates similar but somewhat smaller (4–6
K) perturbations at this latitude band (not shown).
Again, the region with 100-hPa temperature lower than

200 K, centered on the equator, covers most of the
Tropics and subtropics. The cold region is strongly per-
turbed by the Asian and American monsoons, pushing
the envelope north to �40°N. Like in the dry period,
longitudinal temperature variations seem well corre-
lated with IWC.

Compared to the Asian monsoon, the Central
American monsoon contributes much smaller IWC at
100 hPa. A similar amount of contribution is found over
central Africa and the western Pacific. Unlike in the dry
period, the correlation between IWC and H2O vmr at
100 hPa is generally good in most places, particularly
near the Indian and Central American monsoons,
showing peaks of 3 mg m�3 in IWC and �5 ppmv in
H2O vmr. Away from the deep convective zones, there
is no obvious dry latitude band in the Southern Hemi-
sphere (winter hemisphere) where the vmr decreases
monotonically with latitude.

Overall, IWC in the wet period correlates better with
RHi at 100 hPa than with the other fields. The mon-
soons over India, Asia, Central America, and Africa
produce RHi of 25%–40% at 100 hPa with the highest
RHi over the Indian and Asian region. There are strong
latitudinal RHi and temperature gradients north of the
Indian monsoon as deep convective activity pushes far
north from the equator. The cloud ice maxima over
Japan, Central America, and Africa coincide with high
RHi, but not necessarily with peak RHi values.

c. Seasonal variations

The temporal behavior of MLS IWC and H2O is
dominated by seasonal variations, and exhibits strong
latitude dependence as shown in Fig. 7. Here, the 100-
hPa IWC and H2O data are limited to the early period
of the UARS mission (September 1991–April 1993)
when both MLS 183- and 203-GHz radiometers were
operating.

MLS 100-hPa �Tcir (used as a cloud ice proxy) re-
sembles the seasonal cycle of deep convective activity
in the middle troposphere very well, varying around the
equator within 	10° in latitude. Rough conversion
from �Tcir to IWC at 100 hPa can be carried out with
the 1.5 mg m�3 K�1 factor based on the in situ studies
(Fig. A3). The average 100-hPa IWC between 30°S and
30°N is �0.07 mg m�3, which does not vary significantly
during 1991–1997. This IWC value would yield an
equivalent �0.7 ppmv water vapor in the same region,
a significant portion of the total water budget in the
tropical tropopause. The IWC seasonal variation is con-
sistent with MLS H2O at 147 hPa, which is expected for
the moistening from convective outflows at the bottom
of the TTL. However, the latitudinal spread of the 147-
hPa H2O is slightly wider than that of the 100-hPa IWC.

The seasonal variation of the 100-hPa H2O differs
substantially from that of the 100-hPa cloud ice. This
level is affected both by convection (Dessler 2002) and
by the stratospheric circulation (Yulaeva et al. 1994),
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