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Abstract The quasi-biennial oscillation (QBO) of the equatorial zonal wind leads to zonally symmetric
temperature variations in the stratosphere that descend downward. Here we investigate the

QBO-induced temperature anomalies in the tropical tropopause layer (TTL) and detect pronounced
longitudinal variations of the signal. In addition, the QBO temperature anomalies show a strong seasonal
variability. The magnitude of these seasonal and longitudinal QBO variations is comparable to the
magnitude of the well-known zonal mean QBO signal in the TTL. At the cold point tropopause, the strongest
QBO variations of around +1.6 K are found over regions of active convection such as the West Pacific

and Africa during boreal winter. The weakest QBO variations of +0.25 K are detected over the East Pacific
during boreal summer, while the zonal mean signal ranges around +0.7 K. The longitudinal variations
are associated with enhanced convective activity that occurs during QBO cold phases and locally enhances
the cold anomalies.

Plain Language Summary Temperatures in the tropical stratosphere, the atmospheric region
between 20°S and 20°N and above 18 km, oscillate between colder and warmer conditions with a full
cycle taking about 28 months on average. Observations over the last decades have shown that the strength of
this so-called quasi-biennial oscillation of stratospheric temperature is similar for all longitudes within

the tropics. The temperature variations extend downward into the region that connects the stratosphere with
troposphere. We show that in this transition region between the two atmospheric layers, the temperature
oscillations can be stronger or weaker depending on the geographical position along the equator. Especially
strong temperature oscillations are found over regions of frequently occurring thunderstorms such as the
West Pacific and Africa. The fact that a stratospheric signal such as the quasi-biennial oscillation is linked
with thunderstorms has implications for understanding how the upper atmosphere can impact tropical
weather phenomena.

1. Introduction

The tropical tropopause layer (TTL) is the main gateway for air entering the stratosphere and sets the boun-
dary conditions for stratospheric chemistry and composition (e.g., Fueglistaler et al., 2011; Holton &
Gettelman, 2001). As the transition region between the turbulent, moist troposphere, and the stable, dry stra-
tosphere, the TTL shows pronounced changes, not only in the vertical temperature structure but also in the
distributions of atmospheric trace gases and clouds (e.g., Pan et al., 2018). The cold point tropopause (CPT) is
defined as the level at which the vertical temperature profile reaches its minimum (Highwood &
Hoskins, 1998). Air parcels en route from the troposphere to the stratosphere often encounter their final
dehydration at the CPT. As a result, the CPT temperatures effectively control lower stratospheric water vapor
(e.g., Fueglistaler et al., 2009), which can have a significant impact on climate (Solomon et al., 2010).

Upper tropospheric temperatures are mainly determined by large-scale radiative-convective equilibrium
with persistent strong convection over continents and the western Pacific Ocean. Globally, they exhibit a
small annual cycle but have large interannual variations in the tropics linked to the El Nifio-Southern
Oscillation (ENSO; Yulaeva & Wallace, 1994). In contrast, lower stratospheric temperatures are influenced
by the Brewer Dobson circulation (BDC) with large-scale upwelling maintaining temperatures well below
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radiative equilibrium. They are characterized by a distinct annual cycle along with large interannual
changes linked to the quasi-biennial oscillation (QBO; Baldwin et al., 2001). Due to thermal wind balance,
the temperature extremes occur directly in between the QBO east and west phases (Baldwin et al., 2001) with
westerly wind shear leading to reduced upwelling and warm anomalies, while easterly wind shear causes
cold anomalies (Plumb & Bell, 1982).

The TTL extends from the region of strong convective outflow near 12-14 km to the highest altitudes
reached by convective overshooting events, around 18 km (e.g., Folkins et al., 1999). TTL temperatures
are influenced by tropospheric and stratospheric processes, and their interannual variability is driven by
BDC upwelling and large-scale modes such as ENSO and QBO (Randel & Wu, 2015). The negative phase
of ENSO (i.e., La Nifia) leads to enhanced deep convection over the tropical west Pacific with TTL cold
anomalies directly above (Gettelman et al., 2001). During the positive phase (El Nifio), similar cold anoma-
lies occur over the central Pacific. In contrast, the QBO manifests as zonally uniform wind and temperature
anomalies that descend through the tropical stratosphere down to the upper TTL. The QBO temperature
signal in the TTL is relatively small (+0.5 K at the CPT) compared to the corresponding stratospheric varia-
tions (+4 K at 25 km) and maximizes between 10°S to 10°N (e.g., Randel & Wu, 2015). In general, the QBO is
zonally symmetric, however, studies have suggested some longitudinal variations in middle stratospheric
temperature (Patel et al., 2019) and wind (Hamilton et al., 2004).

