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Abstract The goal of this investigation is to understand the mechanism behind the observed high
relative humidity with respect to ice (RHi) in the tropical region between ~14 km (150 hPa) and the
tropopause, often referred to as the tropical tropopause layer (TTL). As shown by satellite, aircraft, and
balloon observations, high (>80%) RHi regions are widespread within the TTL. Regions with the highest
RHi are colocated with extensive cirrus. During boreal winter, the TTL RHi is highest over the Tropical
Western Pacific (TWP) with a weaker maximum over South America and Africa. In the winter, TTL
temperatures are coldest and upward motion is the greatest in the TWP. It is this upward motion, driving
humid air into the colder upper troposphere that produces the persistent high RHi and cirrus formation.
Back trajectory calculations show that comparable adiabatic and diabatic processes contribute to this
upward motion. We construct a bulk model of TWP TTL water vapor transport that includes cloud
nucleation and ice microphysics that quantifies how upward motion drives the persistent high RHi in the
TTL region. We find that atmospheric waves triggering cloud formation regulate the RHi and that
convection dehydrates the TTL. Our forward domain-filling trajectory model is used to more precisely
simulate the TTL spatial and vertical distribution of RHi. The observed RHi distribution is reproduced by
the model, and we show that convection increases RHi below the base of the TTL with little impact on
the RHi in the TTL region.

Plain Language Summary Satellite, aircraft, and balloon observations show that the upper
tropical tropospheric humidity is close to saturation. This high humidity is the result of the
near-continuous upward movement of water vapor from the midtroposphere into the colder upper
troposphere that results in extensive cirrus formation. Bulk and trajectory model simulations show how
this process works and that convective injection of water into the tropical upper troposphere is
relatively unimportant.

1. Introduction

The boreal winter (December-February [DJF]) Tropical Western Pacific (TWP) tropical tropopause layer
(TTL, ~14-18 km) exhibits some of the coldest temperatures in the lower atmosphere (e.g., Fueglistaler et al.,
2009; Seidel et al., 2001) with relative humidities with respect to ice (RHi) that are near or above saturation
(Jensen et al., 1999; Jensen, Thornberry, et al., 2017). Regions of high winter tropical RHi regions in the TTL
are also observed over South/Central America (Krimer et al., 2009; Vomel et al., 2002). In boreal summer
(June-August [JJA]), regions of high RHi regions are found over Central America (Selkirk et al., 2010)
and Africa (Khaykin et al., 2009) as well as in the regions of the North American and the Himalaya mon-
soons (Randel & Jensen, 2013; Vomel et al., 2002). Persistent cirrus occurs in these high RHi regions (e.g.,
Pfister et al., 2001; Sassen et al., 2009). These cirrus decks significantly impact the incoming and outgoing
radiation (Haladay & Stephens, 2009) that are not well represented in climate models (Boucher et al.,
2013; Intergovernmental Panel on Climate Change, 2013). Potential changes in the TTL cirrus and water
vapor fields as the climate changes may alter the radiation budget as a feedback (Zhou et al., 2014). For
example, as the climate warms an increase in the penetration of convective systems into the TTL might
increase cirrus formation and stratospheric water vapor (Dessler et al., 2016).
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The dehydration of air moving into the stratosphere requires cirrus formation in the tropical upper tropo-
sphere and by implication RHi values near saturation. Observations of high RHi in the TWP TTL were seen
in early aircraft, balloon, and satellite measurements (Gettelman et al., 2002; Jensen et al., 1999; Newell
et al., 1996; Vomel et al., 2002). Commercial aircraft observations also show high RHi in the lower TTL
(Zahn et al., 2014). More recent high-altitude aircraft observations of the winter west Pacific observations
made by the National Aeronautics and Space Administration (NASA) Airborne Tropical TRopopause
EXperiment (ATTREX, Jensen, Pfister, et al., 2017) and the Pacific Oxidants, Sulfur, Ice, Dehydration,
and cONvection (POSIDON) missions recorded RHi values as high as 160% (Jensen, Thornberry,
et al., 2017).

Jensen et al. (2001) suggested that in the lower TTL TWP region, saturated air is maintained by a combina-
tion of deep convection transporting water vapor into the TTL and overall rising motion. Radiative transfer
calculations show that the TTL is out of radiative equilibrium with net diabatic heating and upward motion
above 15-16 km (Randel & Jensen, 2013; Yang et al., 2010) and extending into the stratosphere. As moist air
moves upward toward the tropopause and temperature decreases, RHi increases and there is a higher prob-
ability of cloud formation (Jensen et al., 1999). In fact, Corti et al. (2006) argued that inclusion of TTL clouds
in the radiative transfer models would significantly increase the vertical range and magnitude of the net dia-
batic heating. Holton and Gettelman (2001) and Gettelman et al. (2002) argued that it is primarily the hor-
izontal advection of air into the coldest parts of the TTL, usually over the TWP, that produces high RHi and
persistent cirrus. Their simulations reproduced the formation of cirrus at the edge of the coldest parts of the
TWP as was observed by the Halogen Occultation Experiment (Russell et al., 1993). Clearly, both diabatic
heating and horizontal transport play a role in defining the structure of the RHi distribution, and we quan-
tify their contributions below.

The DJF TWP region is a region marked by intense convection (Liu & Zipser, 2005). Convection plays two
roles: altering the dynamics of the TTL TWP region and supplying water to the TTL. The linkage between
TWP cold temperatures, convection, and the water vapor distribution is not surprising (Randel et al.,
2003). The observed spatial structure of the TWP TTL cold region and the associated dipole circulation is
a Matsuno-Gill response to the latent heat released by convective clusters in the south of the equator
(Gill, 1980; Kim et al., 2018). Basically, the convective heating forces stationary Rossby and Kelvin waves,
which creates a larger cold pool that straddles the equator somewhat east of the convective centers. This cold
pool is relatively shallow compared to the underlying warm anomalies because of the change in static stabi-
lity at the tropopause (see Kim et al., 2018, Figure 6).

