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[1] The Microwave Limb Sounder (MLS) on Upper Atmosphere Research Satellite
(UARS) is sensitive to water vapor and ozone in the lower stratosphere. The Cryogenic
Limb Array Etalon Spectrometer (CLAES), another of the instruments on UARS, has a
spatial and temporal coverage similar to that of MLS and can be used to indicate the
presence of cirrus. We examine the relationships among water vapor, ozone, and cirrus in
the tropical region at 68 and 83 hPa during December—February 1991/1992, an El Nifio
period. For most longitudes at 68 hPa, three-dimensional trajectories show that the

cirrus form predominately in air which ascends slowly through the tropical tropopause
layer. Cirrus form in air which has travelled a long way in the horizontal, in the westerly jet,
before heading equatorward in subtropical anticyclones. In the Indonesian region, however,
a greater proportion is found in air which is sinking than in air which is ascending. The
western Pacific region sees the highest proportion of cirrus which may have been
influenced by convection, and the possible contribution from convection is greater at

83 hPa than at 68 hPa. In cloudy regions, the air is likely to have a high relative humidity.
Mixing ratios of ozone from MLS have a tendency to be lower, and this may indicate that

ozone is destroyed on the ice particles that comprise the clouds.
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1. Introduction

[2] Explaining the dryness of the lower stratosphere is a
longstanding issue. Brewer [1949] proposed that air enter-
ing the stratosphere from the troposphere in the tropics is
“freeze dried” by the cold and high tropical tropopause or
“cold trap”, but exactly how and where this dehydration
takes place is still unclear. Sometime during its ascent from
a level near the top of deep convection (around 150 hPa) to
a level of about 50 hPa, air becomes dehydrated to mixing
ratios characteristic of the stratosphere. This transition zone
is often known as the tropical tropopause layer [Sherwood
and Dessler, 2000; Gettelman and de Forster, 2002].

[3] Large-scale ascent and mass transfer through the
tropical tropopause layer takes place under the action of
the extratropical pump [e.g., Eliassen, 1951; Dickenson,
1968] which drives an annual cycle in tropical temperatures
near the 100 hPa level due to hemispheric and seasonal
asymmetry of the planetary waves. The lowest temperatures
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occur during northern winter and highest temperatures
during northern summer. Consequently, mixing ratios of
air entering the stratosphere from the tropical troposphere
have also an annual cycle, in phase with the tropopause
temperatures [Mote et al., 1995, 1996].

[4] There are some problems with this zonal mean view.
Firstly, the lowest mean tropopause temperatures are not
low enough to explain the lowest mean mixing ratios in the
stratosphere [Mote et al., 1996]. Some recent satellite and
aircraft data [Michelsen et al., 2000; Zhou et al., 2001] also
showed this. It is often envisaged therefore, that the air
enters the stratosphere in preferred locations such as over
the “stratospheric fountain” region as defined by Newell
and Gould-Stewart [1981]. More recently, Dessler [1998]
reexamined the stratospheric fountain hypothesis and found
that the volume mixing ratio of water vapor entering the
stratosphere agreed well with the saturation volume mixing
ratio of the tropical tropopause region and therefore that the
stratospheric fountain hypothesis was unnecessary. There
remains some debate over this issue [Vomel and Oltmans,
1999; Dessler, 1999]. The stratospheric fountain idea was
also questioned by Sherwood [2000] and Gettelman et al.
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[2000], who found evidence for sinking motion in the
fountain region, prompting Holton and Gettelman [2001]
to investigate the importance of horizontal transport through
the fountain or cold trap.

[5] Secondly, uniform rising motion across the tropics
might be expected to result in a layer of cirrus clouds
forming near the tropopause. Since this cirrus layer had not
been observed, it was suggested [e.g., Robinson, 1980] that
upward flow across the tropopause must be associated with
deep convection that penetrates the stratosphere. Tropical
convective systems could dry the stratosphere through
mechanisms such as that proposed by Danielsen [1982] or
by Potter and Holton [1995]. Danielsen [1982] suggested
that convective events might be strong enough to overshoot
the tropopause, mixing tropospheric air with stratospheric
air and leading to the formation of a large cirrus anvil in the
stratosphere. Potter and Holton [1995] suggested that con-
vectively generated buoyancy waves could also induce
vertical parcel displacements which promote the formation
of ice crystals in the lower stratosphere. Potter and Holton’s
mechanism, like Danielsen’s, results in dehydration but
does not require convection to penetrate the tropopause or
reach the hygropause.

