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Key Points:
¢ The interannual variability in the cold point tropopause temperature averaged over 15°S-
15°N is driven by stratospheric processes
e This cold point tropopause temperature residual after regressing out large-scale modes is
still correlated with stratospheric temperature
e The portion of the shallow branch BDC, which is independent of the eddy heat flux BDC
index, is an important source of TTL variability

Abstract

Water vapor and cirrus clouds in the tropical tropopause layer (TTL) are important for the
climate and are largely controlled by temperature in the TTL. On interannual timescales, both
stratospheric and tropospheric modes of the large-scale variability could affect temperatures in
the TTL. Here multiple linear regression (MLR) is used to investigate explained variance in the
cold point tropopause temperature (CPT), cold point tropopause height (CPZ), 83 hPa water
vapor (WV83), 83 hPa ozone (0383), and total cirrus cloud fraction with cloud base (TTLCCF)
and top (ALLCF) above 14.5 km, all averaged over 15°N - 15°S. Predictors of the MLR are a set
of stratospheric and tropospheric large-scale modes of variability. The MLR explains significant
variance in CPT (76%), CPZ (78%), WV 83 (65%), 0383 (62%), TTLCCF (52%), and ALLCF
(36%). The interannual variability of CPT and WV83 is dominated by stratospheric processes
associated with the Quasi-Biennial Oscillation (QBO) and Brewer-Dobson Circulation (BDC),
whereas the variability of CPZ, 0383, TTLCCF and ALLCEF is also controlled by 500 hPa
temperature (T500). Residual variability in CPT and CPZ not captured by the MLR are further
significantly correlated to stratospheric temperature. It is shown that the portion of the BDC’s
shallow branch missed by the eddy heat flux based BDC index contributes significant amounts of
the explained variances.

Plain Language Summary

Between the tropical upper troposphere and lower stratosphere, water can exist as either vapor or
ice. The amount of water that enters the stratosphere depends on the portion of vapor that is
frozen out by the coldest temperature that air experiences in this region, which on interannual
timescales could be modulated by both large-scale stratospheric and tropospheric modes of
variability. Here we show that 76%, 65%, and 52% of the interannual variance in cold point
temperature, water vapor at 83 hPa, and ice cloud fraction in this region can be explained using a
multiple linear regression (MLR), where the predictors are the modes of the large-scale
variability. Stratospheric processes are much more important in controlling the interannual
variance of cold point temperature and water vapor at 83 hPa, but notably, the height of the cold
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point is controlled by both stratospheric and tropospheric processes. Residual variability of the
cold point temperature not captured by the MLR is still connected to temperature variability in
the stratosphere.

1 Introduction

The tropical tropopause layer (TTL) is a transition layer between the tropical troposphere
and stratosphere and extends from the level of zero net radiative heating to the maximum height
where clouds still exist (~14.5 to ~18.5 km) (e.g., Gettelman et al., 2004; Fu et al., 2007;
Fueglistaler et al., 2009). A crucial component of the TTL is the water vapor and ice that exists
there. Water vapor in the TTL can transit into the stratosphere, where it has significant impacts
on Earth’s radiation budget and stratospheric ozone (Mote et al., 1996; Forster and Shine, 1999;
Kirk-Davidoff et al., 1999; Fueglistaler and Haynes, 2005; Solomon et al., 2010; Joshi et al.,
2010; Flury et al., 2012; Ding & Fu, 2018; Randel and Park, 2019). Ice in this region exists as
thin and extensive cirrus referred to as TTL cirrus clouds. These clouds can impact the TTL’s
local radiative heating rate, which may influence the upwelling and temperatures in the TTL
(McFarquhar et al., 2000; Corti et al., 2006; Yang et al., 2010; Dinh et al., 2010; Fu et al., 2018;
Wang and Fu, 2021). These cirrus clouds might also contribute a warming effect on the surface
(Zhou et al., 2014). Despite their importance, climate models have difficulty simulating
stratospheric water vapor concentrations and TTL cirrus clouds (Gettelman et al., 2009;
Gettelman et al., 2010; Randel and Jensen, 2013; Hardiman et al., 2015; Wang and Fu, 2021).

The water vapor going into the stratosphere is largely regulated by the coldest
temperatures that air experiences in the TTL, especially during boreal winter (Holton and
Gettelman, 2001). Cold temperature anomalies in the TTL can largely limit the entry of water
vapor into the stratosphere through the formation of TTL cirrus clouds-(Jensen, 1996; Flury et
al., 2012; Jensen et al., 2013; Randel and Jensen, 2013). Temperature variability in this region is
a result of both stratospheric and tropospheric modes of large-scale variability (Randel and Wu,
2015; Charlesworth et al., 2019; Lu et al., 2020). Observed interannual variations in TTL
temperature, water vapor, and clouds have been linked to stratospheric modes including the
Quasi-Biennial Oscillation (QBO) and Brewer Dobson circulation (BDC) and tropospheric
modes including the El Nino Southern Oscillation (ENSO) and Madden-Julian Oscillation
(MJO) (Virts and Wallace, 2010; Eguchi and Kodera, 2010; Liang et al., 2011; Davis et al.,
2013; Li and Thompson, 2013; Virts and Wallace, 2014; Ding and Fu, 2018; Tseng and Fu,
2017a; Tseng and Fu, 2017b; Ye et al., 2018; Sweeney et al., 2023). Wave activity on a variety
of temporal and spatial scales can also impact TTL temperatures and cirrus clouds based on both
observational and modeling studies (Boehm and Verlinde, 2000; Grise and Thompson, 2013;
Kim and Alexander, 2015; Podglajen et al., 2016; Kim et al., 2016; Podglajen et al., 2018; Chang
and L’Ecuyer, 2020; Bramberger et al., 2022).