It is well understood that convection is the primary source of water in the midtroposphere (Corti et al., 2006;
Folkins et al., 2002; Minschwaner & Dessler, 2004; Romps, 2014) and convection is occasionally observed to
detrain even above the tropopause (e.g., Avery et al., 2017; Corti et al., 2008; Kelly et al., 1993; Wang &
Dessler, 2012). There is clear evidence that it is playing a role in the TTL's water vapor budget, both in direct
measurements of water vapor (Schoeberl et al., 2018; Ye et al., 2018) and in other tracers, such as HDO
(Dessler et al., 2007; Moyer et al., 1996).

Convection, however, cannot supersaturate the air (Jensen et al., 2007; Schoeberl et al., 2018) because the
presence of convective ice in equilibrium automatically limits the ambient RHi to 100%. The only process
that can produce supersaturation is the additional cooling of saturated air. Furthermore, this cooling must
take place without abundant effective ice nuclei. Africa and South America are also the locus of strong win-
ter convection associated with the diurnal cycle of surface heating (Carminati et al., 2014; Johnston et al.,
2018; Khaykin et al., 2013). These regions will be the subject of future analyses.

Although in this paper we focus mostly on the winter TWP, the tropical eastern Pacific (TEP) is interesting in
contrast to the TWP. The TEP has relatively lower RHi (Jensen et al., 1999; Jensen, Thornberry, et al., 2017;
Vomel et al., 2002), fewer clouds (Sassen et al., 2009), and infrequent convective events (Liu & Zipser, 2005).
Newell et al. (1996) suggested that the winter Walker circulation, which produces a subsiding, warming cir-
culation, would reduce the RHi in the TEP TTL.

In this paper, we analyze observations from a variety of sources to provide a more comprehensive pic-
ture of the TTL RHi structure and the role of convection. In order to understand the dynamics of the
TTL, we use a bulk model to simulate TTL RHi similar to that used by Jensen et al. (2001) and
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explore the role of waves and simplified convection on TTL RHi. We also revisit the horizontal advection
process first described by Holton and Gettelman (2001) and further described by Ueyama et al. (2015).
Using back trajectories, we quantify the contribution of adiabatic (motion along the sloping potential
temperature isentropes, e.g., Pfister et al., 2001) and diabatic motion (motion across the isentropes) to
the vertical motion field. Finally, we use our forward domain-filling (FDF) trajectory model (Schoeberl
& Dessler, 2011) to provide additional information on the role of convection in maintaining the
TTL RHi.

2. Observational Data Sets

Our observational data sets include satellite, aircraft, and balloon measurements in both TWP and TEP dur-
ing DJF and JJA periods. The satellite limb sounding data sets provide excellent horizontal and temporal
coverage but lower vertical resolution and fewer measurement types than the aircraft platforms.
Balloonsonde data sets provide high vertical resolution, multiyear coverage at the same location for a few
measurements. All three observation types are highly complementary.

2.1. Satellite Observations

In order to map the extent of the saturated TTL region, we use Microwave Limb Sounder (MLS) V4.2 mea-
surements of water vapor (see Livesey et al., 2017) along with temperatures from the Modern-Era
Retrospective analysis for Research and Applications, Version 2 (MERRA?2), which uses GEOS5 as the atmo-
spheric general circulation model (Gelaro et al., 2017; Molod et al., 2015) to compute the RHi over ice. The
pressure and temperature dependence of the ice saturation mixing ratio comes from Murphy and Koop
(2005). RHi is also an MLS product (hereafter MLS-RHi). We have compared RHi using MERRA2 tempera-
tures with MLS-RHi and find that MLS-RHi is on the average about 4% higher at 100 hPa in the TTL. The
source of this RHi bias appears result from the MLS cold temperature bias (Livesey et al., 2017) compared
to reanalysis. We have also compared RHi spatial patterns using both our RHi and MLS-RHi and find no
significant differences.

For cloud fraction (CF) we use both day and night Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) V4 cloud profiles (CPro) in 5-km horizontal resolution (see https://www.atmos-meas-tech.net/
special_issue903.html).

To compute the local CF, we grid CALIOP data into volumes of 4° by 8° latitude-longitude boxes with
approximately 1.34 km in depth centered on the MLS pressure levels and extending to half way between
the adjacent levels. For each grid box volume, the CALIOP feature mask is used to determine the presence
of clouds. The CF defined here is the number of observations indicating cloud divided by the total number of
observations made in the same volume over a monthly period.

In addition to the CALIOP CF, we use the satellite convective (SC) height data set described by Ueyama et al.
(2015) and Schoeberl et al. (2018) and produced by L. Pfister (personal communication, 2014, see
Acknowledgments for data set access). The SC convective cloud tops are determined by combining precipi-
tation estimates with infrared (IR) brightness temperatures (equivalent blackbody temperatures) from geos-
tationary satellites. The precipitation estimates are obtained from the Tropical Rainfall Measuring Mission
(TRMM) version 3B42RT in 0.25° X 0.25° spatial and 3-hourly temporal resolution (Huffman et al., 2010).
Brightness temperature is obtained from the NCEP/CPC 4-km Global (60°N to 60°S) IR data set. The detec-
tion algorithm first identifies grid cells with precipitation rates exceeding predefined thresholds (~1 mm/hr)
indicating possible convection and then uses the coincident IR effective brightness temperature to determine
cloud top pressure. Reanalyses are used to compute the potential temperature. Note that the effective bright-
ness temperature is adjusted by an offset due to the fact that IR methods underestimate the cloud top altitude
by about 1 km (Sherwood et al., 2004). The SC data set remains to be extensively validated, but convective
cloud top heights match CALIOP measurements taken at appropriate local times, are consistent with radar
data taken over the continental United States (Cooney et al., 2018), and the global cloud top height statistics
appear to be spatially consistent with MERRA model convective fields, although consistently higher in alti-
tude (Schoeberl et al., 2018).
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ATTREX and POSIDON Flight Tracks
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Figure 1. Flight tracks for data aircraft data used in this study. ATTREX flights are in blue, and POSIDON flights are in
red. Red star indicates the location of the Costa Rica Ticosonde launches. ATTREX = Airborne Tropical TRopopause
EXperiment; POSIDON = Pacific Oxidants, Sulfur, Ice, Dehydration, and cONvection.

