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Abstract Characteristics of the tropopause-level cooling associated with tropical deep convection are
examined using CloudSat radar and Constellation Observing System for Meteorology, lonosphere and
Climate (COSMIC) GPS radio occultation measurements. Extreme deep convection is sampled based on

the cloud top height (>17 km) from CloudSat, and colocated temperature profiles from COSMIC are
composited around the deep convection. Response of moisture to the tropopause-level cooling is also
examined in the upper troposphere and lower stratosphere using microwave limb sounder measurements.
The composite temperature shows an anomalous warming in the troposphere and a significant cooling
near the tropopause (at 16-19 km) when deep convection occurs over the western Pacific, particularly during
periods with active Madden-Julian Oscillation (MJO). The composite of the tropopause cooling has a large
horizontal scale (~6,000 km in longitude) with minimum temperature anomaly of ~ —2 K, and it lasts more
than 2 weeks with support of mesoscale convective clusters embedded within the envelope of the MJO. The
water vapor anomalies show strong correlation with the temperature anomalies (i.e., dry anomaly in the
cold anomaly), showing that the convectively driven tropopause cooling actively dehydrate the lower
stratosphere in the western Pacific region. The moisture is also affected by anomalous Matsuno-Gill-type
circulation associated with the cold anomaly, in which dry air spreads over a wide range in the tropical
tropopause layer (TTL). These results suggest that convectively driven tropopause cooling and associated
transient circulation play an important role in the large-scale dehydration process in the TTL.

Plain Language Summary Convection in the tropics may be expected to hydrate the upper
atmosphere. However, over the western Pacific, it dehydrates upper atmosphere by making a significant
cooling near the tropopause.

1. Introduction

The amount of water vapor in the stratosphere (SWV) is roughly 4 orders of magnitude smaller than that in
the lower troposphere. However, due to its strong radiative impact on the Earth’s radiation budget (Forster &
Shine 1999, 2002; Solomon et al., 2010), the global distribution, and source and sink mechanisms of SWV are
important topics of climate research. The amount of SWV is affected in general by two major processes. One
is methane oxidation in the stratosphere (Le Texier et al., 1988), and the other is transport from the tropo-
sphere, where SWV is primarily controlled by dehydration processes in the tropical tropopause layer
(Fueglistaler et al., 2009; Holton et al., 1995). Methane oxidation contributes to a slow increase in SWV during
recent decades due to increased loadings of methane in the stratosphere, and its impact is generally well
understood (e.g., Dlugokencky et al., 1998; Fueglistaler & Haynes, 2005).

On the other hand, the details of water vapor transport across the tropical tropopause are less understood
and topics of active scientific research (e.g., Jensen et al., 2016; Schoeberl et al., 2016). The primary transport
processes occur through the tropical tropopause layer (TTL), where slow large-scale upwelling brings tropo-
spheric air into the lower stratosphere (Holton et al., 1995). Thermal structures and transport pathways in the
TTL are important aspects that influence water vapor (e.g., Fueglistaler & Haynes, 2005; Jensen & Pfister, 2004;
Mote et al., 1996; Randel et al., 2004). However, because these properties are affected by complex physical
and dynamical processes in the TTL (see Fueglistaler et al, 2009; Randel & Jensen, 2013, for detailed
overview), observation and evaluation of the transport (and mixing) processes are not simple tasks.

In addition to the large-scale transport processes, extreme deep convection may provide an additional
mechanism of transport for SWV. Although only a small portion of deep convection penetrates
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background tropopause levels, this overshooting deep convection could directly transport high water con-
tent to the lower stratosphere (and hydrate the lower stratosphere). This direct transport mechanism has
been observed for isolated cases of extreme convection, based on in situ measurements obtained from air-
craft and radiosonde observations (e.g., Corti et al., 2008; Khaykin et al., 2009) and extreme events from satel-
lites (Schwartz et al., 2013).

However, deep convection may play an opposite role on SWV by modulating the thermal structure of
the TTL (e.g., Randel et al., 2015). In the tropics, a localized temperature minimum is frequently observed
over active convection (e.g., Gettelman et al, 2002; Holloway & Neelin, 2007; Johnson & Kriete, 1982).
Particularly, the cold anomaly is generally observed near the cold-point tropopause (CPT) as a thin layer last-
ing a couple of weeks in boreal winter (Kim & Son, 2012; Paulik & Birner, 2012). This tropopause-level cooling
may dehydrate the lower stratosphere in a significant manner because it makes the CPT colder, and air
parcels generally travel for a couple of weeks near the CPT before they enter into the lower stratosphere
(e.g., Fueglistaler et al., 2005).

The convectively driven tropopause cooling has been reported in many studies (in slightly different forms).
Johnson and Kriete (1982) highlight the occurrence of a near-tropopause cold anomaly atop of deep convec-
tion using radiosonde observations over the western Pacific. Kiladis et al. (2001) showed that the cold anom-
aly is significantly correlated with convective activity on intraseasonal and interannual time scales using
radiosonde and reanalysis data. Using Global Positioning System (GPS) radio occultation (RO) data, Randel
et al. (2003) and Randel and Wu (2005) showed that vertical structure of the cold anomaly resembles that
of the equatorial Kelvin waves. Paulik and Birner (2012) examined detailed characteristics of the cold anomaly
by combining CloudSat radar measurements of deep convection and GPS RO temperature data and showed
that the cold anomaly could last longer than a week, particularly related to tropical deep convection in
boreal winter.