An open question remains to what extent these observed interannual variations are
governed by stratospheric versus tropospheric processes (Garfinkel et al., 2013; Fu, 2013; Ding
and Fu, 2018). This question is important because the decadal TTL variability has been linked to
both (Solomon et al., 2010; Garfinkel et al., 2013; Xie et al., 2014; Lu et al., 2020). Despite the
different sources of the variability, their influence on the TTL variability may involve common
mechanisms by e.g., modulation of the TTL upwelling, complicating the partitioning of the
sources (Austin and Reicher, 2008; Lin et al., 2017). This question is also important because
connections between TTL variables and the modes of large-scale variability found in
observations may help validate models’ representation of the TTL. This study attempts to shed
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light on this question by examining key target variables in the TTL like temperature, water
vapor, ozone, and cloud fraction observed from radio occultations, the Microwave Limb Sounder
aboard the Aura satellite, and the CALIOP instrument. The explained variance of these target
variables is investigated by employing a multiple linear regression (MLR) where predictors are
the QBO, BDC, T500, and MJO (Dessler et al., 2013; Dessler et al., 2014; Tseng and Fu, 2017a;
Wang et al., 2019).

2 Data
2.1 Target Variables
2.1.1 Temperature

Temperature data come from Radio Occultation (RO) profiles from the COSMIC-1 and 2
as well as the MetOp-A, B, and C satellites, archived at the University Corporation for
Atmospheric Research (Anthes et al., 2008; Schreiner et al., 2020). Data was preprocessed using
the level 2 WetPrf product from June 2006 to December of 2021 (Sweeney and Fu, 2021). These
RO temperature profiles have high accuracy (less than 0.1 K). RO data have high vertical
resolution (~0.5 km) in the TTL, but coarser horizontal resolution of about 200 km (Kursinski et
al., 1997; Kuo et al., 2004; Zeng et al., 2019). The vertical temperature gradient and cold point
tropopause temperature and height are also calculated from the RO temperature data.

2.1.2 Clouds

Cloud fraction data comes from the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) instrument aboard the CALIPSO satellite (Winker et al, 2010). CALIOP can provide
information of cloud layers with optical depth as small as 0.01 or less, ideal for TTL cirrus cloud
identification. We use the Level 2 V4.2 5-km Merged Layer Products from June of 2006 to
December of 2021, using only nighttime measurements to avoid solar contamination of the lidar
signals (Thorsen et al., 2013; Thornberry et al., 2017). Cloud fraction is derived from the lidar
data as the number of detections of a cloud divided by the total number of observations in each
2.5°x2.5° grid cell at a given level. Positive cloud identifications require Cloud-Aerosol
Distinction (CAD) values of greater than 30. This study uses an adapted version of the Level 2
V4.2 data for clouds above the lapse rate tropopause (Tseng and Fu, 2017b; Sweeney et al.,
2023).

Two different categories of clouds are identified in this study: TTL cirrus clouds which
are defined as clouds with bases above 14.5 km, and All clouds which are defined as clouds with
tops above 14.5 km irrespective of their cloud base. The 14.5 km altitude is approximately the
level of zero net radiative heating in the tropical atmosphere (Gettelman et al., 2004; Fu et al.,
2007; Tseng and Fu, 2017a). We consider TTL cirrus and All clouds separately because TTL
cirrus clouds are more relevant for the dehydration of the TTL, while All clouds are more
relevant for the total energy budget of the tropics (Corti et al., 2006; Jensen et al., 2013; Sokol
and Hartmann, 2020; Sweeney et al., 2023).

Both the TTL cirrus cloud fraction and All cloud fraction are turned into one-dimensional
monthly timeseries referred to as TTLCCF and ALLCEF respectively. TTLCCF measures total
cloud fraction similarly to TTL cirrus cloud fraction described above but does not consider the
vertical extent of the TTL cirrus cloud (i.e., only measures whether a TTL cirrus cloud is present,
and not its vertical profile). ALLCF only measures whether a cloud top above 14.5 km is present,
and not the vertical profile of the cloud.

2.1.3 Water Vapor and Ozone




136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181

manuscript submitted to Journal of Geophysical Research Atmospheres

Water vapor data come from the Microwave Limb Sounder (MLS) onboard the Aura
Satellite (Read et al., 2007). Results regarding ozone concentrations also come from this MLS.
MLS measurements began in August 2004 and continue until present day. Water vapor and
ozone mixing ratios come from monthly mean Level 3 version 5 MLS data from June 2006 to
December of 2021 (Livesey et al., 2021). Tropical lower stratospheric water vapor is primarily
sourced from the troposphere, and transits slowly upward from the tropopause (Randel and Park.,
2019). Because we are particularly interested in the interannual variability of lower-stratospheric
water vapor, all water vapor data is lagged by one month to account for the slow transit time into
the lower stratosphere.

2.2 Predictors
2.2.1 Quasi-Biennial Oscillation (QBO) index

The QBO is the main mode of the large-scale variability in the tropical stratosphere
(Baldwin et al., 2001) and is a stratospheric process. The QBO index is defined using the
monthly mean 50 hPa zonal wind averaged over 10°S-10°N from ERAS (Hersbach et al., 2020).
We let the QBO index lead the TTL variables by two months to account for the QBO
temperature anomaly’s descent to the cold point tropopause (Dessler et al., 2013; Dessler et al.,
2014; Ding and Fu, 2018; Tseng and Fu, 2017a; Ye et al., 2018; Tian et al., 2019).
2.2.2 Madden Julian Oscillation (MJO) index

The MJO is the dominant mode of intraseasonal variability in the tropical atmosphere and
is a tropospheric process (Madden and Julian, 1971). The MJO index used here is the second
principal component of the velocity potential index (Ventrice et al., 2013). Maximums in this
MJO index are associated with peak MJO-related convection over the western Pacific and
suppressed convection over the eastern Indian Ocean (Virts and Wallace, 2014; Tseng and Fu,
2017a). We use the velocity potential index provided by the NOAA Physical Science Laboratory

2.2.3 Temperature at 500 hPa (T500)

The 15°S-15°N 500 hPa temperature (T500) from the ERAS reanalysis measures
tropospheric temperature. ENSO is the dominate mode of tropospheric temperature variability
(Philander et al., 1990). T500 is highly correlated with a three-month lead of the ENSO MEIv2
index (r=0.73) and thus implicitly captures much of the ENSO variability (Dessler et al., 2013;
Wang et al., 2019; Marsh and Garcia, 2007). T500 can impact the TTL through longwave
heating, changing tropical convective activity, and other processes (Lin et al., 2017; Ye et al.,
2018). Increases in T500 can dynamically induce upwelling in the TTL through the eddy
momentum flux convergence in the tropical upper troposphere driven by convective latent heat
(Boehm and Lee, 2003; Deckert and Dameris, 2008; Garny et al., 2011), which has been
considered part of the BDC in some studies (e.g., Boehm and Lee, 2003) but not in others (e.g.,
Wu and Zheng, 2022). T500 thus impacts the TTL through both thermodynamic and dynamic
processes and is considered a tropospheric process here.