2.2. Aircraft Observations

For this study, we use the high-altitude TWP and TEP observations from ATTREX (Jensen, Pfister, et al.,
2017) and TWP observations from POSIDON. While the aircraft measurements are not uniform within
the tropical upper troposphere and lower stratosphere, they provide corroborating and complementary mea-
surements to the satellite data. The aircraft water vapor measurements will have much higher vertical reso-
lution than MLS, and the ice crystal data will allow us to composite in-cloud and out-of-cloud data more
easily than with MLS observations.

ATTREX measurements were made during late boreal winter, flying from NASA Armstrong Flight Research
Center into the TEP and central Pacific (2013) and from Guam into the TWP the following year. The data can
be found at https://espoarchive.nasa.gov/archive/browse/attrex. POSIDON measurements were made
mostly in the TWP during October 2016. The POSIDON mission description and data archive can be found
at https://espo.nasa.gov/posidon. In both missions, the aircraft carried cloud particle detectors and water
vapor instruments and made meteorological measurements. Water vapor measurements used here were
obtained by the NOAA-H,O two-channel, internal-path tunable diode laser hygrometer that can measure
both vapor and total water (Thornberry et al., 2015); the difference between total water and vapor is due
to ice. The ATTREX RHi and cloud measurements have been described by Jensen, Thornberry, et al.
(2017) and Woods et al. (2018) who showed that extensive supersaturation was observed in the TWP outside
of cloud, and inside clouds, the RHi is on the average 100% although occasionally supersaturation and sub-
saturation were observed inside cirrus.

In compositing the data, we used ATTREX flights on (YYYY/MM/DD) 2013/02/05, 2013/02/09, 2013/02/14,
2013/02/21, 2013/02/26, and 2013/03/01 for the TEP and central Pacific, and we used data from ATTREX
flights on 2014/02/12, 2014/03/04, 2014/03/06, and 2014/03/09 and POSIDON flights on 2016/10/12,
2016/10/14, 2016/10/15, 2016/10/18, 2016/10/19, 2016/10/21, and 2016/10/25 for the TWP. Flights were
selected based on data availability throughout the flight. Figure 1 shows the flight tracks, ATTREX in blue
and POSIDON in red. We note that POSIDON occurred during the transition season between JJA and DJF,
and only one of the ATTREX TWP flights actually occurred in the DJF period, but the data showed that even
just outside of winter period, the TWP TTL RHi is quite high. In order to connect to the aircraft observation
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Figure 2. Eight-year averaged fields at the MLS 100-hPa level (~16 + 0.66 km) for (a) boreal winter (DJF) and (b) boreal
summer (JJA). Within each part, the top panel shows the RHi computed using MLS water vapor and colocated
MERRA2 temperatures; the middle panel the CALIOP cloud fraction computed for 4° x 8° bins (see text) at the MLS
level + 0.66 km; and the bottom panel the number of convective systems reaching 16 km or higher normalized by the
maximum number found in each 1° X 1° grid cell. White contours are the 8-year average MERRA2 temperatures at

100 hPa. CALIOP = Cloud-Aerosol Lidar with Orthogonal Polarization; MLS = Microwave Limb Sounder; RHi = relative
humidity with respect to ice; DJF = December-February; JJA = June-August.

with the satellite data, we have interpolated daily MLS water vapor data onto the aircraft flight track and
performed identical compositing with the MLS data.

2.3. Water Vapor Sonde Observations

The balloon data we use is the Ticosonde data set (Selkirk et al., 2010), which provides a relatively long
record of water vapor soundings over Costa Rica (10°N, 84°W see Figure 1 for the location). The
Ticosonde data are used to contrast JJA and DJF profiles in the East Pacific. Water vapor mixing ratio pro-
files are obtained using the cryogenic frostpoint hygrometer (Vomel et al., 2007). We use the data from 2005
to 2011 to create a climatology of the TTL over Costa Rica. During this period, sondes were typically
launched at ~1800 UT, close to the Aura MLS and CALIPSO overpass time. The sonde water vapor profiles
are composited into DJF and JJA as with the other data sets above, and we only consider sondes that reach
22 km to make sure we cover the entire TTL region. For the winter period, 20 sondes are used; for the sum-
mer period, 24 sondes are used. For each of the sonde launches we interpolate MLS RHi to the sonde site and
composite those profiles as well for comparison.

3. Analysis of Observations
3.1. Satellite Measurements

Figure 2 shows DJF 8-year average maps (2006-2014) of 100-hPa (~16-km) RHi, temperatures, CF, and the
normalized number of convective systems reaching 16 km averaged onto a 1° X 1° grid. The regions with the
highest RHi are coincident with the highest CF and coldest temperatures. However, the regions with highest
occurrence of deep convection are not entirely concentrated in the regions with the highest CF in the boreal
winter TWP and over South America. This supports the idea that the winter CF is a mixture of convective
and stratiform cirrus, mostly the latter.
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Figure 3. Zonal mean RHi (color). Black contours indicate the zonal mean CALIOP cloud fraction, and the red band
shows the zone of the highest density of satellite convective tops; thick white line is the zonal mean tropopause.

(a) DJF. (b) JJA. CALIOP = Cloud-Aerosol Lidar with Orthogonal Polarization; CF = cloud fraction; MLS = Microwave
Limb Sounder; RHi = relative humidity with respect to ice; DJF = December-February; JJA = June-August.

Figure 3 shows the zonal mean distribution of RHi, CF, and the zone where the highest frequency of convec-
tive systems reaching TTL altitudes occurs. The highest convective frequency is basically the regions with
high probability of convection reaching a given altitude. The procedure is as follows: For the target period,
the average convective altitude is computed for each 1° by 1° grid bin (as shown in Figure 2c). For each lati-
tude bin, the number of longitude bins with convection reaching a given altitude is counted. For this work,
we identify highest convective frequency as greater than 20% probability of systems reaching a
given altitude.

For DJF, the zone of maximum RHi (about 16 km) is well above both the highest convective frequency and
the peak in the CF. This suggests convective moistening has a direct impact only in the lower part of the TTL
but less important when moving upward to the tropopause (Ueyama et al., 2018). Convection does occasion-
ally reach the tropopause, but from a statistical perspective, the impact of convection on water vapor is
decreasingly important in the upper TTL (Schoeberl et al., 2018). We will return to this point below. It is
important to recognize that our focus here is on the water vapor budget, cloud formation, and the role of con-
vection in supplying water vapor. Convection reaching lower altitudes can indirectly influence the TTL by
reducing the tropopause temperature through a dynamic response even if the convective system does not
reach the TTL (Kim et al., 2018).