A relationship between the tropopause-level cooling and the Madden-Julian Oscillation (MJO) has also been
reported in several studies. Zhou and Holton (2002) reported coherent eastward propagation of the
tropopause-level cold anomaly with MJO convection using reanalysis data. They also showed that the
anomaly is phase shifted with respect to MJO convection by about a quarter wavelength at the tropopause.
Kim and Son (2012) have confirmed this phase relationship using GPS RO data, and Virts and Wallace (2014)
further quantified the large-scale structure of the cooling and associated circulation pattern linked to the MJO
using GPS RO and reanalysis data.

Although the convectively driven tropopause cooling is a known feature and may have a significant impact on
SWV, its behavior in different locations and seasons have not been characterized, and detailed links to SWV are
not fully understood. Therefore, understanding the behavior of the tropopause cooling and its links to water
vapor are the main foci of this paper. In this study, we will investigate the characteristics and formation
mechanism(s) of the tropopause cooling by extending the methodology used in Paulik and Birner (2012).
Influences of the tropopause cooling on TTL moisture will also be examined and discussed. This paper is orga-
nized as follows. Data and method used in this study are described in section 2. The results are described in
section 3 including the characteristics of sampled deep convection, the temperature responses in the TTL over
the western Pacific and Asian monsoon region, and moisture response in the TTL. Dynamics of the
tropopause-level cooling is discussed in section 4, and conclusions is given in section 5.

2. Data and Method

This study is based on composite analyses, utilizing temperature (from GPS RO), circulation (from reanalysis),
and moisture (from Aura Microwave Limb Sounder; MLS) anomalies composited around cases of extreme
deep convection obtained from CloudSat. Details of the data sets are described below.

2.1. Deep Convection Samples From CloudSat

Deep convection samples are obtained from the cloud classification product of CloudSat (2B-CLDCLASS;
Sassen & Wang, 2008). CloudSat utilizes a millimeter wavelength radar (94 GHz), which is sensitive to con-
densates and precipitation in clouds, and provides detailed cloud information with a high vertical resolu-
tion (physical resolution is ~500 m; Stephens et al., 2002, 2008). CloudSat 2B-CLDCLASS data classify
clouds into eight types using an algorithm based on horizontal and vertical structures of hydrometeor
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Figure 1. Daily count of (a) deep convection profiles sampled by CloudSat (2B-CLDCLASS) in the tropics (30°S-N),
(b) temperature profiles observed by COSMIC GPS RO, and (c) water vapor from Aura MLS over the globe (thin gray)

and over 30°S-N (thin orange). Thick curves show 30 day running average of the daily. Red vertical lines indicate period of
data used for this study (September 2006 to August 2014).

and precipitation from radar reflectivity and background meteorological data. It reasonably isolates deep
convection from trailing high clouds in a complex convective system (Sassen & Wang, 2008); thus, it is
useful data for capturing overshooting convection. Only profiles classified as deep convection is used for
this study. Due to its frequent sampling, horizontal resolution of the cloud sample is ~1 km along track.
We define separate events of deep convection by connecting CloudSat samples located within 100 km
along the orbit track. To avoid overlap between deep convection samples (i.e., sampling the same
system multiple times), we further thin out the samples to have distance between separate events larger
than 1,000 km. Among these data we focus on deep convection groups with maximum cloud top higher
than 17 km. The selection method is utilized to avoid duplicated use of the dense along-track
observations, and overall results are not sensitive to the selection criteria. One relevant aspect of the
CloudSat sampling is that measurements are made near local times of 1:30 a.m. and 1:30 p.m. and hence
probably undersample extreme convection over land where a large diurnal cycle occurs, with extreme
convection in late afternoon (Liu & Zipser, 2008).

2.2, Temperature and Moisture Information From COSMIC GPS RO and Aura MLS

Temperature soundings are obtained from Constellation Observing System for Meteorology, lonosphere, and
Climate (COSMIC; Anthes et al. 2008) GPS RO measurements. The COSMIC mission provides ~1,600 tempera-
ture profiles (~400 profiles in the tropics) per day, with retrieved temperatures sampled on a 200 m vertical

KIM ET AL.