[6] Satellite observations [ Wang et al., 1996; Mergenthaler
et al., 1999] have shown that cirrus is in fact distributed more
widely than originally thought. These observations are
primarily of subvisible cirrus, so named because they
cannot be seen from the ground. Their optical depth falls
in the range 0.0002 < 1 < 0.03 [Sassen and Cho, 1992]. The
formation of these subvisible cirrus is not entirely under-
stood. They may form as a result of overshooting convec-
tion or as the result of slow, wave-driven ascent. Cirrus
clouds can have a strong radiative effect [Liou, 1986;
Ramanathan and Collins, 1991; Jensen et al., 1999] and
radiative heating rate near the tropical tropopause is critical
for determining the water balance of the stratosphere.
Jensen et al. [1996] showed that subvisible cirrus near
the tropopause can govern the water vapor input into the
lower stratosphere by simultaneously removing water vapor
by sedimentation and lofting the air through IR heating.
Hartmann et al. [2001] showed that tropopause cirrus
crucially affects the heat balance of the stratosphere and
may be important in dehydrating the air. Thus the
study of thin cirrus may contribute to our understanding
of the dehydration, dynamics, and radiative balance of the
tropical tropopause layer.

[7] In this paper, we investigate the dynamical and
chemical environment of subvisible cirrus near the upper
limit of the tropical tropopause layer to see if their obser-
vation can give any indications of the relative importance
of the different mechanisms of stratosphere-troposphere
exchange. We use trajectory analysis to distinguish between
uniform or local ascent. In section 2 we describe the data
used. Section 3.1 examines the vertical motion of the air
in which the cirrus clouds have formed, and section 3.2
describes their chemical environment. Conclusions are
presented in section 4.

2. Data

[8] Upper Atmosphere Research Satellite (UARS) [Reber,
1993] is in an almost circular orbit at an altitude of 585 km
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and an inclination of 57° to the equator. It makes about
15 orbits a day. The Microwave Limb Sounder (MLS) and
the Cryogenic Limb Array Etalon Spectrometer (CLAES)
are both limb viewing instruments mounted on UARS. The
MLS instrument is described in more detail by Barath et al.
[1993] and the measurement technique by Waters [1993].
A description of the CLAES instrument is given by Roche
et al. [1993]. MLS and CLAES have similar viewing
characteristics, their footprints being separated by less than
30 s and less than 200 km along the measurement track at
all times [Read et al., 2001]. Their daily coverage extends
from between 80°N and 34°S switching to 34°N and 80°S
about every 36 days due to the satellite making a yaw
manoevre. The tropical region is thus, barring occasional
instrument problems, observed daily.

[v] From MLS we make use of water vapor and ozone
measurements in the lower stratosphere. We use version 104
measurements of water vapor from the 183 GHz radiometer
which cover the period 19 September 1991 to 22 April
1993. Version 104 is not the most recently released version,
version 5, but provides some advantages over it. A full
description of the version 104 lower stratospheric water
vapor product is given by [Pumphrey, 1999], and some of
its advantages over version 5 are discussed by Pumphrey et
al. [2000]. In the most part, we confine our study to the
68 hPa level where we have most confidence in the MLS
water vapor product. We estimate at this level, the precision
of a single profile to be 0.3 ppmv and the accuracy to be
0.75 ppmv. The ozone data come from the 205 GHz
radiometer on MLS and we use the most current version,
version 5. The validation of the ozone measurements is
given by Froidevaux et al. [1996], and a description of the
version 5 ozone data is given by Livesey et al. [2003]. At
68 hPa the precision of a single profile is estimated to be
0.25 ppmv and the accuracy to be about 0.4 ppmv.

[10] From CLAES, we use version 9 extinction coeffi-
cients from the 780 cm™' aerosol channel and follow
the method of Mergenthaler et al. [1999] to identify
the presence of high clouds and filter out any possible
contamination by Mount Pinatubo aerosol. The clouds are
detectable against the background aerosol because they are
more opaque in the infrared. Mergenthaler et al. [1999] used
a cloud threshold filter on version 8 data which was set at a
level such that the background aerosol signal was excluded.
We use the same threshold for version 9 data which excludes
more cases which could be Pinatubo aerosol.