For JJA, in contrast to DJF, the zone of maximum RHi and peak convective frequency have a closer corre-
spondence. Both the most humid region and the top of the convective layer occurs at ~15°N. The CF peak is
somewhat lower but at the same latitude. This suggests that the TTL RHi during JJA can be attributed to con-
vective moistening (Ueyama et al., 2018).

We find that it is useful to quantify the RHi statistics throughout the TTL region. At each log-pressure alti-
tude, a normalized probability density function (PDF) of the MLS RHi observations is constructed for the
latitudes <20°. This distribution includes near-saturated regions over the TWP and continents as well as
drier regions such as the TEP and Atlantic Ocean. Figure 4 shows the resulting two-dimensional PDF.
The RHi shows a backward C pattern with most RHi values below 50% at altitudes below 14 km and RHi
values rising toward 100% at altitudes above 14 km. The CF PDF shows little change with altitude below
15 km. Both RHi and CF fall off above the tropopause into the stratosphere where temperatures warm.
The dotted line in the figure shows the frequency occurrence of convective tops with altitude. As discussed
above (Figure 3), the convective frequency is high in the very lowest part of the TTL but drops off quite
rapidly with altitude. At 16 km, for example, the CF remains high, but the convective frequency is very
low, suggesting that stratiform cirrus dominates the CF near16 km.
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Figure 4. Tropical (latitude < 20°) RHi normalized PDF (left) and CF normalized PDF (right) using data shown in
Figures 2a and 3a (DJF). White dashed lines show the SC relative convective top frequency; solid line shows the
maximum tropopause height. The scale for RH goes to 0.2, while the scale for CF extends to 0.3. MLS = Microwave Limb
Sounder; PDF = probability density function; CALIOP = Cloud-Aerosol Lidar with Orthogonal Polarization;

RH = relative humidity; CF = cloud fraction.

3.2. Aircraft Observations

3.2.1. TWP TTL

Figure 5 shows a PDF analysis of the aircraft observations and MLS observations interpolated along the air-
craft tracks. Figure 5a shows the RHi composited from the TWP aircraft data; the PDF has been slightly
smoothed. Figure 5b shows the results when rejecting observations in the presence of clouds; this reduces
the concentration of points near 100% RHi as expected. The backward C shaped pattern seen in Figure 3
(MLS data) is clearly evident in the aircraft observations. In the TWP, both Figures 5a and 5b show that
the saturated TTL begins above ~13.5 km and extends to the tropopause. The tropopause moves up and
down along the flight tracks and somewhat blurs the distribution compared to composites in tropopause
relative coordinates. Figure 5c shows MLS RHi from measurements collocated to the flight tracks. The colo-
cated MLS RHi values are somewhat lower than the aircraft observations below 15 km, but this is not sur-
prising given the lower vertical resolution of the satellite data. In addition, the MLS data are known to be
dry biased at lower altitudes (Livesey et al., 2017).

3.2.2. Tropical Eastern Pacific TTL

Figure 2 shows that both the RHi, CF, and convective frequency are much lower in the TEP than in the TWP.
Figure 6 shows the composite of TEP aircraft measurement RHi and along track MLS measurements. In con-
trast to Figure 5 (the TWP) the TEP RHi is relatively lower at all levels, but an increase in RHi with altitude
does occur above 14 km. Because the TEP has fewer clouds, the difference between the “all data” and “no-
cloud” cases (Figures 6a and 6b) is small, as was also found in Jensen, Thornberry, et al. (2017).

3.3. Water Vapor Sonde Observations

3.3.1. Winter TTL

An analysis of the Ticosonde data is shown in Figure 7. The comparison of cryogenic frostpoint hygrometer
measurements with MLS shown in Figure 7a indicates that both data sets provide a similar picture. RHi
increases above 14 km with some supersaturation evident above about 15.5 km up to the average tropopause
(red line). The Costa Rica winter profiles are similar to the TEP profiles in Figure 6, but winter Costa Rica
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Figure 5. Composite aircraft and satellite normalized probability density function of TWP cloud fraction and RHi
observations within 20° of the equator from Pacific Oxidants, Sulfur, Ice, Dehydration, and cONvection and Airborne
Tropical TRopopause EXperiment along with MLS measurements interpolated to flight tracks. Solid white line is 100%
RHi, while dashed line is 160% RHi (see arrow). Red line is the average tropopause height. (a) All flights (see text). (b) All
flights except the data where clouds are present is removed. (c) Composited collocated MLS measurements interpolated
to the flight tracks. TWP = Tropical Western Pacific; MLS = Microwave Limb Sounder; RHi = relative humidity with
respect to ice.

profiles exhibit more near-saturation events. Selkirk et al. (2010) noted that these saturation events were
likely associated with wave-induced clouds, possibly generated by the mountainous topography near the
San Jose launch site.

3.3.2. Summer TTL

The summer Costa Rica profiles (Figure 7b) show a quite different structure, with a low tropopause and a
concentration of measurements near 100% RHi. There is often strong local convection over Costa Rica in
the summer and the 100% RHi measurements suggest convective influence up to 15 km. Figure 2b also indi-
cates nearby convection with cloud tops near 15 km. In contrast, the MLS fields show lower RHi below
16 km. This may be due to the interpolation from MLS measurements over the ocean to the land location
or dry bias in the MLS retrievals.

4. Dynamics of the Tropical TTL

The observations (Figures 4-7) all show increasing RHi above 14 km associated with colder temperatures
with a sharp decrease in RHi above the tropopause moving into the warmer stratosphere. The spatial pattern
(Figure 2) also mirrors this temperature correlation. Over the TWP, and to a lesser extent over the TEP,
supersaturation is frequently present in the upper TTL (Jensen, Thornberry, et al., 2017; Rollins et al., 2016).