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2017JD027080

a) DJF CloudSat convection (%)
40N T LA I LRI | B 'UF -.
‘ ‘ 45
\ ; \ 4
20N 3.5
o [ 3
©
2 0 25
T
— 2
20S 1.5
1
} ‘ 0.5
R I T TP A A S SR 1 1 S
0 60E 120E 180 120W 60W
Longitude
b) JJA CloudSat convection (%)
40N T ? LI LI R O B i IPF 4 B l-.l
45
AM 4
20N S 35
o e - - - 3
ke] + 4+ 1
2 o0 25
T
- ) o 2
20S v 1.5
! 1
\ } 0.5
408 -I L L L L ' L L L L L I L IUI ; I-I L L L L I L L L L L I L L L L L
0 60E 120E 180 120W 60W
Longitude

Figure 2. Spatial distribution of the tropical convection observed by CloudSat in (a) DJF and (b) JJA during September
2006 to August 2014. Frequency distribution of deep convection higher than 15 km is shown as shading (%), and
extreme cases (cloud top height > 17 km) sampled for composite analysis (DC17) are shown as red crosses. The frequency
of 15 km convection is computed as a number of 15 km deep convection divided by total number of observation in a
given 10° x 10° grid box.

grid. The vertical resolution of GPS RO data is ~1 km in the upper troposphere and stratosphere, with a
precision of ~0.25 K (Anthes et al., 2008; Kursinski et al., 1997), and it is known to accurately capture the
temperature structure near the tropopause (e.g., Kim & Son, 2012). Water vapor data are obtained from the
Microwave Limb Sounder (MLS) on board the Aura satellite, which is part of the A-Train constellation along
with CloudSat. MLS provides water vapor profiles in the upper troposphere and stratosphere (above
13 km) with a vertical resolution of 3 km (Livesey et al.,, 2015).

2.3. Supplement-Gridded (Re)analyses

To complement the satellite observations, several gridded products are used. The Tropical Rainfall Measuring
Mission (TRMM) Multisatellite Precipitation Analysis (TMPA; Huffman et al., 2007) is used to estimate rain rate
(and associated latent heating) associated with deep convection identified by CloudSat. It provides 3-hourly
rain rate on 0.25° X 0.25° horizontal grids incorporating multiple satellite measurements. Although TMPA is a
satellite-based estimation of rain rate, it is known to capture large convective events successfully on subdaily
time scale (Huffman et al,, 2007). We also use the ERA-Interim reanalysis (Dee et al.,, 2011) zonal and meridio-
nal winds in order to examine circulation patterns in the TTL. The National Oceanic and Atmospheric
Administration (NOAA) interpolated Outgoing Longwave Radiation (OLR; Liebmann & Smith, 1996) and
OLR MJO index (OMI; Kiladis et al., 2014) are used to define MJO events.
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Figure 3. (a, b) Time series and (c, d) horizontal distributions of 3-hourly rain rate composited for different cloud top heights of deep convection sampled from
CloudSat during (top) DJF and (bottom) JJA. Rain rates are obtained from 3-hourly TRMM Multisatellite Precipitation Analysis and composited with respect to the
individual samples in space and time. Heating rates are estimated from rain rate by assuming uniform tropospheric latent heating (between 200 and 1,000 hPa).

Contours are 1 mm/h, and horizontal scale is denoted in degree latitude/longitude.

2.4. Composite Method

Composite temperature and water vapor structures are calculated in coordinates relative to the identified
deep convection, using a grid resolution of 10° longitude x 5° latitude. Specifically, for each CloudSat convec-
tion sample GPS RO temperature profiles are collected for 1 day (12 h before and after the deep convection).
Temperature anomalies for each profile are computed by subtracting background profiles that are interpo-
lated in space and time from an 8 year monthly climatology. Lastly, the temperature anomalies are averaged
in the convection-relative grids. Thus, the temperature anomalies are presented in “relative longitude” and
“relative latitude,” in which convection is centered at zero longitude and latitude. MLS water vapor anomalies
are calculated and averaged in the same manner, except that 3 days of measurements around each convec-
tion event are used to obtain enough samples in longitude.

The combined data sets used in this study are available from mid-2006 to present, as illustrated in Figure 1.
The number of CloudSat observations falls after 2011 because of battery problem occurred in CloudSat; thus,
only day-time samplings are available after this time. However, horizontal distribution and fractional occur-
rence of the deep convection measured by CloudSat remains similar before and after 2011. We performed
the analyses using the 8 year record from September 2006 to August 2014. There are some missing months
in CloudSat due to instrument problems (particularly in 2011), but most of data are commonly available dur-
ing this period (Figure 1).

3. Results

3.1. Characteristics of the Sampled Deep Convection

Figure 2 shows the frequency of occurrence and spatial distribution of deep convection (cloud top >15 km)
observed from CloudSat. The distribution agrees well with that of a climatology of deep convection based on
OLR (not shown). In December-February (DJF), a large portion of deep convection is found in the western
Pacific warm pool with fractional occurrence up to 3-4%. There are two secondary maxima over South
America and Central Africa, although the fractions in these regions are likely underestimated by CloudSat
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are also shown.

It is worth noting that deep convection over the western Pacific is often

organized on large scales by the MJO. Figure 4 shows locations of DC17
within 10°N-S superimposed on daily OLR for two 90 day samples (DJF 2006-2007 and 2007-2008). The
figure also shows the OLR anomaly filtered to highlight the MJO (Kiladis et al., 2014). There are clear overlaps
between deep convection samples from CloudSat and low OLR anomalies, and most extreme convection
samples are found in the active convective phase of the MJO. The relationship between DC17 samples and
the MJO is summarized in Table 1. Over the western Pacific roughly 70% of samples are found during active
MJO periods (JOMI| > 1) with slightly higher frequency in Phases 4 and 5, where MJO convection is found over
the maritime continent. During boreal summer, convection over the Asian monsoon region is also affected by
northward propagating MJO (or intraseasonal oscillation). Slightly, more convection samples are found
during active phase of the summer-time MJO particularly during Phases 2, 3, 5 and 6.