[11]] CLAES made scientific measurements over the
period 1 October 1991 to 5 May 1993, when the cryogens
evaporated and the instrument warmed up. This period
overlaps with the operational period of the 183 GHz
radiometer of MLS. MLS is relatively insensitive to the
occurrence of cirrus clouds. On the basis of expected
scattering properties for radiation at 183GHz of the likely
cloud ice content and effective particle sizes as reported
by Mergenthaler et al. [1999], M. J. Filipiak (personal
communication 2003) estimates that the effects of the
clouds on the water vapor retrievals are less than 2%.

[12] We also make use of various data from the European
Centre for Medium Range Weather Forecast’s (ECMWF)
Reanalysis data (ERA-15) [Gibson et al., 1997], and out-
going longwave radiation (OLR) from the Advanced Very
High Resolution Radiometer (AVHRR) [Liebmann and
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Figure 1.

Smith, 1996]. Both these data sets are available on a 2.5° by
2.5°E grid.

3. Cirrus and Their Environment

[13] Subvisible cirrus in the upper region of the tropical
tropopause layer have been noted from satellite data and
from in situ observations. Lidar measurements from a 10 day
space shuttle mission in September 1994 [Winker and
Trepte, 1998] revealed cirrus at 17 km and Lidar measure-
ments from an aircraft mission during December 1995 and
February 1996 [Pfister et al., 2001] revealed cirrus at
altitudes exceeding 18 km. The Stratospheric Aerosol and
Gas Experiment (SAGE) II and CLAES, both show that
cirrus are found up to altitudes of 18.5 km [Kent et al.,
1995; Wang et al., 1996; Mergenthaler et al., 1999].
Seasonal climatologies show that subvisible cirrus occur
over much of the tropics but preferentially in the convec-
tively active regions over the continental landmasses and
the western Pacific ocean. See Wang et al. [1996] and
Mergenthaler et al. [1999] for figures showing the seasonal
frequency of occurrence of cirrus at altitudes in the tropical
tropopause layer.

[14] Figure 1 shows the locations of CLAES cloudy
footprints at 68 hPa collected throughout the December—
February (DJF) period of 1991/1992. The highest densities
of cirrus are located over the more convectively active
regions of the central and western Pacific and over South
America and equatorial Africa. The year 1992 was an El
Nifio year, which may explain the concentration of cirrus
clouds centered nearer to the dateline [Massie et al.,
2000], farther eastward than might be expected under
normal conditions. Wang et al. [1996] and Kent et al.

Seasonal average of CLAES cirrus cloud observations.

[1995] found that the frequency of cirrus formation in the
tropics increased during the El Nifio of 1987 at altitudes of
13—-15.5 km, whereas Mergenthaler et al. [1999] showed
that the frequency of cirrus formation at about 18 km was
less in the El Nifio period of DJF 1991/1992 than during
the same season of the following year. They suggested
that this interannual difference may be partly attributable
to the affects of Pinatubo aerosol which may have reduced
the penetration of solar radiation to the tropics in 1991/
1992 resulting in less convective activity reaching to high
levels. Luo et al. [2002] found that Mount Pinatubo
aerosol did not have a widespread systematic effect on
the amount of tropical cirrus although a local influence
may be still be apparent. The effects of volcanic eruptions
and El Nifio and the interplay between the two remain
uncertain.

3.1. Trajectory Analysis

[15] In order to discover more about the origins of the
cirrus clouds in the tropical tropopause region, we perform a
three-dimensional trajectory analysis. The trajectory model
is described by Methven [1997]. It uses three-dimensional
gridded winds from the ECMWF analyses which are
interpolated to the trajectory locations using bilinear inter-
polation in the horizontal and in time, and cubic Lagrange
interpolation in the vertical. Advection is performed with a
fourth-order Runge-Kutta scheme and a 0.6-hour step size
[Jackson et al., 2001]. The reanalysis fields are updated
every 6 hours. We have found that sampling less frequently
than every 6 hours leads to systematic errors because of a
poorly sampled diurnal cycle of convection.

[16] We initialize trajectories at each of the cirrus cloud
locations shown in Figure 1 during the DJF 1991/1992

68hPa

60
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40
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20
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% of area total

Afr Ind. Oc. Indon.

W.Pac.