One simple explanation for the existence of the saturated TTL is that water vapor deposited by convection
below ~14-15 km is being advected upward by diabatic processes into the cold upper troposphere. Since
water vapor is conserved and the temperature decreases with altitude, RHi will increase above 100%
(Jensen et al., 2001). Eventually, the RHi exceeds the nucleation threshold (~160% for homogeneous nuclea-
tion, lower for heterogeneous nucleation). At the nucleation threshold, clouds form, and ice crystals grow
quickly and fall through the layers below (consistent with CF shown in Figures 2-4). Falling ice crystals con-
tinue to grow as they fall, and they remove water vapor from supersaturated layers before finally evaporating
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Figure 6. As in Figure 5, composite probability density functions of TEP aircraft RHi observations within 20° of the
equator from POSIDON and ATTREX along with MLS measurements. Thin white line is 100% RHi, while dashed line is
160% RHi. Red line is the average tropopause height. (a) All flight (see text). (b) All flights except the data where clouds
are present is removed. (c) Composited collocated MLS measurements interpolated to the flight tracks. TEP = tropical
eastern Pacific; MLS = Microwave Limb Sounder; RHi = relative humidity with respect to ice.

in the subsaturated layers below the condensation level. The upward advection provides continued
replenishment of vapor that is removed by ice formation. In other words, vertical motion supplies water
vapor, which is constantly depleted as falling ice.

In addition to diabatic motion, upward transport of water vapor can also come from adiabatic lifting (Holton
& Gettelman, 2001). Since the TWP TTL is colder than the surrounding region, air being advected horizon-
tally will ride up the potential temperature isentropes and cool as it enters the TWP. The cooling increases
the RHi, which in turn increases the probability of cloud formation (Pfister et al., 2001). Exiting the TWP
region, adiabatic motion down the isentropes warms the air and lowers the RHi. Cloud formation is
less likely.

In order to create the observed TTL distribution of water vapor and clouds, both the adiabatic and diabatic
upward motions need to drive air upward into the colder upper troposphere. To determine the relative scales
of the adiabatic and diabatic lifting process we compute the diabatic and adiabatic components of the w field

using reanalyses. We do this by computing the change in trajectory parcel log pressure height (z), where z =

H log (%) , D is the pressure, p,, is the surface pressure, and H is the scale height (~7 km). We can then esti-

mate the vertical velocity, w(t) = (zft+At) — zp(t — At))/2At, where z¢is z at the forward trajectory points and
Zp is z at the backward trajectory points. We use At = 2 days. This method is a variant on the reverse domain-
filling method (Schoeberl & Newman, 1995). The vertical velocity consists of diabatic and adiabatic compo-
nents, wgq and w,. To compute the adiabatic component, w,, we set the diabatic heating rate to 0 and recom-
pute w, this is the adiabatic component, w,. The diabatic component, wy, isw — w,.

Figure 8 shows w, w,, and wy averaged over 2006-2010 for DJF at 370 K (~107 hPa) for the TWP region
using both ERA-Interim (ERAI, Dee et al., 2011) and MERRAZ2 reanalysis. The wind vectors indicate the
location of a pair of high pressure systems, one located just west of 180° longitude, north of the equator,
and one over Australia south of the equator. These two systems are a result of the Matsuno-Gill response
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Figure 7. CFH balloon sonde RHi measurements from Costa Rica (left) and MLS (right) interpolated measurements at
the same location. (a) The winter period; 20 sondes were composited. (b) The summer period; 24 sondes. Red line indicates
the average position of the cold point tropopause. MLS = Microwave Limb Sounder; DJF = December-February;

JJA = June-August; RHi = relative humidity with respect to ice.

to the convective heating (Kim et al., 2018). As mentioned above, the response forces Rossby and Kelvin
waves that effectively extend the dynamical influence of convection to the east. The coldest region is
located near 150°E bracketing the equator. Air is advected around the two high pressure systems and
rides up the elevated isentropes into the cold region. This is the upward adiabatic transport. As air exits
the cold region, it rides down the isentropes producing downward adiabatic transport seen over the
Philippines and in the TEP. The downward adiabatic motion warms the air outside the cold region, low-
ering the RHi as seen in Figures 6a and 7a.
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Figure 8. Five-year average of the 370 K (~107 hPa) DJF w fields in millimeters per second, (a) using ERA-Interim and
(b) using MERRA2. Within each part, the top figure is the w field, the middle is w, (adiabatic vertical motion), and the
bottom is wq (diabatic vertical motion); w = w, + wq. Red contours show the temperature (5-K intervals). The vectors show
the monthly mean horizontal wind field at 370 K. The thick blue contour is w = 0. Longitude and latitude lines are
indicated. The large H in each figure indicates the center of the high pressure system. ERAi = ERA-Interim;

MERRA2 = Modern-Era Retrospective analysis for Research and Applications, Version 2; DJF = December-February.

The diabatic heating maximizes over the coldest region. The overall pattern for w is the same for both
reanalyses, but the diabatic heating for ERAI is larger. Wright and Fueglistaler (2013) and Randel and
Jensen (2013) compared the diabatic heating rates from a number of reanalyses models including
MERRA and ERAI. They found that there is significant disagreement between models in the region below
100 hPa (~16 km). Our results at 370 K show relatively good agreement between the reanalysis fields
although ERAi has slightly higher tropical tropospheric heating rates compared to MERRA2 above
200 hPa. These differences may be the result of difference in the treatment of clouds and water vapor
in the radiative transfer models used in the reanalysis. Cloud heating is especially important (Corti
et al., 2006; Yang et al., 2010), and a comparison made in Ueyama et al. (2015) shows that the heating
rates calculated by Yang et al. (2010) using observed clouds are ~20% higher than MERRA heating rates
in the winter TWP.