3.2. Temperature Response Over the Western Pacific

As examples of individual events, two extreme convection cases during DJF are presented (Figure 5).
Figure 5a illustrates a deep convective event over the maritime continent detected by CloudSat on 31
December 2006 (location is shown with red cross in OLR). Over this region, the OLR field shows a large
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Table 1
Number of Extreme Convection Samples (Cloud Top Height > 17 km) Used in This Study

MJO (|loMmI| > 1)
Region (season) Total No MJO |OMI| < 1 All Phases 2 and 3 Phases 4 and 5 Phases 6 and 7 Phases 8 and 1
WP-EQ (DJF) 270 97 173 32 (18%) 60 (35%) 35 (20%) 46 (27%)
WP-SS (DJF) 201 51 150 23 (15%) 54 (36%) 40 (27%) 33 (22%)
AM (JJA) 282 123 159 50 (31%) 33 (21%) 54 (34%) 22 (14%)

Note. The samples are subdivided based on activity of the MJO using the amplitude of the OLR MJO index (OMI), and numbers in the parentheses show percentage

for each phase.

a) 20061231

envelope of high clouds with multiple OLR minima implying development of organized deep convection
with multiple cores. The associated temperature anomaly indicates broad warming in the troposphere
and a thin layer of near-tropopause cooling centered to the east of the deep convection. Another layer
of warm anomalies is also observed in the lower stratosphere to the west of the convection, indicating a
vertically tilted wave-like structure in the upper troposphere and lower stratosphere (UTLS). This
temperature pattern is consistent with the structure of vertically propagating equatorial Kelvin waves.
Such a pattern has been characterized in several previous studies, based on radiosonde data (Kiladis
et al,, 2001), GPS RO data (Kim & Son, 2012; Randel et al.,, 2003; Scherllin-Pirscher et al., 2017), reanalysis
(Flannaghan & Fueglistaler, 2013), and idealized numerical modeling (Ryu et al., 2008).

However, the temperature anomalies do not always show a Kelvin-wave-like structure. Figure 5b presents
another case associated with deep convection over the central Pacific. Although it shows a similar vertical
dipole of temperature anomalies shifted to the east of the convection center, the anomalies do not exhibit
a wave-like structure in the TTL.

The temperature response, particularly the tropopause-level cold anomaly, has been explained with two
different hypotheses: a large-scale Kelvin wave response (e.g., Kiladis et al., 2001; Randel et al., 2003) and
hydrostatic adjustment to convective heating (Holloway & Neelin, 2007). To examine the general
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Figure 5. Longitude-altitude structure of the temperature anomaly from COSMIC GPS RO for extreme convection cases (cloud top height > 17 km) on (a) 31 January
2006 and (b) 30 January 2010. Bottom panels are outgoing longwave radiation on the same day. Crosses indicate location and maximum cloud top height of the
deep convection, and black horizontal lines denote the cold point tropopause.
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characteristics of the temperature response, we produce composite temperature anomalies for WP-EQ
(Figure 6a) and WP-SS (Figure 6b). The 270 deep convection samples are used for WP-EQ, and 201 samples
are used for WP-SS. On average one or two temperature profiles are included in a grid box per one deep con-
vection sample; thus, roughly 240 to 450 temperature profiles are averaged for a grid box. The composite
temperature anomaly for WP-EQ is qualitatively similar to that of the example shown in Figure 5a. A clear ver-
tical dipole of warm and cold anomalies appears to the east of the sampled deep convection. Although no
additional warm anomaly appears in the lower stratosphere, the cold anomaly in the TTL shows an eastward
phase tilt with height consistent with a Kelvin wave response, which is schematically described in Figure 6c.
For WP-SS, the temperature anomaly shows also a dipole structure, but no vertical tilt is observed, and its cen-
ter is more aligned with the location of the deep convection compared to WP-EQ. The difference in vertical
structure is not surprising because the Kelvin wave response is expected only near the equator. This pattern is
similar to that in Figure 5d and is consistent with the hydrostatic adjustment structure described in Holloway
and Neelin (2007) that is schematically depicted in Figure 6d. The in-phase vertical structure is a characteristic
of hydrostatic adjustment, and it stands out even more clearly when compositing only over the 15-20°S lati-
tude band (not shown).

In fact, the contributing mechanism can be clarified by using a relationship between temperature and pres-
sure anomalies. In a pure Kelvin wave, these anomalies have a quadrature relationship where “high pressure”
leads “cold anomaly,” while they have an in-phase relationship in pure hydrostatic adjustment. Our analysis
(based on reanalysis meteorological data, not shown) suggests that both mechanisms contribute to the tro-
popause cooling over WP-EQ, while hydrostatic adjustment dominates over WP-SS and the ASM.
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Figure 7. Horizontal structure of the cold anomaly at 17 (left panels) and 18 km (right panels) composited for extreme convection (cloud top height > 17 km; DC17)
over (a, ¢) WP-EQ and (b, d) WP-SS. Significant values at 95% confidence level are shaded. Red crosses indicate location of the sampled convection, and red horizontal
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Figure 8. Longitude-time section of the cold anomaly at 17 km. Temperature anomalies are obtained in the same way as in Figure 4 with time lags (in days) for
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The eastward shifted temperature response over WP-EQ is an interesting feature. It has been reported by
several studies focused on the TTL (e.g., Kim & Son, 2012; Virts & Wallace, 2014; Zhou & Holton, 2002) and
troposphere (e.g., Hendon & Salby, 1994). The shifted temperature anomalies are likely related to a Kelvin
wave response to a diabatic heating, where large-scale circulations redistribute the heat by interacting with
convection (Hendon & Salby, 1996).