C.Pac. E.Pac. Amer. Atl

Figure 2. Percentage number of cirrus in each longitude sector at 68 hPa which were formed in air
having undergone (1) ascent at a rate comparable to the zonal ascent rate (white), (2) air that has
descended (black), and (3) air that has rapidly ascended (grey). The total number of trajectories in each
45° longitude sector are as follows: Africa, 246; Indian Ocean, 145; Indonesia, 221; western Pacific, 300;
central Pacific, 394; ecastern Pacific, 127; the Americas, 311; and Atlantic, 113.
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Figure 3. Samples of trajectories for each category of vertical motion. (a) Trajectories which have
ascended at the rate of the zonal mean uplift, (b) trajectories which have ascended 10 times more quickly
than the zonal ascent rate, (c) trajectories which have descended, and (d) trajectories which have
experienced little vertical motion. Crosses mark the starting position of a 10-day trajectory which ends on

a cirrus observation at 68 hPa (diamonds).

period and the trajectories are run backward in time for
10 days. There are 1857 trajectories in total for this time
period. We initialize the trajectories on the 68 hPa level, the
level at which CLAES data are reported for the standard
level 3 AT output. The 68 hPa surface is centered near 19 km
but since the CLAES instrument has a vertical resolution of
about 2.5 km a cloud reported at 19km may be found nearer
to 17 km [Mergenthaler et al., 1999]. We therefore also
initialize trajectories at 83 hPa, to give an indication of how
different the results would be if all the CLAES clouds were
to fall near this lower level.

[17] The trajectories are classified according to the verti-
cal motion to which they have been subjected. We divide
the 30°N—-30°S region into 45° longitude bands and count
the number of trajectories in each bin which have either
(1) undergone a vertical ascent at a rate comparable to the
zonal ascent rate, approximately 0.3 mm s~ [e.g., Mote et
al., 1996], (2) ascended at a rate greater than 2 km over
5 days [e.g., Gettelman et al., 2002] roughly equivalent to
an order of magnitude greater than the zonal mean ascent
rate, (3) descended, or (4) have remained close to the 68 hPa
surface. The results are shown in Figure 2. It must be
remembered that these trajectories have also traveled several

hundred kilometers in the horizontal over the 10 day
trajectory period as discussed further below.
3.1.1. Trajectories Ending at 68 hPa

[18] Figure 2 shows that for all sectors except for Indo-
nesia, the highest contribution to the cirrus at 68 hPa comes
from trajectories that have undergone ascent at a rate
comparable to the zonal-mean ascent rate. In the African
region, this contributes to about 55% of the cirrus and to
about 40% in most of the other sectors. Figure 3a shows a
representative sample of 150 of the trajectories which fell
into this “slow ascent” category. Trajectories begin on the
crosses and end on the diamonds where the cirrus observa-
tion by CLAES was made. It is seen that these trajectories
originate primarily within the 30°N—30°S region and travel
equatorward in the subtropical anticyclones over the west-
ern Pacific. Similar anticyclonic motion can be seen over
Africa and South America.

[19] A small proportion of cirrus, around 15% in the
central and western Pacific, are formed in air parcels which
have experienced an ascent rate which is too fast to be
explained by the zonal ascent rate of the Brewer-Dobson
circulation. The trajectory history of these parcels, plotted in
Figure 3b, reveals that many have been advected toward the
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Figure 4. Seasonal average of ECMWF diabatic heating rate at 70 hPa.
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equator from well outside the tropical region and have
travelled a long way in the horizontal. They have often
originated in midlatitudes and moved swiftly in the westerly
jet before being advected toward the equator in an anticy-
clonic fashion. This anticyclonic pattern to the trajectories is
similar to that for the slow ascent trajectories discussed
above but encompasses a wider latitudinal spread.

[20] Cirrus associated with upper tropospheric or lower
stratospheric anticyclonic flow have been widely observed
by in situ measurement campaigns and can be the result of
cyclone-scale uplift, overshooting convective cloud turrets
embedded in the cyclonic systems, and cyclone-generated
gravity waves. The Stratosphere-Troposphere Exchange
Project (STEP-tropical) [Danielsen, 1993] showed that
anticyclonic motion associated with the Australian monsoon
system mixed tropospheric air into the stratosphere leading
to widespread “umbrella” shaped layers of cirrus at around
18 km. Smaller-scale overshooting cloud turrets were also
observed which were related to continental maritime air and
left anvil shaped cirrus clouds in the stratosphere. Associ-
ated gravity waves [Pfister et al., 2001] may also make a
contribution to the “rapid ascent” cirrus. Pfister et al.
[2001] ran back trajectories from cirrus observed at 18 km
by an aircraft-based lidar during the Tropical Ozone Trans-
port Experiment/Vortex Ozone Transport Experiment
(TOTE/VOTE) in December 1995 and February 1996. They
observed many air parcels to be advected eastward in the
subtropical jet before drifting equatorward in the central
Pacific region. The air parcels then return westward in the
casterly flow along the equator and may, if sufficiently close
to the cold point tropopause, be dehydrated in the cold trap
region as suggested by Holton and Gettelman [2001].
Similarly, our trajectories show that air parcels traveled a
long way in the horizontal. The cirrus here however, are
found near the upper boundary of the TTL and while they
are probably above the cold point tropopause, that might not
be the coldest temperature encountered by the trajectory on
its quasi-horizontal route. Thus the dehydration associated
with the cirrus at this altitude may not be the only or
principal dehydration process.