2.2.4 Eddy Heat Flux Based Brewer-Dobson Circulation index (BDCgnr)

The BDC influences TTL variability by modulating the TTL upwelling (Haynes et al.,
1991; Yulaeva et al., 1994; Holton et al., 1995). The deep branch of the BDC is driven by
extratropical stratospheric waves, which is linked to the meridional eddy heat flux in the lower
stratosphere (Li and Thompson, 2013). To quantify the BDC deep branch, we calculate the
monthly averaged zonal mean meridional eddy heat flux at 100 hPa averaged over 25°-90° in the
northern hemisphere minus that of the southern hemisphere (Tseng and Fu, 2017a; Randel et al.,
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2002). We refer to this BDC index based on the eddy heat flux as BDCgur. Temperatures are
correlated with wave driving during the current and previous months; thus, the BDCenr index is
created using a three-month running mean centering on the previous month (Lin et al., 2009; Li
and Thompson, 2013; Fu et al., 2015; Tseng and Fu, 2017a). This BDCkgnr index is calculated
using 6 hourly ERAS data from 2006-2021. Note that in addition to the BDC deep branch, the
eddy heat flux-based index BDCgnr may also include a portion of the shallow branch of the BDC
(Grise and Thompson, 2013).

2.2.5 Partial Shallow Branch of the Brewer-Dobson Circulation index (BDCpsg)

In addition to extratropical stratospheric waves, tropical and subtropical waves also drive
the TTL upwelling. The upwelling due to the subtropical waves is associated with the shallow
branch of the BDC (Grise and Thompson, 2013; Abalos et al., 2014; Ortland and Alexander,
2015). The shallow branch of the BDC thus also influences TTL variability by modulating the
TTL upwelling. Note that in this study, the upwelling driven by equatorial planetary waves
(Boehm and Lee, 2003; Deckert and Dameris, 2008; Garny et al., 2011), which is related to
T500, is not considered as part of the BDC. We attempt to quantify the role of the shallow
branch that may be missed by the BDCgur by using the residual TTL upwelling after removing
the impacts of the QBO, T500, and BDCgnr. This residual TTL upwelling which represents the
partial shallow branch of the BDC is referred to as BDCpsp.

To quantify the TTL upwelling, we calculate the upwelling at 100 hPa over 15°S-15°N
using the transformed Eulerian mean (TEM) vertical velocity, for 2006-2021 using the 6-hourly
ERAS reanalysis following equation (1) (e.g., Haynes et al., 1991; Rosenlof et al., 1995; Randel
et al., 2008; Abalos et al., 2012).

wx=w +

vITI

acos@ S ) (1)
where w * is the zonal mean TEM residual vertical velocity, w is the zonal mean vertical
velocity from ERAS, a is the radius of the earth, v is the meridional velocity, T is the

]
P (cos®

2
temperature, and S is the stability parameter S=%, a function of the Brunt-Vaisala frequency

(N), with H=7 km and R = 287 m?s 2K "!. Overbars and primes represent zonal means and zonal
deviation respectively. After computing the upwelling, we regress out the combined impact of
the QBO, T500, and BDCgnr using a MLR (Garfinkel and Hartmann, 2008; Abalos et al., 2014).
The 100 hPa upwelling before regressing out QBO, T500 and BDCkgr has a correlation
coefficient of -0.32, 0.49, and 0.46, respectively, with the QBO, T500 and BDCgnr (the MLR
using the QBO, BDCEnr, and T500 can explain 60% of the variability in the raw 100 hPa
upwelling).

Because this study focuses on interannual variability, all data is deseasonalized and
detrended. The target variables and predictors are created as the monthly anomalies by removing
the monthly climatology from June 2006 — December 2021. Before removing linear trends in
each timeseries, trends are computed using linear regression and are provided in Table S1. No
trend is significant at the 95% confidence level besides that of the ALLCF timeseries, but this
trend is not further investigated here.

3 Results

The climatology and interannual standard deviation of tropical upper-tropospheric and
lower-stratospheric temperature, water vapor, vertical temperature gradient, and cloud fractions
from June 2006 to December 2021 are provided in Figure S1. Importantly, the interannual
variability for all these variables maximizes within 15°S-15°N. A significant cloud fraction
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variance occurs above the climatological cold point tropopause (Figs. S11 and S1J). Cloud
fraction variability above the climatological cold point tropopause may be related to coincident
changes in tropopause height. Figures S1 K-L show the interannual variance in a vertical
coordinate relative to the cold point tropopause height, showing cloud fraction variability to
maximize below the cold point tropopause.

3.1 Target Variable Correlations with Modes of Large-Scale Variability

Figure 1 shows the correlation between target variables with the zonal mean cold point
tropopause temperature (CPT) averaged over 15°S-15°N (row 1), and the correlations of target
variables with the modes of large-scale variability (row 2-6). Although the CPT is not a mode of
variability, it is critically important for stratospheric water vapor (e.g., Randel and Jensen, 2013)
and is highly correlated with TTL cirrus cloud fraction (Tseng and Fu, 2017a). CPT is
significantly correlated with stratospheric temperatures but has little correlation with those in the
troposphere (Fig. 1A), suggesting that processes controlling the CPT also impact the tropical
lower stratosphere (Randel and Wu, 2015). Lower-stratospheric water vapor reaches correlations
of ~0.8 at the cold point tropopause (Fig. 1B), indicative of the temperature control of lower-
stratospheric water vapor. Water vapor is transported vertically into the stratosphere over the
tropics by the BDC (Brewer et al., 1949; Mote et al., 1996; Flury et al., 2012; Flury et al., 2013),
and is also transported between lower and higher latitudes through quasi-horizontal isentropic
mixing (Randel and Park, 2019). These processes are responsible for the convex shape of peak
correlations between CPT and water vapor in the TTL (Fig. 1B). CPT is strongly anticorrelated
with equatorial TTL cirrus and All cloud fraction (Figs. 1D-E). Positive correlations between
CPT and cloud fraction exist near the subtropical lapse rate tropopause, the inverse of the
correlation between CPT and subtropical temperature. The strong correlations between CPT and
the target variables stress the temperature control of the water partitioning between vapor and
clouds in the TTL. Correlations between the CPT and target variables extends to higher latitudes
in Figure S2.
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256  Figure 1: Correlations in tropical upper troposphere and lower stratosphere between target