Figure 7 presents the horizontal structure of the cold anomaly at 17 and 18 km where the strongest cooling is
found. The cold anomaly is generally confined to within +20° from the Equator covering several tens of

T 17 km (K, GPS/RO)

Relative longitude

b)

Days (lag)

Relative longitude

T 17 km (K, GPS/RO)

20

s

PR

FUNEIT RTINS SR S R S B

"
(A

Relative longitude

©
o

MJO (left panels) and non-MJO (right panels) cases over WP-EQ. Contour interval is 0.5 K, and significant values are shaded with 95% confidence level.
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Figure 9. (a) Composited temperature anomalies for extreme convection (cloud
top height > 17 km) over AM in JJA. The longitude-time section (b) shows
temperature anomaly at 17 km, where maximum amplitude of cold anomaly
appears. Contour intervals are 0.25 K (0, £0.25 contours are omitted) for upper
panel, and 0.5 K for lower panel.

degrees in latitude and longitude. The latitudinal scale matches
roughly that of equatorially trapped waves, which is determined by
the equatorial Rossby radius of deformation.

The horizontal structure of the cooling is quite symmetric around the
averaged location of the equator for WP-EQ (Figures 7a and 7c), and
even for WP-SS (Figures 7b and 7d) except for a slightly stronger
anomaly found near the center of the deep convection. Particularly,
the temperature anomaly at 18 km resembles a “horseshoe”-shaped
Matsuno-Gill-type response (Gill, 1980) as discussed in several previous
studies (e.g., Highwood & Hoskins, 1998; Kiladis et al., 2001; Nishimoto
& Shiotani, 2012). Although the temperature anomalies over WP-EQ
and WP-SS show different vertical structures in Figure 6, they are likely
a part of a Matuno-Gill-type response to a broad tropical heating. The
anomalies over WP-EQ belong to Kelvin-wave part, and the anomalies
in the WP-SS belong to Rossby-Wave gyre in a Matuno-Gill-type
response. This is likely due to the fact that a large portion of the
extreme convection samples are related to organized convection in
the MJO as seen in Table 1.

One noticeable feature of the tropopause-level cooling is its horizontal
scale. It covers ~6,000 km in longitude with a maximum amplitude of
—2 K, consistent with the results in Paulik and Birner (2012). The tem-
perature minimum is located near the CPT implying that ~1-2 K of
additional cooling appears at the CPT over a wide range of longitudes
when extreme deep convection occurs over the western Pacific. Thus,
the tropopause cooling could significantly enhance the freeze-drying
process, particularly when its lifetime is comparably large to transport
time scale in the TTL.

The temporal behavior of the tropopause-level cold anomaly is shown
in Figure 8. Because convection in the MJO shows a characteristic beha-
vior, the composite is made separately for MJO and non-MJO (or weak
MJO) periods based on the classification in Table 1. During an active
MJO period, a significant cold anomaly is found roughly a week before
the sampled extreme convection for WP-EQ (Figure 8a). It is found
~10-20° east of the convection and moves slowly to the east over time.
The same behavior is also found for WP-SS (not shown). This propaga-
tion and time scale is consistent with the movement of the MJO
(Figure 4). The temperature anomalies therefore follow the MJO envel-
ope persisting for several weeks. The temperature composite during

non-MJO period, on the other hand, shows a notably weaker anomaly lasting roughly 1 or 2 weeks. This large
difference between MJO and non-MJO cases is also clearly shown in the vertical structure of the temperature
anomalies (supporting information Figure S1). This suggests that a well-organized convective system (such as
MJO) acts to amplify and maintain the tropopause-level cooling for several weeks.

The overall features of the cold anomaly over the western Pacific suggest that the cooling effect in the TTL is
not due to a single convective tower, but it is driven by an interaction of a series of mesoscale deep convec-
tion and large-scale circulations embedded in the MJO. Although we cannot isolate the influence of single
overshooting convection on the tropopause temperature, this is likely a general feature of the tropopause-
level cooling observed over the western Pacific because deep convection occurs mostly in a well-organized
convective system in this region (Rossow & Pearl, 2007).

3.3. Temperature Response in the Asian Monsoon Region

Composite analysis was also constructed for the Asian monsoon region during JJA (Figure 2b). The tempera-
ture composite over AM (Figure 9a) shows a similar dipole pattern of warm (in the troposphere) and cold (at
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S of the anomalies are significantly smaller compared to those over the
western Pacific. This is consistent with Paulik and Birner (2012), who
quantified the different responses during JJA versus DJF. A large num-
ber of convection samples during JJA are over the Asian monsoon
region in their study, and Figure 9a is virtually the same with their JJA
temperature response.