Although the QBO is a stratospheric phenomenon, observational and modeling studies have shown that the
descending QBO wind and temperature anomalies can impact tropical convection, precipitation and
near-tropopause cirrus clouds (Davis et al., 2013). Seasonal mean deep convection over the western
Pacific was found to be enhanced if the QBO easterly phase occurs during boreal winter (Collimore
et al., 2003; Liess & Geller, 2012). In addition, interannual variations of subseasonal convective activity
are significantly modulated by the QBO with an enhanced Madden-Julian oscillation (MJO) during the
QBO easterly phase in boreal winter (e.g., Son et al., 2017). While the exact mechanisms of the connection
between QBO and convection are unclear, it is believed that they are linked to QBO modulations of tempera-
ture, zonal wind shear and static stability around the tropical tropopause (e.g., Gray et al., 1992).

In this paper, we investigate the nature of the QBO temperature variations in the TTL including newly
detected longitudinal variations of the signal. We are able to explain these variations by linking enhanced
convective activity during QBO cold phases with intensified cold temperature anomalies over the convective
regions. Results are presented in section 3, while data and methods are introduced in section 2.

2. Data and Methods

High-resolution temperature data in the TTL are available from satellite retrievals based on the Global
Navigation Satellite System-Radio Occultation (GNSS-RO) technique. We use a monthly mean, gridded data
set of cold point and 100 hPa temperatures constructed from measurements obtained from all major
GNSS-RO missions between 2002 and 2018 (Pilch Kedzierski et al., 2020). For each profile, the CPT tempera-
ture was identified based on the cold point criteria and monthly mean profiles are computed for 30° x 10°
bins between 30°N and 30°S (see Tegtmeier et al., 2020, for details).

Observations of the tropopause temperatures are also available from tropical radiosonde stations. Here, we
use a monthly mean, gridded data set of 100 hPa temperatures based on the unadjusted, quality-controlled
IGRA2 radiosondes (Durre et al., 2016). In addition, we use 100 hPa temperature records from five modern
reanalyses, including the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim
Reanalysis (ERA-Interim; Dee et al., 2011) and ERAS5 reanalysis (Hersbach et al., 2018), the Japanese
55-year Reanalysis (JRA-55; Kobayashi et al., 2015), the Modern Era Retrospective-Analysis for Research
2 (MERRA-2; Gelaro et al., 2017), and the Global Forecast System of the NCEP Reanalysis (CFSR; Saha
et al., 2010).

The QBO temperature signal is calculated with a standard multivariate regression analysis:
T(t) = A; - QBO1(t) + A, - QBO2(t) + B- ENSO(t) + D - VOL(¢). 1)

QBO1(t) and QBO2(¢) are orthogonal time series representing QBO variations constructed as the first
two EOFs of the Freie Universitit Berlin (FUB) radiosonde winds (Naujokat, 1986; Wallace et al., 1993).
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ENSO(?) is the multivariate ENSO index (https://www.esrl.noaa.gov/psd/enso/mei/) and VOL(¢) is the
stratospheric aerosol optical depth from the Global Space-based Stratospheric Aerosol Climatology
(Thomason et al., 2018).

The regression analysis is applied to the 100 hPa and the cold point time series of deseasonalized monthly
temperature anomalies. The standard error of the regression coefficients is derived based on the bootstrap
method (Efron & Tibshirani, 1993) and significance is tested based on a two-tailed test with a 99% confidence
interval. The QBO temperature amplitude is calculated as the difference between the averaged maxima and
averaged minima values of the QBO temperature fit time series A; - QBO1(t) + A, - QBO2(¢) (i.e., one max-
imum and one minimum value per QBO cycle).

Estimates of convective cloud occurrence are derived from geostationary infrared satellite imagery and
microwave rainfall measurements (Pfister et al., 2001). We evaluate cloud top height within 0.5 km wide ver-
tical bins to estimate the convective cloud occurrence frequency. Input data are given on a 0.25° X 0.25° grid
at a temporal resolution of 3 h for the period from 2005 to 2016. Convective cloud occurrence frequencies in
the TTL are averaged to give monthly means on a 5° X 5° grid and are taken to be an indicator of convective
influence.