257  variable monthly anomalies and modes of the large-scale variability, except for row 1 that shows
258  correlation between target variables and cold point temperature (CPT) averaged over 15°S-15°N.
259  Stippling indicates significance at 95% confidence and the solid (dashed) black line is the

260  climatological mean cold point (lapse rate) tropopause.
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The QBO and temperature are correlated in the equatorial TTL, but anticorrelated in the
subtropical TTL due to the QBO’s meridional circulation (Fig. 1F) (Plumb and Bell, 1982;
Baldwin et al., 2001; Pahlavan et al., 2021). QBO correlations with cloud fraction are inverse to
those of temperature (Fig. 11-J). Subtropical cloud fraction correlations are weaker than the
equatorial signal, possibly due to the weaker QBO-temperature correlations and the lower
relative humidity. Significant QBO correlations with All cloud fraction reach into the
troposphere as low as ~13 km (Fig. 1J), below the region of peak QBO power (Sweeney et al.,
2023). This deep QBO signature may be due to convective feedbacks (Tegtmeier et al., 2020).
The QBO and water vapor correlations peak at the equatorial tropopause and are spread
latitudinally due to quasi-isentropic mixing (Fig. 1G). The QBO impacts lapse-rate tropopause
temperature out to near 50° in both hemispheres with weak statistically significant implications
for cloud fraction (Fig. S2).

Increases in BDCenr cause upwelling and cooling in the tropical lower stratosphere (Fig.
1K) (Mote et al., 1996; Plumb and Eluszkiewicz, 1999; Randel et al., 2002). Decreasing
temperature and vertical temperature gradient promotes cloud formation at and above the
climatological mean tropopause (Figs. IN-O). Notably, temperature and CPT correlations can be
largely inferred from temperature and QBO minus temperature and BDCgnr, both in the TTL
(i.e., Fig. 1A resembles Fig. 1F minus Fig. 1K), and globally (Fig. S2).

The BDCpsg index is related to the TTL cold anomalies flanked by subtropical upper-
tropospheric warm anomalies (Fig. 1P), with tropospheric cold anomalies underneath the warm
anomalies. BDCpsp is also anticorrelated with lower-stratospheric water vapor (Fig. 1Q).
BDCpss cloud fraction correlations peak near the equatorial tropopause (Figs. 1S-T). The
BDCpsp and temperature correlation pattern resembles the temperature tendencies caused by
subtropical upper-tropospheric waves which can cause subseasonal variability in the shallow
branch of the BDC (Grise and Thompson, 2013; Abalos et al., 2014). The shallow branch of the
BDC is also driven by subtropical stratospheric waves, which is considered in BDCgnr (Grise
and Thompson, 2013). Figures 1P-T show that BDCpsg is well correlated with the target
variables and is an important component of TTL variability.

T500 measures tropospheric temperature and is positively correlated with temperatures
below the tropopause (Fig. 1U). Increased T500 dynamically induces upwelling and cooling of
the lower stratosphere (Randel et al., 2009; Calvo et al., 2010; Shepard and McLandress, 2011;
Lin et al., 2017). The net result of warming below the tropopause and cooling above is a
reduction of vertical temperature gradient throughout the TTL (Fig. IW). T500 has significant
correlations with cloud fraction near and above the climatological tropopause (Davis et al., 2013;
Avery et al., 2017; Ye et al., 2018). The correlation between T500 and lower-stratospheric water
vapor is insignificant (Fig. 1V), consistent with T500°s weak impact on CPT (r=-0.11) (Liang et
al., 2011; Konopka et al., 2016; Diallo et al., 2018; Garfinkel et al., 2021; Ziskin Ziv et al.,
2022). This may be expected given that much of the T500 variability is related to ENSO which
shows a strong longitudinal dipole impact on CPT which cancels in the zonal mean (Randel et
al., 2000; Scherllin-Pirscher et al., 2012; Tseng and Fu, 2017a; Garfinkel et al., 2021).
Interpreting the physical mechanism by which T500 influences the CPT is complicated due to
competing processes, but it is important to understand the response of stratospheric water vapor
to global warming. Discussion of the relevant mechanisms by which T500 may impact the TTL
is provided in Section 3.3. The correlation between T500 and global temperature (Fig. S2)
reveals a meridional circulation in the tropical and subtropical lower stratosphere.
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The last row in Fig. 1 shows correlations between the MJO and target variables. The
MJO is the main mode of intraseasonal variability in the tropics (Madden and Julian, 1971), and
impacts subseasonal variability of temperature and cloud fraction in the TTL (Virts and
Wallace., 2014; Virts et al., 2010). MJO-temperature correlations have a distinct pattern of weak
equatorial (subtropical) anticorrelation (correlation) (Grise and Thompson, 2013). Results of Fig.
1 show that the MJO only weakly correlates with the TTL target variables. This is partly because
the monthly averaging of the MJO index and target variables smooths the intraseasonal
variability.

3.2 Explained Variances in Target Variables from MLR

We next use the modes of the large-scale variability as predictors in a multiple linear
regression (MLR) to quantify the explained variance of cold point tropopause temperature
(CPT), water vapor at 83 hPa (WV83), cold point tropopause height (CPZ), ozone concentrations
at 83 hPa (0383), total TTL cirrus cloud fraction (TTLCCF), and All cloud fraction (ALLCF), all
averaged over 15°S-15°N.