[21] In the Indonesian, western Pacific and central Pacific
sectors, Figure 2 shows that there is a substantial proportion
of cirrus associated with trajectories that have descended. In
the Indonesian region (90—135°E) the contribution from
descent outweighs that from ascent. The results are in
support of Sherwood [2000] and Gettelman et al. [2000],

who questioned the idea of the stratospheric fountain and
showed results which suggested that air is descending.
Following Norton [2001], we have calculated the ECMWF
diabatic heating field for DJF 1992 at 70 hPa (Figure 4) to
illustrate geographically where the descending motion is
taking place. The diabatic heating field is smoother than the
vertical velocity field used in the trajectory calculations but
broadly consistent with it. Figure 4 shows that regions of
cooling or weak heating, where the cirrus are associated
with descending air, are found primarily over Indonesia, the
western Pacific and above the ITCZ in the central Pacific
sector. Norton [2001] plotted the 1980—1996 DJF seasonal
average diabatic heating fields for 70 hPa and 268 hPa
along with AVHRR OLR, and noted an almost inverse
circulation in the lower stratosphere to that in the upper
troposphere, with descending air near the top of the tropical
tropopause layer being found over convective regions.

[22] The formation of these cirrus in air which is appar-
ently sinking and cooling is perhaps surprising. Some might
be formed in the cold regions of downward propagating
Kelvin waves generated by deep convection [Boehm and
Verlinde, 2000] or explained by the model of Hartmann et
al. [2001] and Holton and Gettelman [2001]. They showed
that when cirrus lie directly above deep convection, radia-
tive cooling and subsidence can result. Horizontal advection
of moist air can provide the moisture source to maintain the
thin cirrus and subsequent particle sedimentation would
lead to dehydration. Figure 5 shows the seasonally averaged
OLR with low values indicating where deep convection is
taking place. As Norton [2001] found, there is a correspon-
dence between the OLR (Figure 5) and the diabatic heating
field (Figure 4). The areas of cooling or weak heating where
we have observed the cirrus to be located, do generally lie
above areas of deep convection thus offering some evidence
in support of the mechanism of Hartmann et al. [2001] and
Holton and Gettelman [2001].

[23] The three categories of vertical motion (zonal ascent,
descent and rapid ascent) account for about 70% of the
cirrus trajectories. The fourth bin accounts for those which
have remained close to the 68 hPa surface and have
experienced very little vertical motion. These trajectories
originate within 15°N and 15°S as can be seen in Figure 3d
in the slower moving air between the two subtropical
anticyclones. They have travelled on average, a shorter
distance than those trajectories which have ascended at
either the zonal mean ascent rate, or 10 times more rapidly.
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Figure 5. December—February averaged OLR from AVHRR. Low values indicate higher cloud tops.

They have passed though the convectively active regions
and it may be that they are left over from previous
convective events, as it has been noted [Pfister et al.,
2001] that convective outflow cirrus is not always dissipated
rapidly and can remain in the tropopause region for extended
periods of time.
3.1.2. Trajectories Ending at 83 hPa

[24] At 83 hPa (Figure 6) the relative contributions of each
category of vertical motion to the total is different from that
at 68 hPa, but the horizontal patterns of the trajectories
remain similar to Figure 3. The “descent” category in most
regions accounts for fewer trajectories at 83 hPa than at
68 hPa. The exceptions to this are over Africa and the
Atlantic where the contribution from descending air has
increased. This probably indicates that the inverse circula-
tion found above convection noted by Norton [2001], begins
closer to the 83 hPa level over Africa and the Atlantic and
closer to 68 hPa in the Indonesian and Pacific ocean sectors.