The cold anomaly near the AM CPT has a lifetime of ~10 days, with an
amplitude of ~ —0.5 K, that is, weaker than that of WP-EQ. It moves
westward from the center of the convection sample over time, with
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a speed of ~5°/d (Figure 9b). This behavior is likely due to propaga-
tion characteristics of the monsoon disturbances, which are known
to propagate northwestward (Lau & Lau, 1990), and partly a westward
drift of the convective systems by large-scale monsoon circulation.
Most of the sampled deep convection occurs in the southern part
of the Asian monsoon anticyclone (Figure 10a) where the background

220 winds are easterly. The OLR evolution (Figure 10b) confirms the west-
ward movement of major convection systems in this region.

The temperature anomalies are much weaker and smaller over the
200 Asian monsoon region compared to that in the western Pacific, even
though the averaged rain rate (latent heating) associated with the
sampled convection in both regions are comparable in magnitude
180 and spatial scale (see Figure 2). This contrast may be related to different
characteristics of convective activity over the two regions. OLR over
AM exhibits a nearly continuous evolution of active convection
160 (Figure 10b), while deep convection often shows large spatial and tem-
poral variations in the WP-EQ related to phase of the MJO. Furthermore,
the cold anomaly once formed in the AM region could remain as a
quasi-stationary response through geostrophic balance (within the

Figure 10. (a) Geopotential height (m, contour) and wind (m 571, vector) at

Longitude

time scale of the beta drift and friction), while the cold anomaly in
the deep tropics is rather a transient response. This implies that the sea-
sonal climatology of temperature over AM already has a strong convec-

100 hPa superimposed with extreme convection samples (DC17, crosses). tive cooling signature near the tropopause, and temperature anomaly
(b) Longitude-time section of OLR (W m~; shading) and extreme convection to DC17 could be underestimated with this background climatology.
samples (DC17, crosses) over 10-30°N during JJA 2007. These are possible explanations for the weak temperature response

in the AM region, but we could not clearly understand the reason.
3.4. Moisture Response in the TTL

The observed cold anomaly is expected to have a significant influence on the moisture content in the TTL—
this influence is examined focusing on the western Pacific regions. Figure 11a shows the vertical structure of
the composite water vapor for extreme convection over WP-EQ during active MJO periods as observed by
Aura MLS. Despite the coarser vertical resolution of MLS, the corresponding water vapor anomalies in this
region show a very similar vertical structure with the temperature anomalies (compare with Figure 6a). In par-
ticular, a clear dry anomaly is found where the cold anomaly is located in the TTL with a slight eastward tilt
with height. This strong coherence between the water vapor and temperature fields suggests that dehydra-
tion through the freeze-drying is enhanced by additional cooling in the TTL by deep convection.

A significant dry anomaly is also found in the middle-to-lower TTL to the west of the deep convection, where
temperature anomalies are small. Transport of dry air from the east is possibly responsible for this dry anom-
aly. In order to check this possibility, the same composite analyses are conducted for zonal wind from ERA-
Interim reanalysis and ozone from MLS data (the results are provided as supporting information, Figure S2,
to focus on temperature and water vapor in the main text). The composite of zonal wind shows anomalous
easterlies in the TTL and likely helps to transport the dry air in the cold anomaly to the further west. The com-
posite of ozone presents a similar structure supporting the idea of transport impact in the TTL. Particularly, a

KIM ET AL.



@AG U Journal of Geophysical Research: Atmospheres

10.1002/2017JD027080

a)

30

50 f

70

—_
(=]
o

200

Pressure (hPa)

150 [

WP-EQ (DJF)

H20 (ppmv, MLS) strong negative ozone anomaly is found in the cold anomaly. This

REEr

negative ozone anomaly implies a transport of ozone-poor air from
the troposphere along the slope in this region (this could be thought
like a transport of air mass with low potential temperature). The role
of transport will be further examined in the later part of this section.

The water vapor anomalies over WP-SS (Figure 11b) show dry patterns
in the TTL, although the anomalies are spread out mostly to the west of
the cold anomaly centered on the deep convection region (Figure 6b).
This behavior can be better understood from the corresponding hori-
zontal structure; Figure 12 shows composite water vapor anomalies

at 83 hPa for WP-EQ and WP-SS. The spatial structure of dry anomalies
is virtually the same as that of the cold anomaly (Figure 7) for both WP-
EQ and WP-SS. The dry anomalies in both regions exhibit a symmetric
pattern along the equator with the maximum dryness at the equator.
These coherent spatial patterns highlight the strong control of tem-

I R

perature on water vapor in the TTL.

In addition to the temperature control, the water vapor structure
could be locally modified by transport. The streamlines in Figure 12

show the composite of horizontal circulation structure in the TTL for
DC17 samples during active MJO periods. The off-equatorial branches
of the dry anomaly coincide well with the outflow from the dry
region. This implies that transport by the anomalous circulation driven

by deep convection also contributes to redistribution of the dry
anomalies in the TTL. A further analysis on time-lagged composite
of the moisture anomaly (supporting information Figure S3) demon-
strates that the dry region expands along the anomalous circulation
over time, supporting this interpretation. A similar dehydration
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SWV event.