Explained variance is quantified using the adjusted R?, which accounts for artificial
inflation due to collinearity in the MLR and is always smaller than the true R2. The unique
contribution of explained variance to the adjusted R? from each predictor is not possible unless
predictors are independent of each other. A correlation matrix among all predictors and target
variables is provided in Figure S3. The predictors show small correlations with each other over
the period investigated, which are all statistically insignificant. For example, the correlation is -
0.07 between QBO and BDCkgr, and 0.14 between T500 and BDCenr. To account for these non-
zero correlations, we partition the adjusted R? into the unique contributions from the QBO,
BDCegnr, BDCpsg, T500, and MJO by recursively adding each predictor to our MLR model while
also permuting the order of addition. This allows for an estimate of unique explained variance
(Lindeman et al., 1980). We note that this method is not perfect because the predictors are not
entirely independent but provides an estimate of the unique explained variance from each mode
of variability.

Figure 2 shows the MLR’s explained variance of CPT (76%), WV83 (65%), TTLCCF
(52%), ALLCF (36%), CPZ (78%), and 0383 (62%). Stratospheric processes (i.e., the QBO,
BDCenr, and BDCpsg) dominate the variance captured in CPT, WV83, and ALLCF. T500
contributes more to TTLCCF and 0383, and to nearly half of the explained variance in CPZ. The
MJO minimally affects any target variable. BDCpsp explains substantial variances in CPT,
WV83, and TTLCCEF, and should be considered an important component of the TTL variability.
The MLR here significantly enhances explained variance of CPT and TTLCCF compared to
previous studies (Tseng and Fu, 2017a) by considering BDCpsg.



345
346

347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372

manuscript submitted to Journal of Geophysical Research Atmospheres

Explained Variance of Target Variables
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Figure 2: Adjusted R? from multiple linear regression model applied to target variables using
modes of the large-scale variability as predictors. Colored sections indicate the estimated
contribution to the adjusted R? from each predictor.

Tseng and Fu (2017a) stressed the importance of CPT for TTLCCEF variability. A linear
regression using only CPT as a predictor explains 41% of TTLCCEF variance, while the MLR in
Fig. 2 explains 52%. Including CPT as an additional predictor in the MLR for TTLCCF only
increases the explained variance slightly from 52 to 54%, indicating that most of the CPT control
of TTLCCEF has already been included in our MLR. But this is not true for WV83 whose
explained variance increases by 8% (from 65% to 73%) when including CPT as an additional
predictor. Thus, a better understanding of the CPT variance would help explain WV83 variance.
The cloud fraction explained variance is strongly dependent on altitude, where at 17 km the
MLR explains over 60% of the variance in TTL cirrus and All cloud fraction, possibly due to the
higher frequency of laminar tropopause cirrus at these altitudes (Wang et al., 2019).

TTL ozone variability is primarily due to the TTL upwelling and in-mixing of ozone
depleted tropospheric air (Randel et al., 2007; Konopka et al., 2009; Solomon et al., 2016; Wang
and Fu, 2021; Wang and Fu, 2023). Long-term ozone concentrations at a fixed height in the TTL
may decrease due to the strengthening of the tropical upwelling associated with the BDC, and/or
tropospheric expansion due to warming (Banerjee et al., 2016; Chiodo et al., 2018; Wang et al.,
2020; Match and Gerber, 2022). Fig. 2 shows that the MLR explains 62% of 0383 variance, with
about half attributed to the QBO while the rest is split roughly equally between BDCgnr and
T500. Despite the QBO’s important role in determining O383, decadal changes in 0383 due to
the QBO are uncertain due to ambiguity in the QBO response to global warming (e.g., Richter et
al., 2020; Fu et al. 2020). Our results suggest that both T500 and the BDCEnr affect O383 (Match
and Gerber, 2022). However, the T500 influence on O383 may operate via a dynamic response in
the TTL upwelling. Further discussion on T500’s impact on target variables including 0383, can
be found in Section 3.3.
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373 A key result of Fig. 2 is that despite the strong correlation between CPT and CPZ (r=-
374  0.74) the interannual variability of CPT is predominately explained by stratospheric processes,
375  while CPZ’s variability is equally explained by stratospheric and tropospheric processes. In
376  Figure 3, we further examine how CPT covaries with the tropospheric and stratospheric

377  temperatures. Fig. 3A illustrates the correlations of zonal mean temperature from 5-40 km over
378  90°S-90°N obtained from the RO data with CPT. Fig. 3B shows the correlations of zonal mean
379  temperature and the residual CPT after removing all variance captured by the MLR in Fig. 2.

CPT Residual CPT

40 -
A/
35

Height (km)

-15 15 45 75

Latitude (°) Latitude (°)
I I I I I I I I>
-0.9 -0.6 -0.3 -0.10.1 0.3 0.6 0.9

380
381  Figure 3: Correlation of zonal mean temperature globally from 5-40 km with (A) cold point

382  temperature averaged over 15°S-15°N (CPT), and (B) residual CPT after regressing out all

383  modes of large-scale variability using the MLR shown in Fig. 2. Stippling indicates significance
384  at 95% confidence and the solid (dashed) black line is the climatological mean cold point (lapse
385  rate) tropopause.

386

387 CPT is strongly correlated with temperatures throughout the global stratosphere, but not
388  with those of the troposphere, as seen in Fig. 3A, consistent with the dominant role of

389  stratospheric processes in CPT variance. The checkerboard pattern in the tropical stratosphere is
390  due to the QBO’s meridional circulation (Baldwin et al., 2001). The out of phase correlation
391  above the equatorial cold point and the polar lower stratosphere is due to the BDC’s meridional
392  circulation. Regressing the modes of large-scale variability out of the CPT significantly reduces
393 its covariability with stratospheric temperatures (Fig. 3B).

394 Fig. 3B shows that residual CPT is still correlated (anticorrelated) near the equatorial
395  tropopause (polar lower stratosphere). This correlation pattern with the residual CPT is

396  reminiscent of the global correlations expected from the BDC, which is surprising given that the
397  QBO, BDCgnr, BDCpsg, T500, and MJO have all been regressed out. Note that both the CPT
398  variability and that of zonal mean temperature throughout the global upper troposphere and

399  lower stratosphere are derived from RO data, whereas the BDCgur and BDCpsp indices are

400  derived from ERAS (see Section 2.2). Thus, this pattern of residual variability may be partly
401  caused by reanalysis errors in representation of the BDC.