[25] We see that the contribution from “zonal ascent” is
smaller at 83 hPa than at 68 hPa but that the contribution
from rapid ascent is much greater. Again, the greatest
contribution from rapid ascent is in the central and western
Pacific where deep convection is the most prevalent. If all
the cirrus were to be found at 83 hPa we might infer that
68% of the cirrus formation over the central Pacific had
some convective component and that the importance of this
convective component lessens with increasing height as the
importance of zonal ascent increases. This percentage is
similar to that found by Spang et al. [2002] using data from
the Cryogenic Infrared Spectrometers and Telescopes for
the Atmosphere (CRISTA) instrument. They found that
about 75% of cirrus at about 15 km in the 80°E to 300°
in August 1997 stemmed from convective systems and
inferred that around one quarter were the result of other
mechanisms such as in situ cooling. The percentage contri-
bution from rapid ascent is likely to change significantly

with both geographical location and season, however.
Massie et al. [2002] found that around half of cirrus
observed from the HALOE instrument during 1995-2000
in the maritime continent were related to convective out-
flow. The eastward displacement that we observe in 1992
relative to the HALOE 1995-2000 climatology may be due
to the El Nifio conditions of 1992 which has been shown to
displace cirrus clouds eastward along with an eastward shift
in OLR [Massie et al., 2000; Gettelman et al., 2001].

3.2. Cirrus, Water Vapor, and Ozone

[26] Cirrus clouds may play an important role in account-
ing for the dryness of the lower stratosphere and for this
reason, we examine the MLS water vapor field to see
whether areas of saturation are well correlated with the
location of cirrus. Similarly we examine the MLS ozone
field, as ozone is a useful tracer for following atmospheric
motions in the tropical tropopause region. Ozone mixing
ratios increase sharply on ascending from the troposphere to
the stratosphere and observations of air with low mixing
ratio in the stratosphere can be used to indicate where air
has had recent contact with the troposphere [e.g., Randel et
al., 2001].

[27] Again, we examine data at 68 hPa where we have
observations of water vapor and ozone from MLS. First we
calculate the relative humidity with respect to ice (RHi) for
each cloud observation using the ECMWF temperature at
the nearest grid point and the nearest synoptic time to the
MLS measurement of water vapor mixing ratio. MLS and
CLAES have similar viewing characteristics (see section 2)
with the footprints lying close to each other. We discard any
observations which are more than 50 km apart. The foot-
print size is about 25 km x 400 km and hence the footprints
do not overlap and we must assume some coherence of the
footprint averages of water vapor, ozone and temperature on
a scale of a few hundred kilometers.

83hPa

% of area total

Afr Ind. Oc.

Indon.

W.Pac.

C.Pac. E.Pac. Amer. Atl.

Figure 6. Same as for Figure 2 but assuming clouds to be at 83 hPa.
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Figure 7. Histogram of the fraction of MLS footprints which contain a CLAES cloud for 10% relative

humidity bins for December 1991 to February 1992

[28] Simmons et al. [1999] reported that ECMWF tem-
peratures at 90 hPa in boreal winter 1996/1997 were
higher than minimum sonde temperatures by 2.5°C at
Kota Kinabulu and 1.8°C at Truk (both stations in the
tropics). He noted that the vertical resolution of the
ECMWF model was only 20 hPa at the 90 hPa level
and that the overestimation of temperature was to be
expected, leading to an underestimation of the degree of
drying of the air as it enters the stratosphere. At 68 hPa
this temperature difference could change relative humidi-
ties by about 10%. The reanalysis temperatures used here
were compared by Pawson and Fiorino [1998] with NCEP
temperatures and they found the tropical mean temper-
atures to be lower than the corresponding operational

at 68 hPa.

analysis (as 1996/1997 mentioned above), colder than
the NCEP analysis and closer in agreement with radio-
sonde observations.

[20] We created 10 bins for RHi in 10% intervals, with
the final bin being for RHi of 90% and over, and counted
the number of clouds in each bin. Figure 7a shows the
distribution of RHi found at 68 hPa in DJF 1991/92. Values
range from 0 to 90+% with most air having an RHi of 20 to
30%. In Figure 7 (right), the number of cloudy footprints in
each bin is plotted. Clouds are found over the full range of
the measured RHi values. Although we might expect to find
clouds only when the RHi reaches 100%, if the cloud is
smaller than the footprint size, the average RHi across the
footprint might be less than 100%. We return to this point
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100%RH=cloud hit

MLS Footprint

Figure 8. Representation of MLS footprint and the
recording of the cirrus cloud.

later in this section. The distribution of clouds peaks at 30—
40% and is shifted to the right compared with the distribu-
tion of RHi. We divide the number of clouds in each bin
(Figure 7b) by the number of MLS footprints in each bin to
give the fraction of the MLS footprints which contain a
CLAES cloud. This is plotted in Figure 7c. Figure 7¢ thus
shows that cirrus clouds are more likely to be found as the
RHi increases. Clouds are more likely to be present in the
regions where the air is more saturated, as we would expect,
and as studies for the upper troposphere have shown. For
example, Sandor et al. [2000] used MLS data and CLAES
measurements at 147 hPa and found that cirrus frequency
increased with relative humidity.