We use the daily outgoing longwave radiation (OLR)-based MJO index (OMI) (http://www.esrl.noaa.gov/
psd/mjo/mjoindex/) to compute a monthly mean OMI amplitude. The daily OMI amplitude is based on
the two principal component time series constructed from the 20-96 day band-pass-filtered OLR projected
onto the two leading empirical orthogonal functions of the 30-96 day eastward filtered OLR (Kiladis
et al., 2014).

3. Results

In the stratosphere, the impact of the QBO on interannual temperature variations is a zonally uniform sig-
nal. In the TTL, the zonal mean temperature variations associated with the QBO are relatively small, show-
ing values of +0.4 K at 100 hPa (Tegtmeier et al., 2020) and quickly reaching zero at levels below (Randel &
Wu, 2015).

We investigate if the QBO temperature variations in the TTL are a zonally uniform signal as is the case for
the stratosphere. The impact of the QBO on temperature variations is presented as the amplitude of the QBO
term derived from the multilinear regression analyses of the meridionally and zonally varying GNSS-RO,
radiosonde and reanalysis data sets (Figure 1). All data sets show the strongest temperature response in
the inner tropics (10°S to 10°N) with a QBO amplitude of up to 1.3 K, corresponding to variations of +0.65 K.

The QBO signal also shows pronounced variations with longitude (Table S1 in the supporting information),
with the largest amplitude found over Central Africa (GNSS-RO), the western Indian Ocean to Maritime
Continent (IGRA), or both of these regions (reanalyses). All data sets show relatively similar patterns and
agree on the fact that the QBO variations in the Eastern Hemisphere are stronger than in the Western
Hemisphere. In particular, regions known for cold anomalies associated with high-reaching convection
(e.g., Liu & Liu, 2016) and Kelvin wave activity (Kim & Son, 2012), as listed above, show higher QBO varia-
tions, roughly twice as large as in other regions.

The data sets disagree on the exact location and magnitude of the maximum QBO signal. Some of these dif-
ferences can be expected to arise from the data sets covering different time periods. Sensitivity tests
(Figure S1) demonstrate that the QBO amplitude can vary up to a factor of two when shifting or shortening
the analyzed time period. In addition, radiosonde data unevenly sample the tropics with higher station den-
sity over Maritime Continent than over Africa and the Atlantic (Wang et al., 2012).

The synoptic scale QBO variations also exist at the levels directly above 100 hPa such as the CPT (Figure 2a).
Here, the zonal mean QBO amplitude is 1.4 K, corresponding to variations of +0.7 K. In the zonally resolved
picture, the largest QBO signals of up to 1.9 K are found over Central Africa, the Indian Ocean and the
Maritime Continent, similar to the QBO pattern at 100 hPa. The QBO signal minimizes over the central
Pacific with an amplitude smaller than 1 K. The synoptic variations in QBO amplitude decrease with
increasing altitude. While the zonal variability (expressed as the relative standard deviation of the QBO
amplitude along the equator) is around 20% at the cold point, it is less than 5% at the 70 hPa level.
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Figure 1. QBO amplitude at 100 hPa for GNSS-RO for 2002-2018 (a), IGRA radiosonde data for 1980-2019 (b) and five
reanalyses for 1980-2018/19 (c-g). Stippling indicates regions with less than 99% statistical significance.
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Figure 2. QBO amplitude at the cold point tropopause (CPT) for GNSS-RO for 2002-2018 (a). Deseasonalized CPT
temperature anomalies and QBO fit for inner tropics 180-60°W (b) and 0-120°E (c). Dashed lines mark the levels of
+0.25 times the amplitude of the QBO fits.
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Figure 3. QBO amplitude at the cold point tropopause (CPT) for GNSS-RO for February (a) and September (b) of
2002-2018. Stippling indicates regions with less than 95% statistical significance.

We average the CPT temperature over two boxes in the inner tropics: 10°S to 10°N, 180-60°W (Figure 2b),
and 10°S to 10°N, 0-120°E (Figure 2c), referred to hereinafter as the western and eastern tropics, respec-
tively. The time series of deseasonalized CPT temperatures demonstrate that both regions exhibit variability
of similar magnitude and timescale, but distinct QBO signals. The eastern tropics display clearer QBO var-
iations (Figure 2c) resulting in the larger amplitude of the QBO temperature fit discussed earlier, while the
phase of the signal is similar in both regions.