402 Figure 4 shows the correlations between zonal mean temperature with CPZ. In contrast to
403  CPT, the CPZ is also highly correlated with temperature in the tropical troposphere (Fig. 4A).
404  Increased tropospheric temperatures raise CPZ through thermal expansion of the troposphere in
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addition to dynamical upwelling. T500 contributes to nearly half of the interannual variance in
CPZ (see Fig. 2), which is relevant for future increases in the CPZ in response to the T500
increase (Santer et al., 2003; Lorenz and DeWeaver, 2007). The stark differences in correlation
patterns of CPT versus that of CPZ (Fig. 3A and 4A) may help validate model representations of
tropical tropopause characteristics. After regressing out all modes of variability from CPZ the
correlation patterns with temperature are still connected to the global stratosphere (Fig. 4B),
which again indicates a potential issue in the indices used to represent the stratospheric
processes.

0 Residual CPZ

Height (km)

Latitude (°) Latitude (°)
I- I I | I I | I>
-0.9 -0.6 -0.3 -0.10.1 0.3 0.6 0.9

Figure 4: Same as Fig. 3, but for cold point tropopause height (CPZ).

3.3 Isolating the Role of the TTL Upwelling and Thermodynamics

The large-scale modes used as predictors in this study can impact TTL variability by
modulating the TTL upwelling. This upwelling helps shape temperatures of the region through
adiabatic cooling and, to a smaller extent, cloud formation and the transport of radiatively active
species (Corti et al., 2006; Abalos et al., 2012; Birner and Charlesworth, 2017). On the other
hand, T500 could also impact the TTL through thermodynamic processes in addition to
upwelling. Here we examine the role of the dynamic upwelling and thermodynamic processes.

To assess the upwelling’s impact on TTL variability, we use the original 100 hPa TEM
upwelling from 15°S-15°N as described in Section 2.2. Correlations between this index and the
target variables are shown in Figures SA-E. The 100 hPa upwelling is positively correlated with
tropospheric temperatures and negatively correlated with lower-stratospheric temperatures (Fig.
5A). The 100 hPa upwelling is strongly anticorrelated with CPT (r=-0.68) and is also
anticorrelated with TTL water vapor (Fig. 5B). Upwelling also increases cloud fractions (Figs.
5D and 5E), mediated by the reductions in near tropopause temperature and vertical temperature
gradient (Figs. 5A and 5C). TTLCCEF has a correlation with the 100 hPa upwelling of r=0.69.
Thus, regressing only this upwelling onto TTLCCF can explain 47% of the variability, close to
what the MLR with all predictors can (52% shown in Fig. 2). Since most of the TTLCCF
variance captured by the full MLR is explained using just the 100 hPa upwelling, it is suggested
that the modes of the large-scale variability control TTL cirrus clouds by modulating the 100 hPa
upwelling.

12
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Figure 5: As Fig. 2 but A-E show correlations of target variables with the 100 hPa upwelling. F-J
shows correlations with T500wup100 (i.€., T500 after regressing out the 100 hPa upwelling,
QBO, and BDCkwr).

Temperature and 100 hPa upwelling correlations in Fig. 5A are reminiscent of
temperature and T500 correlations shown in Fig. 1U, but with stronger (weaker) correlations in
stratosphere (troposphere). T500 is well correlated with the 100 hPa upwelling (r=0.49) and can
influence the target variables by modulating the upwelling. T500 may induce upwelling through
eddy momentum flux convergence in the tropical upper troposphere driven by convective latent
heating (Boehm and Lee, 2003). However, T500 may also impact the target variables through
thermodynamic processes such as radiative heating of the TTL, tropical tropospheric expansion,
tropical convection, and/or other physical processes (Lin et al., 2017). We next attempt to isolate
the T500 thermodynamic effects using regression analysis. It might be difficult to do so by just
using the regression analysis given that the dynamic and thermodynamic processes may be
closely coupled, yet this analysis may still provide valuable insights. We urge further modelling
studies to validate results shown here.

To remove T500’s dynamic contribution to TTL variability, we regress the 100 hPa
upwelling out of T500. In addition to the 100 hPa upwelling, the QBO and BDCknr indices are
also removed from T500. Since the impact of removing the QBO and BDCkggyr is small due to
minimal correlations with T500 (Fig. S3), we refer to this T500 index without the dynamic
components as T500w,upri00(Which can be considered as the T500 thermodynamic index).
Figures 5F-J show the correlation coefficients between T500w/0upr100 With target variables. Fig. SF
shows warming below the tropopause and little to no cooling in the stratosphere as would be
expected after removing the dynamically induced response to T500. While significant positive
tropospheric temperature correlations in Fig. SF reach closer to the equatorial cold point
tropopause than those with the original T500 index shown in Fig. 1U, no statistically significant
correlation between T500w/0ur100 and CPT exists (r=0.15). Given that the 100 hPa upwelling
explains most of the TTLCCEF variability, removing its influence from T500 also largely removes
its influence on TTL cirrus clouds (Figs. 5I and 5J).
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Notably, T500w/0upri00 shows a significant correlation with lower-stratospheric water
vapor (Fig. 5G). This is in stark contrast to results of Fig. 1V, where the T500 index showed no
significant impact on lower-stratospheric water vapor. Fig. 5G may suggest that T500w/,up100
covaries with lower-stratospheric water vapor, but this covariability is damped by coincident
cooling due to the TTL upwelling caused by T500. While T500w/0up100 is correlated with lower-
stratospheric water vapor, it is not significantly correlated with CPT. Thus, the T500w/up100
impact on lower-stratospheric water vapor might not work through a simple increase in CPT but
may instead be related to T500w/0up100’s impact on the TTL environment where dehydration,
convective evaporation, subtropical water vapor in-mixing, and/or other uninvestigated processes
occur (Dessler et al., 2013; Ye et al., 2018; Bourguet and Linz, 2023).