[30] As mentioned above, we might expect to find clouds
only when the relative humidity hits 100% but in fact we
see clouds in air with a range of relative humidities. We
designed a simple model to illustrate how this can arise. The
model represents how MLS would measure relative humid-
ity compared with the recording of a cirrus observation
which we assume to be on a smaller horizontal scale than

300F
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number of counts

100

oL 11 | LR LIJ |
-10 0 10 20 30 40 50 6O 70 B8O 90 100 110
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that of the MLS footprint. Each water vapor measurement is
essentially an average over a horizontal area of about 25 x
400 km? and 3 km in the vertical. In the upper troposphere
at around 215 hPa, comparison of MLS measurements with
Lidar measurements have shown that high humidities are
often present in narrow laminae [Newell et al., 1996] and
the small-scale variations of high humidity will be averaged
with lower humidity regions over the MLS footprint. Even
in the lower stratosphere, 5-day averaged water vapor fields
from MLS show that there is still considerable spatial
variability [Clark et al., 2001].

[31] Each footprint, represented by the large box in
Figure 8, is divided into 10 smaller boxes. Each of the
small boxes is assigned a random value for RHi ranging
from 0 to 100% and based loosely on the observed mean
and standard deviation as seen in Figure 7a. The division of
the MLS footprint into 10 boxes is arbitrary, but tests show
that the histograms are not very sensitive to the number of
boxes in the footprint. If the RHi of any of the small boxes
is 100%, then a cloud observation is recorded. The RHi of
the large boxes or footprints is the average of all the smaller
boxes. Figure 9 (left) shows the RHi of the footprints
(unshaded), and the distribution of clouds within the RHi
bins in grey. The distribution of the clouds within the RHi
bins is again shifted to the right as the satellite data showed.
Figure 9 (right) shows the probability of finding a cloud in
each bin and this increases with RHi, again as the satellite
results suggested. Thus the model illustrates that the results
from the satellite are physically realistic. The distribution
we obtain is as we would expect if the cirrus clouds are not
filling the field of view of CLAES and if MLS does not
record saturation because there is unsaturated air also in the
footprint.

[32] Figure 10 shows the locations of saturated footprints
at 68 hPa. Throughout the DJF period, there are few times
that saturation is reached at this altitude but as the model
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Figure 9. Model of cloud distributions based on relative humidity at 68 hPa. (left) Distribution of RH
values of the footprints (unshaded) and the distribution of cloudy footprints shown in grey. (right)

Probability of finding a cloud in a given RH bin.
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Figure 10. Seasonal averages of Cirrus frequency, water vapor mixing ratio, ozone mixing ratio, and
collection of saturated footprints and ECMWF temperature for December—February 1991/1992.
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and the bar charts illustrate, this is not necessarily because
saturation is not occurring. The regions of saturation are
found over the northeastern corner of Australia, a feature
noted by Kelly et al. [1993], who showed that cloud edges
in the tropopause region over northern Australia during the
convectively active monsoon coincided with 100% ice
saturation. There are also occasional incidences of satura-
tion in the western Pacific, the region of the South Pacific
Convergence Zone (SPCZ) and in South America.

[33] We repeat this analysis combining the CLAES cirrus
with the ECMWF temperature field and the MLS ozone
field. The histograms (not shown) indicate that cirrus are
more likely in air with a temperature of between 188 to
190 K, the coldest temperatures being 186—188 K. There is
some regional variation to this with the temperatures over
Africa being a minimum of only 190—192 K and over South
America of 188—190 K. Both Indonesia and the western
Pacific have modal temperatures of 188—190 K but mini-
mum values of 186—188 K.

[34] Similarly, we are more likely to find cirrus clouds in
air of low ozone mixing ratios in a range of 0.1-0.2 ppmv.
Such values of 100—200 ppbv or 0.1-0.2 ppmv are often
used to differentiate between stratospheric and tropospheric
air [Danielsen, 1968; Shapiro, 1980; Pan et al., 1997]. The
results may therefore suggest that air in which the cirrus are
found has had more recent contact with the troposphere, but
as Roumeau et al. [2000] showed, ozone can be destroyed
on the surface of the ice in tropical cirrus clouds. The results
are thus inconclusive that the air in which the cirrus are
found has had recent contact with the troposphere and given
that our trajectory analysis shows that air is not always
ascending in cloudy regions, it is possible that some ozone
destruction is taking place.