Figure 13a shows the time evolution of the dry anomaly at 83 hPa for
WP-EQ during active MJO. The evolution of the dry anomaly at
83 hPa closely follows the behavior of the cold anomaly at 17 km

-30

0 30 60 (Figure 8). It propagates slowly to the east following the cold anomaly
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Figure 11. Longitude-altitude structure of water vapor anomalies from Aura
MLS (ppmv, contour) composited for extreme convection during active MJO

periods over (a) WP-EQ and (b) WP-SS. Significant values at 95% confidence level
are shaded. Contour interval is 0.05 for thin lines, and 1, 10, and 100 ppmv values

over time, while further spread of dry signal is found after ~10 days. The
dry anomaly of WP-SS shows fundamentally the same behavior (not
shown) as in WP-EQ. The horizontal spread of dry signal is largely due
to the effect of circulation pattern found in Figure 12, which is clearly
shown in the time evolution of the dry anomaly (Figure 13a and sup-

are denoted by thick lines.

porting information Figure S3). The role of large-scale circulation

response in dehydration process of the TTL has been discussed in
Hatsushika and Yamazaki (2003) and Fueglistaler et al. (2005). This observational result clearly manifests
the detailed process discussed in previous studies.

It is worth to note that a composite for extreme convection sampled during non-MJO (or weak MJO) periods
show no clear dehydration or hydration signal (Figure 13b). In the western Pacific, the MJO is likely the most
important convective activity that affects moisture in the TTL. This results emphasize the role of organized
deep convection on dehydration process in the TTL, which is discussed in Randel et al. (2015) and Virts
and Houze (2015).

The temperature and circulation responses observed over the western Pacific could be understood as a
Matsuno-Gill-type response (Highwood & Hoskins, 1998) to transient convective heating related to the
MJO (Kiladis et al., 2001; detailed upper-level circulation pattern is also available at NOAA Earth System
Research Laboratory MJO Web page, https://www.esrl.noaa.gov/psd/mjo/mjoindex/pdf/psi200.1x.20ns.
omi.amp1.096.djf.7912.pdf). The equatorial part is explained as the Kelvin wave component, and the
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Figure 12. Horizontal structure of water vapor anomaly (ppmv) at 83 hPa mea-
sured from Aura MLS and 70-100 hPa circulation anomalies (streamline) com-
posited for extreme convection (DC17) over (a) WP-EQ and (b) WP-SS occurs
during active MJO periods. Significant values of water vapor at 95% confidence
level are shaded (color bar in the upper panel), and the streamlines are colored
by significant levels (color bar in the lower panel). Red crosses indicate the
location of extreme convection, and red horizontal line denotes mean location
of the equator.

off-equatorial part is explained with the Rossby wave component.
Particularly, the off-equatorial part evolves into two isolated anticy-
clones centered at ~15°N and 15°S over time(Figure 14a). The same
pattern is found in temperature (Figure 14b) and water vapor anoma-
lies (Figure 14c), and this structure is reminiscent of the dehydration
pattern shown in Schoeberl and Dessler (2011; in their Figure 9a).

4. Dynamical Balances for the Tropopause-Level
Cooling

One interesting feature of the tropopause cooling is its small vertical
depth (~3 km) compared to that of its tropospheric counterpart
(~10 km). The different vertical scales of the cold and warm anomalies
may be explained by differences in background buoyancy frequency,
N. Because meridional scale (L”) of the cold and warm anomalies are
coupled through hydrostatic balance, that is, L/, =L, (the

subscripts “cold” and “warm” refer to properties of the cold and warm
anomalies), assuming that the meridional scale of the anomalies

follows the equatorial Rossby radius of deformation, R4y = \/N/pm
(where N is static stability, # is meridional gradient of Coriolis para-
meter, and m is vertical wave number), we can get /Ncold/BMcold

= v/Nwarm/PMwarm, and which gives

(where L? is the vertical scale of the anomaly, which is 2z/m). Thus
large static stability in the background leads to a vertically narrow
temperature response. The vertical depth of the warm anomaly is
likely determined by diabatic heating in the troposphere, and the
observed ratio of N.gq (near the tropopause) versus Nyam (in the tro-
posphere), which is ~3, explains the observed ratio between vertical
depths of the warm and cold anomalies.

In addition, the vertical depth of the cooling determines its magnitude. In a balanced situation, the increase in
geopotential height associated with the warm tropospheric anomaly should be compensated by decrease in
thickness in the cold anomaly. Using hydrostatic balance (d®'/dz* = RT'/H, where @' and T’ are geopotential
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Figure 13. Longitude-time section of equatorial water vapor anomaly at 83 hPa for extreme deep convection (DC17) over WP-EQ during (a) active MJO and
(b) non-MJO periods. Contour interval is 0.05 (+0.05 contours are neglected for visual clarity), and significant values are shaded at 95% confidence level.
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Figure 14. (a) Horizontal structure of 17 km temperature (contour) and 70-100 hPa wind anomalies (vector) obtained from 7 day lagged composite for extreme deep
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Figure 14a). Contour interval is 0.4 and 0.05 for temperature moisture anomalies, respectively. Significant values are shaded, and color of the vector denotes
confidence level. Solid red lines denote mean location of the equator.

and temperature anomalies, z* is log-pressure height, R is gas constant, and H is scale height), the relationship
could be expressed as [T 4025 g = —JTwarmdZiam (the integrations are made over the depths of cold and
warm anomalies, respectively), that is, the magnitudes of warm and cold anomalies are inversely proportional
to their depth scale. This explains why the intensity of the cold anomaly is ~3 times stronger than it tropo-

spheric counterpart.