The differences between Figs. 1U-Y and Figs. 5F-J suggest that T500 contributes to TTL
variability partly through changes in the 100 hPa upwelling. Figure 6 is the same as Fig. 2 but
replaces T500 with T500w/0ur100 and BDCpsg with BDCpsg+UP1007s00. BDCpsp+UP1007s00 15
the combination of BDCpsp and the 100 hPa upwelling induced by T500, which is computed in
the same way as BDCpsp but without regressing out T500 (see Section 2.2). This replacement is
to group the T500 that is linearly related to the 100 hPa upwelling (UP100ts00) with the BDCpsp
and then isolate the T500 that is not linearly related to the 100 hPa upwelling (T500w/0up100).

Explained Variance of Target Variables

0.9
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0.8 BDCEHF
— BDCpsg+UP1007500
0.7 T500w/0uP100
. MJO
~ 0.6
(o'
—
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Figure 6: Same as Fig. 2, but the BDCpsg+UP1007500 is the BDCpsp without removing the
influence of T500, i.e., the contribution from BDCpsg and the 100 hPa upwelling due to T500
(UP1007500). T500w/0uUr100 1s the T500 index after regressing out the original 100 hPa upwelling,
the QBO, and BDC.

This replacement does not impact the total explained variance, and small changes in
explained variances by QBO, BDCgur and MJO result from changes in collinearities. Figure 6
shows that T500w/0up100 contributes minimally to explained variance of TTLCCF and ALLCF
because cloud fraction variance is tightly coupled to the TTL upwelling. While Fig. 2 showed
that T500 contributes nearly half of the explained variance in CPZ, Fig. 6 shows that
T500w/0up100 contributes much less to the explained variance in CPZ. Figures 2 and 6 suggest that
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more than 2/3 of the T500 control of CPZ is through T500’s induced upwelling (Austin and
Reichler, 2008). Similarly, only about 1/3 of explained O383 variance by T500 (Fig.2) comes
from T500w/ouri00 (Fig.6).

In contrast, Fig. 6 shows an enhanced role of T500w/upr100in WV83 variance relative to
T500 in Fig. 2. The T500w/ur100 influence on WV83 may be important for climate feedbacks due
to the important role of lower-stratospheric water vapor (Solomon et al., 2010). Finally it is
worth noting that the explained CPT variances by BDCpsg (Fig.2) and BDCpsg+UP1007s500 (Fig.
6) are almost identical, indicating that both UP100ts00 and T500w/up100 have little impacts on
CPT.

3.4 Seasonality

The seasonal influence of large-scale modes on TTL variability is less studied.
Correlation between CPT and lower-stratospheric water vapor is strongest in boreal winter
(Randel and Jensen, 2013; Randel and Park, 2019; Lu et al., 2020). Seasonal changes in the
tropical upwelling and the Asian monsoon also impact TTL variability (Sunilkumar et al., 2010;
Randel et al., 2007; Randel et al 2010; Walker et al., 2015; Ueyama et al., 2015; Ueyama et al.,
2018; Das and Suneeth, 2020). Modes of the large-scale variability may also impact the target
variables differently throughout the year (Li and Thompson, 2013; Konopka et al., 2016; Tweedy
et al., 2018; Martin et al., 2021; Sweeney et al., 2023). Here, we examine how these modes of
variability impact the target variables during extended boreal winter (November-March;
NDJFM) and extended boreal summer (May-September; MJJAS). During NDJFM the TTL is
colder, drier, and has more TTL cirrus than in MJJAS (Figure S4). During MJJAS, lower
stratospheric water vapor increases (Fig. S4G) and All cloud fraction maximizes (Fig. S4J) in the
northern hemisphere TTL due to the Asian Summer Monsoon (e.g., Santee et al., 2017).
Regardless of season, interannual variance is strongest near the equator (Fig. S4).

The MLR used in Fig. 2 is fit in both NDJFM and MJJAS individually in Figure 7.
Figure S5 shows correlation matrices between all target variables and predictors for both
NDJFM and MIJJAS separately. The MLR predicts all target variables better during NDFJM than
MIJJAS, except ALLCF. Note that the partitioning of explained variance is less reliable after
splitting the data based on season because of collinearities between the modes of variability, and
smaller number of degrees of freedom.

NDJFM MJJAS
0.9 0.9
08 == 0.8 mmm QBO
0.7 i 0.7 - | BDCEHF
~ — . [ | BDCpsg
0.6 06 B
05 05 |
Q . il s MJO
B 04 0.4
L 03 . 03
0.2 0.2
I I sl AN
0.0 | 0.0
CPT W83 TTLCCF ALLCF CPZ 083 CPT WV83 TTLCCF ALLCF  CPZ 0,83

Figure 7: Adjusted R? from MLR model applied to target variables for NDJFM and MJJAS
individually. Colored sections indicate the contribution to the adjusted R? from each predictor.

15



530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575

manuscript submitted to Journal of Geophysical Research Atmospheres

Fig. 7 highlights the increased QBO influence during MJJAS for all variables except
CPZ: CPT (1=0.5 in NDJFM and r=0.61 in MJJAS), WV83 (0.53 in NDJFM and 0.66 in
MIJJAS), TTLCCF (r=-0.26 in NDJFM and r=-0.36 in MJJAS), ALLCF (r=-0.26 in NDJFM and
-0.51 in MJJAS), and 0383 (r=0.43 in NDJFM and r=0.72 in MJJAS). This is despite the
stronger QBO-MJO connection and lower-stratospheric temperature impact during boreal winter
(Yoo and Son, 2016; Tegtmeier et al., 2020; Martin et al., 2021). A seasonality in the QBO’s
descent has been well documented (Dunkerton, 1990; Coy et al., 2020). Seasonal changes in the
QBO’s explained variance may be a result of a seasonality in the zonal symmetry of the QBO
impact on the TTL (Tegtmeier et al., 2020). The MJJAS TTL is less variable than that of
NDJFM (compare rows 3 and 4 of Fig. S4), so an equally large QBO signal should be more
salient during this season.