[35] In Figure 10 we see that the geographical location of
the low water vapor mixing ratios, cirrus cloud cover and
low ozone mixing ratios at 68 hPa tend to coincide well over
the western Pacific. Likewise they correspond well to the
location of low OLR values (Figure 5) indicating the areas of
deep convection and ECMWF diabatic heating rates
(Figure 4) indicating where motion is downward. Randel
et al. [2001] found that lower in the tropical tropopause layer
at around 100 hPa the water vapor minima are displaced in
latitude with respect to the coldest temperatures and the
deepest convection. Generally the water vapor minima are
found in the Northern Hemisphere at this height [Randel et
al., 1998; Pumphrey et al., 2000], the coldest temperatures
roughly on the equator, and the deepest convection just south
of the equator. By 68 hPa however, the water vapor minima
are located more or less on the equator. Over south America,
although the low ozone, cirrus and low temperatures
all coincide geographically over Ecuador, saturation and
negative diabatic heating are found further north and east
over Venezuela and OLR is coldest over central Brazil. This
misalignment over South America is similar to that shown
by Randel et al. [2001] at 100 hPa and is in contrast to the
western Pacific suggesting that mechanisms for dehydration
in the two places may be different.

4. Conclusions

[36] In this paper we have described some of the charac-
teristics of cirrus clouds observed by CLAES in the tropical
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tropopause region during northern hemisphere winter of
1991/1992, an El Nifio period. The aim of the analysis was
to see what the observations of cirrus can reveal about
stratosphere-troposphere exchange and the movement of air
within the tropical tropopause layer, and to see if cirrus can
account for the low water vapor mixing ratios in the lower
stratosphere. The trajectory analysis showed that there are a
mixture of transport processes going on which are more or
less important at different heights and geographical loca-
tions and at different times. The trajectory analysis also
highlighted the importance of quasi-horizontal transport into
the tropical region.

[37] At 68 hPa, a large fraction of cirrus (up to 50% over
Africa), resulted from widespread zonal ascent. The trajec-
tories traveled long distances in the horizontal over the
10 day period. They often originated in the extratropics,
were carried by the westerly jets and turned toward the
equator in subtropical anticyclones.

[38] In the Indonesian sector negative diabatic heating
was observed which is suggestive of descending air. The
trajectories showed that around 30% of cirrus formed in air
which was descending. These results offer some support to
the idea of Sherwood [2000] and Gettelman et al. [2000],
who noted that air was often descending in the stratospheric
“fountain” region. It is possible that these cirrus were
formed in cooling descending air following a mechanism
such as that proposed by Hartmann et al. [2001] and Holton
and Gettelman [2001] in which cirrus that lie above deep
convection produce radiative cooling and sinking and are
sustained by horizontal transport of moister air into the
cooler region.

[39] At 83 hPa, the percentage of cirrus with trajectories
that have experienced an ascent more rapid than that which
can be explained by the zonal mean uplift was larger than at
68 hPa. Most were found in the western Pacific and
Indonesia where the majority of deep convection takes
place. In these regions up to 60% of cirrus could have been
influenced by convective processes, a figure which is
similar to that of Massie et al. [2002]. This percentage
contribution from convection to cirrus formation is highly
dependent on season and on location.

[40] We found that the number of cirrus clouds in-
creased as the relative humidity increased but that clouds
can be found in air of very low footprint-averaged relative
humidity. Ozone mixing ratios tended to be lower in the
areas where cirrus were found. This could be due to the
air having had more recent contact with the troposphere,
an observation that would offer some insights into trans-
port and the role of convection in the tropical tropopause
layer. The other possibility is that ozone could be
destroyed on the surface of the ice crystals in tropical
cirrus clouds. Given that our trajectory analysis showed
that air was not always ascending in cloudy regions, it is
possible that some ozone destruction was taking place.
Unfortunately, the UARS measurements of other chemical
tracers in the lower stratosphere are not sufficiently well
known to help distinguish between these possibilities. The
new Earth Observing System Microwave Limb Sounder
will provide measurements of such chemical species and
should be able to do so in the presence of cirrus. We look
forward to the launch of EOS MLS to enable us to clarify
these issues.
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