4.1. TTL Water Vapor Flux Constraints

In order to understand the basic water vapor/ice dynamics of the TTL, we derive some simple constraints in
this section. These constraints set the basis for the simple models introduced in the next section. To begin, we
assume for simplicity that all clouds in the TTL form as a result of in situ supersaturation and clouds are not
associated with convection. A steady state model of the TTL would balance the upward flux of water vapor
against the downward flux of ice by sedimentation. In other words, from continuity d%p,uw = % ou;ws where

u is the water vapor mixing ratio, wy is the Stokes sedimentation velocity, w is the upward velocity, u; is the
mixing ratio of ice, and p is the air density. We can simply integrate the flux balance equation obtaining
i ~ uw/wg Since w is usually much smaller than wy, this equation produces the obvious result that only a
small amount of falling ice is needed to balance the slower upward flux of water vapor. Now we can extend
this equation further by assuming that the ice particles are approximately spheres, y; = Knr® where r is the
particle radius, n is the number density of particles, K is 4n7t/3m where 7 is the atmospheric number density
per mole and m is the molar mass of water vapor. The Stokes sedimentation velocity for spheres is given by
w; = B where 8 = 2g(o; — p)/(9,) where g is the gravitational acceleration, p; is the density of ice, and &, is
viscosity of air. Substituting these terms, we obtain n = wu/Kr". This equation states the obvious result that
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Figure 9. Initial profiles used in the bulk model. Left plot (a) shows the temperature profile—roughly a tropical standard
atmosphere. Horizontal lines show the tropopause and base of the tropical tropopause layer. Plot (b) shows the initial
water vapor mixing ratio. The water vapor mixing ratio is computed assuming that the profile has 100% RHi up to the
tropopause. Above the tropopause, the water vapor is held fixed at tropopause value. Plot (c) shows the RHi. Plot (d) shows
the diabatic vertical velocity used, which is 0 at the base of the tropical tropopause layer. The nucleation relative humidity
is shown in plot c (red dashed line). RHi = relative humidity with respect to ice; NRH = nucleation RHi.

as the particle size increases, a smaller number of falling ice crystals is required to balance the upward water
vapor flux. Observations indeed show very steep fall off in ice crystal number with respect to radius (Krdmer
et al., 2009, 2016; Lawson et al., 2008, 2010). Assuming that the functional form of the size distribution of ice
crystals is determined by the nucleation and growth properties, not the vertical flux of water vapor (e.g.,
Heymsfield, 2007), we expect n itself to be proportional to the upward flux. In other words, n has to
increase as the upward vapor flux increases in order keep the RHi from supersaturation. This connection
is another way to look at the relationship between high CF, high RHi, and regions with high w—if the
RHi in the TTL is held constant, increasing the upward flux of water will increase n, the CF.

4.2. A Time-Dependent 1-D Model of the TTL

The TTL can be further investigated using a one-dimensional “bulk” model that illustrates the competing
processes of humidification, ice formation, and rehydration. For simplicity, we consider only the effects of
the diabatic circulation at this point. Figure 9 shows the model set up. The temperature is the TWP average,
and the wq profile is the average diabatic vertical motion for the TWP region (+20° latitude and 130°-180°

longitude) estimated from the heating rate, wqg = é(dz/de> where 6 is the potential temperature, Bis the heat-

ing rate, and z is the log-pressure height as defined above. The vertical velocity is upward above about
14.8 km. In Figure 9c we show the initial RHi, which is set to 100% below the tropopause. From the RHi
and temperature, we compute the water vapor concentration shown in Figure 9b. Above the tropopause
(17.2 km) the water vapor concentration is held fixed at the tropopause value. The idea behind this assump-
tion is that convection is supplying all the water vapor at the wgq = 0 level so the air is 100% saturated at the
TTL base and below.

‘We compute the change in water vapor by integrating %—’t‘ +wy g—’z‘ = Wy %iz + S; where S; denotes the source or
sink of water vapor due to the condensation and accumulation of ice or evaporation of existing ice. We first
consider only the role of diabatic motion. For this model, we assume that the initial profile is at 100% RHi
throughout the TTL. The nucleation RHi (NRH) threshold is set to 120% in this example to generate more
frequent nucleation. When ice nucleates we assume that 2-um-radius crystals form with sufficient
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Figure 10. Time-dependent bulk model of the TTL. (a) No waves experi-
ment. Upper figure shows the RHi; lower figure shows ice mixing ratio.
The horizontal white horizontal lines define the upper and lower boundaries
of the TTL. Once nucleated, ice particles fall through the TTL, decreasing
RHi in the >100% RHi regions of the TTL and evaporating in the <100% RHi
below the TTL. (b) A temperature oscillation is added simulating a gravity
wave with an amplitude increasing with height. The temperature wave
creates more nucleation events, and the ice mixing ratio is often above

2 ppmv producing white descending lines. (c) The impact of convection
against the background of vertically advecting water. Convection is simu-
lated by resetting the RHi to 100%. If the RHi is >100%, the excess water is
converted to ice. Upper figure vertical black lines show the times convection
is initiated. TTL = tropical tropopause layer.

number to bring the RHi down t0100%. Ice falls at a speed of wg — wy
where wy is the Stokes sedimentation velocity defined above. As the ice
crystals grow or sublimate, the sedimentation speed is adjusted. As the
ice falls, and if the local RHi is above 100%, the ice crystals will grow
and deplete water vapor. If the local RHi is below 100%, ice will evaporate
increasing the water vapor. The cloud physics modules used here are the
same as those described in Schoeberl et al. (2014). The model has a 5-m
vertical resolution and 50-s time step for numerical stability.

Figure 10a shows model results from a 40-day model integration with only
the diabatic vertical velocity. Above the wq = 0 level, water vapor is
advected upward into colder layers and the RHi increases. Below the
wq = 0 level (the base of the TTL, 14.8 km here), downward advection
of water vapor into warmer layers reduces the RHi. When the NRH limit
is first exceeded near the tropopause, ice crystals form and begin to fall
through the layers below. The ice crystals quickly grow to from 2 to
>20 um. The falling ice dehydrates the supersaturated layers in the TTL.
Once the crystals fall below the TTL base, the ice begins to evaporate add-
ing water to the lowest layers. The evaporation of ice extends the higher
RHi region downward below the TTL base. With continued upward
advection of water, the cycle begins again. In the TTL, periodic dehydra-
tion events occur about every 3 days. Note that falling ice increase the
water vapor just below the TTL (not shown).