5. Conclusion

Large-scale temperature and moisture responses to extreme deep convection have been examined in the
TTL for the highest clouds observed by CloudSat. Over the western Pacific during DJF, strong convection is
mostly embedded in organized convective systems, and a large portion of deep convection samples (with
cloud top >17 km) were found within the envelope of active MJO (Figure 4). The temperature response asso-
ciated with the deep convection shows a clear vertical dipole structure of warming in the troposphere and
cooling near the tropopause. In particular, the cold anomaly near the tropopause shows a distinct layered
structure spreading along the CPT covering several thousand kilometers horizontally in the TTL. In composite
analysis, it has average amplitude of ~ —2 K and lasts approximately 2-3 weeks, particularly with support of
the MJO.

The moisture response is largely coherent in space and time with the temperature anomalies in the TTL. A
large-scale dry anomaly is found associated with the tropopause cold anomaly. The dry anomaly further
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expands along the outflow from the dry region on weekly time scales. The anomalous circulation response
associated with deep convection is likely spreading the dry air from the cooling region in the TTL. This
circulation anomaly shows coherent patterns with the temperature and moisture anomalies and is at least
partly associated with the transient equatorial wave response to latent heating below. The overall dehydra-
tion process occurs effectively during active MJO periods, but no clear hydration or dehydration signal is
found during weak- or non-MJO periods.

Our composite analyses based on multiple satellite observations show that the convectively driven
tropopause-level cooling contributes significantly to dehydration in the upper TTL, particularly over the
western Pacific. This is consistent with Randel et al. (2015) who found stratospheric dehydration subsequent
to enhanced deep convection over the Asian and North American monsoon regions. The deep convection
samples used in this study (cloud top >17 km) likely include overshoots and in principle allow direct transport
of water vapor into the upper TTL and lower stratosphere, but such a signal does not appear to be strong
enough to show up in the composite structures examined here. The method used in this study may be lim-
ited as it captures mostly large-scale averaged responses and could miss localized small-scale convective
injection. However, the tropopause cooling and associated dry anomaly are robust features found over a
wide area in the TTL when extreme deep convection occurs in the western Pacific. This suggests that the
dominant impact of deep convection on the TTL is cooling and enhanced dehydration, at least for the wes-
tern Pacific region.

The dehydration process discussed in this study is different from that proposed by Danielsen (1993) and
Sherwood and Dessler (2000). They hypothesized that overshooting convection could dehydrate the
lower stratosphere by direct injection of extremely cold air, ice formation, and subsequent sedimentation.
The cold anomaly observed in this study is rather related to large-scale wave (or balanced) motions
induced by an underlying heat source, and it exhibits a much larger horizontal scale compared to that
of individual overshooting convection. The cold anomaly has also sufficiently long lifetime to allow ice
particle sedimentation, which is important for efficient dehydration (Holton & Gettelman, 2001). This
behavior is consistent with the recent study of Virts and Wallace (2014), which shows enhanced cirrus
occurrence in conjunction with cold TTL temperatures and low water vapor during the MJO, based on
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations data. Given the large horizontal scale
and long lifetime, the dynamically induced tropopause cooling is expected to have a significant impact
on stratospheric moisture.

Our composite analysis for extreme convection in the Asian monsoon region did not find clear dehydration
(or hydration) signatures, but this may in part be related to the weak and confined temperature anomaly in
this region (Figure 9a). The moisture response may also be sensitive to the location of the deep convection as
hydration or dehydration is expected to be sensitive to the background relative humidity (specifically, the
degree of subsaturation versus supersaturation, e.g., Jensen et al.,, 2007). Additionally, dehydration in the
AM primarily occurs on the (cold) south side of the anticyclone, tied to the balanced response to organized
large-scale (nonlocal) convection (Randel et al., 2015). Thus, spatial location of the deep convection may also
be an important factor for the dehydration.

One hypothesis is that the large-scale temperature structure near the tropopause in the AM is mainly con-
trolled by quasi-geostrophic dynamics associated with the anticyclonic circulation and upward bulging of
tropopause-level potential temperature surfaces, which are maintained by a secondary circulation (Hoskins
et al, 1985). Although the deep convective heating serves as the ultimate cause of the primary anticyclonic
circulation, the secondary circulation is important because it balances the anticyclonic circulation with the
underlying convective heating and the upper level temperature response. In this system, enhanced local con-
vection can cause tropopause-level cooling only when it affects the large-scale balance of anticyclonic circu-
lation in the AM. Therefore, a broad convection can effectively change the tropopause-level temperature
rather than a localized overshooting convection.
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