The BDCenr TTL impact maximizes during boreal winter due to increased extratropical
stratospheric wave driving (Yulaeva, et al., 1994). NDJFM BDCgnur impacts are larger for CPT,
CPZ, and O383. The BDCgnr impact on WV83 is comparable during both seasons, but this result
is complicated by the strength of the BDCgnr during the two seasons and thus the time of transit
between the CPT and 83 hPa (Randel and Park, 2019). WV83 results of Fig. 7 are lagged by one-
month (see section 2.1). Removing this one-month lag reveals the much stronger BDCgur control
of WV83 during NDJFM compared to MJJAS. We find that the BDCgnr explanation of TTL
cirrus clouds is larger during MJJAS (correlation between BDC and TTLCCEF is r=0.39 in
NDJFM and r=0.51 in MJJAS). This is surprising given the strong connections between the
boreal winter BDCgnr and TTL cirrus clouds previously reported (Li and Thompson, 2013), but
is not studied further here. Increased explained variance of target variables during NDFIM is
partly due to the role of BDCpsg. Although the seasonal cycle in the BDCpsp index has been
removed, anomalies are weaker during MJJAS. This may be related to stronger subtropical wave
driving variability during NDJFM (Randel et al., 2008; Ortland and Alexander, 2014).

T500’s impact on the target variables is stronger in NDJFM for WV83, TTLCCEF,
ALLCEF, and O383. This increase in the tropospheric influence on the TTL variability during
these seasons may be related to seasonality in ENSO activity or tropical wave activity captured
by the T500 index (Ortland and Alexander, 2014; Garfinkel et al., 2018). The seasonality of the
MJO impact on the target variables is more inconsistent and may be further complicated due to
aliasing of the Boreal Summer Intraseasonal Oscillation into our MJO index.

4 Discussion and Conclusions

Stratospheric water vapor and TTL cirrus clouds are important components of the climate
system but poorly constrained in models. Both exhibit large interannual variability and are linked
by temperature in the TTL (Jensen et al., 2013; Tseng and Fu, 2017a). The QBO, BDCkhwr,
BDCpsg, T500, and MJO contribute to this interannual variability by modulating the dynamic
and thermodynamic environment of the TTL (e.g., Dessler et al., 2013; Davis et al., 2013;
Randel and Wu, 2015). Multiple linear regressions (MLRs) with modes of the large-scale
variability as predictors have been used to study the temperature control of water vapor and TTL
cirrus clouds (Dessler et al., 2014; Austin and Reichler, 2008; Oman et al., 2008; Garfinkel et al.,
2018). Here we synthesize these results by applying a MLR to CPT, WV83, and TTLCCF and
further previous efforts by applying the MLR to ALLCF, CPZ, and O383.

The MLR explains significant amounts of variance in CPT (76%), WV83 (65%),
TTLCCEF (52%), ALLCF (36%), CPZ (78%), and 0383 (62%). Decomposing the explained
variance by predictor reveals that for all variables the stratospheric processes explain a larger
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fraction of the variance. A strong stratospheric predictor of the target variables which received
little attention in previous studies is BDCpsp. Temperature and BDCpsp correlations have a
distinct pattern (see Fig. 1P) reminiscent of temperature tendencies caused by subtropical wave
driving (Randel et al., 2008; Grise and Thompson, 2013; Abalos et al., 2014). Future work
should identify the source of variability of BDCps, as it is a significant source of TTL
variability. To our knowledge, this is also the first study to show the observed connection
between the tropical cold point tropopause temperature and height and global tropospheric and
stratospheric temperatures.

Nearly all explained CPT variability comes from the QBO, BDCkgur, and BDCpsp (see
Fig. 2). Notably, CPT is not correlated with tropical tropospheric temperatures (Fig. 3A). In
contrast CPZ is controlled by near equal contributions from stratospheric and tropospheric
processes. The robust correlation between CPT (CPZ) and stratospheric (stratospheric and
tropospheric) temperatures shown in Fig. 3A (Fig. 4A) can be used to validate model
representations of tropopause characteristics. GCM simulations suggest that CPZ and CPT
increase in response to warming (Austin and Reichler, 2008; Gettelman et al., 2009; Gettelman
et al., 2010; Hardiman et al., 2015; Lin et al., 2017; Wang and Fu, 2023). To the extent that
interannual responses to T500 increases can be compared with model simulations of surface
warming, observed interannual variability is consistent with model simulations for the CPZ
response to tropospheric warming, but not for the CPT response (Lin et al., 2017).

T500 can dynamically induce TTL upwelling. However, T500 can also impact the TTL
through thermodynamic processes not directly tied to the upwelling (Lin et al., 2017; Ye et al.,
2018; Bourguet and Linz, 2023). To isolate the dynamical impact of T500, the T500 index was
separated into the part that was linearly related to the 100 hPa upwelling and that which was not.
Our results suggest that the primary influence of T500 on TTLCCF, ALLCF, CPZ and O383 is
via the dynamically induced upwelling (comparing Figs. 6 and 2). Notably, the T500 index that
is independent of the TTL upwelling is significantly correlated with lower-stratospheric water
vapor (Fig. 5G) which may be relevant for climate feedbacks (Dessler et al., 2013). While T500
is expected to increase with greenhouse gas concentrations, its interannual variability is greatly
influenced by ENSO that is associated with specific SST pattern changes, and thus conclusions
relevant to climate change drawn from the results shown here need to be validated by modeling
studies.

Because of the CPT’s central role in stratospheric water vapor and TTL cloud fraction, it
is critically important to understand its interannual variability. The correlation patterns between
temperature and residual CPT (after regressing out all modes of variability) still resemble the
BDC, with positive (negative) correlations near the tropical (polar) lower stratosphere (Fig. 3B).
Given that we regressed out both the BDCgnr and BDCpsg indices, this residual CPT correlation
resembling the BDC is surprising. Zonal mean temperature data and the CPT timeseries used in
Fig. 3A comes from RO observations, whereas the BDCenr and BDCpsp indices come from
ERAS, and thus the residual correlation pattern may result from the tropical upwelling
quantification from reanalysis. The residual variability in WV83 and 0383 is also correlated with
the global stratosphere (Figure S6). Future work should thus aim to better understand this
dynamical influence of the stratospheric circulation on the CPT.
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