Gravity waves that occur in the TTL can also trigger nucleation events and
such waves are included in models of the TTL (Jensen & Pfister, 2004;
Schoeberl et al., 2016; Ueyama et al., 2015). Including gravity waves in
the bulk model simulates the role of adiabatic motion. We introduce a
temperature oscillation of the form T = T CH cos (2n(z/A+t/7)),
where A is the vertical wavelength (1 km) and 7 is the period (3 days), T"
o = 0.35 K and z is defined above. This formula simulates the downward
phase propagation and growth of gravity wave amplitude with altitude.
The gravity wave is turned on over 3 days. Figure 10b shows the RHi
and the increase in nucleation events that result from adding the gravity
wave. The nucleation events occur at different altitudes with higher ice
mixing ratio events occurring at lower altitudes where there is more water
available to produce ice crystals.

A third simulation shown in Figure 10c shows the impact of convection.
Convective events are initiated every 5 days periodically reaching from
the base of the TTL to 16 km. Convection resets the RHi to 100%, and if
RHi is >100%, the excess water is converted to ice. The convective ice crys-
tals size is set to 10-um radius. The number of crystals is determined by the
available water exceeding 100% RHi. For this situation, convection is
always dehydrating above the base of the TTL and hydrating below it
through falling ice. The mixing ratio of convective ice falling through
the TTL varies and is determined by the point in the periodic saturation
cycle convection occurs.

Figure 11 summarizes the experiments. Figure 11a shows the average
RHi, and Figure 11b shows the CF both averaged from day 15-40.
Without waves, the average RHi in the TTL remains above 100% and
the model predicts that the highest RHi will be close to the tropopause,
decreasing rapidly above. The RHi below the TTL base is subsaturated
due to diabatic descent. This relationship is also seen in
the observations.
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Figure 11. Averages of the tropical tropopause layer model shown in Figure 10 from days 15-40. Left figure shows the
RHi. Solid black line is the average for the model where no convection is used, blue line is the wave case and the red
line is the convection case, and the orange vertical line is the NRH. The right figure shows the cloud fraction. Horizontal
black lines delineate the tropical tropopause layer region. The dashed line is the average cloud fraction from CALIOP
within +20° latitude of the equator. CALIOP = Cloud-Aerosol Lidar with Orthogonal Polarization; RHi = relative
humidity with respect to ice; NRH = nucleation RHi.

The presence of waves significantly reduces the average RHi compared to the no-wave experiment as a result
of the increase in dehydration events. More importantly, the increase in nucleation events significantly
increases the CF, bringing it much closer to the CALIOP values and even simulating the functional depen-
dence of the CALIOP CF with altitude. Finally, convection lowers the RHi below the convective top and
increases RHi below the TTL base. Convection also produce an increase in the CF as expected.

Although the time dependent model is highly simplified, it provides important insights into the TTL hydro-
logical cycle: (1) With the NRH threshold set above 100%, the TTL in our bulk model will be, on the average,
supersaturated; (2) waves play an important role in amplifying the dehydration process and increasing CF;
(3) convection dehydrates the region of supersaturation and increases clouds; and (4) short-term increases in
RHi below the base of the TTL due to falling ice suggest that TTL may be an important source of water to the
region below the TTL. We recognize that both adiabatic and diabatic motions in the TTL can locally be about
twice as large as used in the bulk model (see Figure 8), which used a regional average. Increasing the vertical
motion field will increase the frequency of nucleation events.

As is evident in Figures 4 and 5 a large portion of the TTL is subsaturated, so in this regard the bulk model
only reproduces the supersaturated elements of the TTL. The TTL is not an isolated region and lateral trans-
port of subsaturated air into the TTL or dehydration by convection will likely reduce the RHi. To address the
more complicated situation, we use our FDF model to simulate the TTL and produce a more quantitative
assessment of convective impact.

4.3. FDF Model Simulations

The FDF model is described in Schoeberl and Dessler (2011) and most recently in Schoeberl et al. (2016,
2018). Briefly, FDF is a Lagrangian domain filling model that includes convective saturation and a simple
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Figure 12. RHi probability density function from the forward domain-filling trajectory model simulation of the tropical
tropopause layer for DJF 2008 over the TWP (110-160°E longitude, equatorward of 20°). Red line labeled “Tropopause”
is the average tropopause height over the tropical region. Dashed lines are the average height of potential surfaces.

The nucleation RHi is set to 160% for this simulation. (a, c) All trajectory points including cloudy ones. (b, d) Cloudy
trajectories are removed. (a, b) For simulations that include convection. (c, d) Convection not included. Vertical white
solid line is 100% RHi; the vertical white dashed line is 160% RHi. TWP = Tropical Western Pacific; RHi = relative
humidity with respect to ice; DJF = December-February.

cloud physics scheme. The model uses hundreds of thousands of trajectory parcels to simulate upper tropo-
spheric and stratospheric processes. The NRH is prescribed at 160% for the runs shown here to provide a case
with high levels of supersaturation; FDF results for lower NRH values are described in Schoeberl et al. (2018,
see Figure 3). Gravity waves are included in the simulation as also described in Schoeberl et al. (2016).
Convection is included using the SC convective heights and measurements of convective ice number density
and particle size from Frey et al. (2014). As shown in Schoeberl et al. (2018), the model results are in good
agreement with both MLS and CALIOP observations of the TTL. Here we report two experiments to deter-
mine the impact of convection on the TTL saturation layer. In the two experiments, only the convection is

2008 DJF with Convection 2008 DJF w/o Convection Convection — No Convection

== |

-20

a Latitude b Latitude c Latitude

Figure 13. Forward domain-filling trajectory model zonal mean relative humidity with respect to ice. (a) Simulation with
convection. (b) Simulation without convection. (c) The difference between a and b. The zonal average tropopause

is thick white line. Temperatures are black lines, and the potential temperature are in red lines. The thin blue line

in c indicates 0. DJF = December—February.
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Figure 14. Conceptual model of the TTL Tropical Western Pacific dynamics. Convection provides moisture at the base of
the TTL (wq = 0). Convection penetrating above the base can dehydrate or hydrate depending on the local RHi. As air
moves upward within the TTL as a result of diabatic heating (wq), RHi increases. Adiabatic wave motions (w,) can trigger
local cloud formation, and falling ice also dehydrates the regions below the nucleation level. As air enters the stratosphere,
warming temperatures reduces the RHi. DJF = December-February; TTL = tropical tropopause layer; RHi = relative
humidity with respect to ice.

turned off and on; similar experiments were performed in Ueyama et al. (2015). The parcels are launched at
355 K with water vapor set to MLS zonal mean values.

Figure 12 shows the water vapor TWP PDF (with and without clouds) from the two simulations. The model
agrees well with the aircraft observations shown in Figures 5a and 5b. High RHi points are seen above the
tropopause as is observed, and the dry zone below about 14-15 km is also evident. The RHi increases slightly
with altitude throughout the TTL as was seen in the bulk model. Comparing the convection and no-
convection simulations shown in Figures 12a and 12c, we see an increase in 100% RHi values in the convec-
tive case below about 14 km (360 K). When clouds are not included in the PDF (Figures 12b and 12d), the
impact of convection is even less apparent. This suggests that convection has little effect on the TWP TTL.
To confirm this idea, Figure 13 shows the zonal mean RHi for the convection and no-convection simulations
and their difference. The RHi plots are only different below ~14 km. Thus, in the FDF model, convection is
supplying additional water vapor to the lower TTL, but convection is not playing much of a role in increasing
the TTL RHi. There is also a very slight reduction in peak RHi for the convective case compared to the no
convection case (note the location of the zero line in Figure 13c) suggesting that convection acts to reduce
the RHi. These results are in line with the convective impact results reported by Schoeberl et al. (2018),
Jensen, Thornberry, et al. (2017), and Ueyama et al. (2015).

5. Summary and Conclusions

High values of RHi appear to be a near permanent feature of the TTL in both summer and winter. This is
evident in the MLS satellite data (Figures 2-4), aircraft measurements from the ATTREX, POSIDON
(Figure 5; Jensen, Thornberry, et al., 2017), and other airborne missions (Krdmer et al., 2009) as well as in
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balloon data (Figure 7; see Selkirk et al., 2010). CALIOP observations shows the highest RHi tends to be colo-
cated with clouds and loosely associated with convection (Figures 2 and 3).

The highest values of RHi are found in the winter TWP where diabatic heating is largest and temperatures
are coldest. Regions of high RHi are also evident over South America and Africa as well as coincident with
the Himalaya Monsoon during summer (Figure 3b). In these areas, the high humidity is more closely asso-
ciated with convection. The TEP is less humid, and this likely results from adiabatic descent competing with
the overall diabatic ascent (see 150°W, Figure 8, note the downward displacement of the potential
temperature surfaces).

We hypothesize that the high values of TTL RHi are generated by diabatically rising air is advecting water
upward into the colder upper troposphere (see Jensen, Thornberry, et al., 2017). Convection detraining
between 14 and 15 km at the base of the TTL is the primary source of water for the TTL. Within the TTL
upward advection leads to increasing RHi with altitude. When the local RHi value reaches cloud nucleation
levels, ice crystals form, fall through the TTL, grow in saturated regions removing water vapor, and even-
tually sublimate below the TTL. Above the tropopause, RHi drops as stratospheric temperatures increase
with altitude. Figure 14 summarizes this conceptual model.

To provide some quantification of the TWP TTL dehydration process, we introduce a bulk model of the TWP
region using vertical velocities and temperatures from MERRA2 and a simplified ice model that includes ice
nucleation, deposition, sublimation, and sedimentation. This model reproduces the many of the details of
TWP observations described above. The TTL's lower boundary is the wy ~ 0 surface, which is set to 100%
RHi. Air moving downward below that boundary will warm, and the RHi will decrease; air above the TTL
base moves upward and RHi increases. Once the RHi reaches the nucleation limit, ice forms and falls
through the layer, dehydrating the layers RHi as vapor condenses on the falling ice crystals. As ice falls below
the base of the TTL, it evaporates in the drier layers. Continued upward advection of water vapor within the
TTL starts the process all over again. This periodic formation of ice is controlled by the NRH. When tempera-
ture waves are added to the model to simulate adiabatic motion, more frequent nucleation events occur,
which decreases the average RHi and significantly increases CF.

Both adiabatic and diabatic motions contribute to the dynamics of the cloud formation processes within
the TTL (Figure 8). At the edges of the TWP TTL cold region, air is advected horizontally, rises adiaba-
tically, and cools and the RHi increases to saturation levels. Over the TWP cold region (where the poten-
tial temperature surfaces are relatively flat), diabatic vertical velocity is highest and air is carried upward
into a colder environment across the isentropes toward the tropopause. The adiabatic and diabatic
motion fields are comparable, although the adiabatic motions are stronger at the edge of the cold region.
Note that we find some disagreement between the diabatic heating rates between MERRA2 and ERAj;
ERAI diabatic motion being slightly stronger. This disagreement was also noted by Wright and
Fueglistaler (2013). On the winter TEP side, air moves along the isentropes downward, overwhelming
the upward diabatic motion; the air warms and the RHi falls below 100% on the average (see
Figures 8, 6b, and 7b).

In the bulk model, convection that penetrates to the mid-TTL does not affect the cycle of nucleation and
rehydration above the convective top. Below the convective top, convection dehydrates the TTL—saturation
levels are reduced to 100%. To more precisely investigate the role of convection, we use the FDF trajectory
model that includes satellite based convective. Consistent with our simple model, the FDF model results
show that convective hydration/dehydration is only important in the region where convection is frequent
—below ~14 km. Our results are contingent on the altitude distribution of SC convection, which has not
been extensively validated. As a final caveat, we have focused mostly on the winter TWP during normal con-
ditions. Our conclusions about the role of convection mostly describe that region and are not likely to apply
to anomalous situations such as El Nifio (Avery et al., 2017; Ye et al., 2018), to the summer TTL nor to satu-
rated regions observed near the Asian monsoon. Indeed, Figure 3b suggests that in the summer months, con-
vection in the Asian monsoon region is more closely tied to the highest RHi region consistent with the
findings of Ueyama et al. (2018).

Because the tropical upper troposphere is an important component of the Earth's climate system, accurate
simulations of climate feedbacks tied to this region are critical. Climate model scenarios where the
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convective heights or convective frequency increase as a result of surface warming could alter the RHi in the
TTL and the concomitant CF and could ultimately drive a stratospheric water vapor feedback (Dessler et al.,
2013). Likewise, widening of the tropical region (e.g., Seidel & Randel, 2007) may also increase the tropical
cirrus shield and alter the radiation balance.
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