Previous studies have found seasonal variations in the coupling of tropical convection and the QBO. In order
to analyze if such seasonal variations are also present in the QBO temperature patterns, we carry out the mul-
tilinear regression for 12 individual GNSS-RO temperature time series corresponding to the 12 months of the
year. The QBO temperature amplitude for February and September (Figure 3) represents the strongest differ-
ences between boreal winter and summer. In February, the strength of the QBO signal is considerably larger
and at the same time the synoptic scale variations are more pronounced. The amplitude of the February zonal
mean QBO signal (2 K) is not only larger than the September amplitude (0.9 K) but also larger than the ampli-
tude of the complete time series (1.4 K). During boreal winter, peak QBO variations are found over the
Maritime Continent (3.2 K in February; Figure 3a) and Africa (3.1 K in January; Figure S2), while the
QBO signals over the Eastern Pacific are considerably lower. The QBO variations during September, on
the other hand, show only weak synoptic scale variations (Figure 3b). Regression patterns derived for other
months confirm stronger QBO signals and larger synoptic variations from January to May and weaker signal
with less pronounced variations during June-December.

The longitudinal differences of the QBO signal can lead to differences in the vertical temperature structure.
In order to investigate the temperature profiles in different regions and QBO phases, we composite the east-
ern and western tropical GNSS-RO profiles according to QBO warm and cold phases. Since the QBO ampli-
tude is determined by the maximum and minimum of each cycle, we aim to only include temperature
profiles during peak QBO warm and cold conditions. We choose as a criterion that the QBO temperature
fit must be warmer than one fourth of the QBO amplitude (upper dashed lines in Figures 2b and 2c) for
the temperature profile to be grouped into QBO warm phase (24% of all profiles). Similarly, if the QBO tem-
perature fit is colder than one fourth of the QBO amplitude (lower dashed lines in Figures 2b and 2c), the
temperature profiles are grouped into QBO cold phase (26% of all profiles). Note that a QBO cold phase at
around 100 hPa in general corresponds to a QBO easterly phase at around 50 hPa. Significance of the tem-
perature differences between the two QBO phases is given as the 95% confidence interval obtained with the
bootstrap method.

The profile comparison of the two QBO phases confirms that QBO-induced temperature variations are larger
in the eastern tropics and demonstrates that they extend deeper into the upper troposphere (Figures 4a
and 4b). While in the western tropics, there are no statistically significant differences between QBO cold
and warm phase temperatures at altitudes below 80 hPa (~18 km), in the eastern hemisphere significant dif-
ferences extend down to 130 hPa (~15 km).

Rearranging the profiles so that for each QBO phase the two regions can be compared directly reveals that
there are no systematic longitudinal differences during the QBO warm phase with the eastern and western
tropics showing nearly identical temperature profiles (Figure 4c). In contrast, during the QBO cold phase
temperatures are considerably colder in the eastern tropics. Differences maximize between 120 and
90 hPa with temperatures in the eastern tropics being around 0.7 K lower than the western tropics. QBO
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Figure 4. Composite of GNSS-RO temperature profiles according QBO warm and cold phases as defined in the text for
the inner tropics (10°S to 10°N) at 180-60°W (a) and 0-120°E (b). Temperature profiles averaged over the two

regions for QBO warm (c) and cold (d) phases. Eastern tropical temperature profiles averaged over all conditions and
high convection only for QBO warm (e) and cold (f) phases and over weak and strong MJO conditions for QBO

warm (g) and cold (h) phases. All profiles are shown in the inner panels and the respective differences with their 95%
confidence intervals in the outer panels.
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cold phase differences between the two regions are significant at all levels below 85 hPa. At the very upper
levels shown here at around 70 hPa, temperature values in both regions are very similar and thus the long-
itudinal QBO variations are much smaller.

We aim to identify the conditions under which the QBO-induced temperature differences maximize. As the
QBO signal penetrates deeper into the upper troposphere in the Eastern Hemisphere (Figure 4b), we test
whether deep convection is associated with the enhanced signal in this region. Therefore, we use the convec-
tive cloud occurrence frequency between 14.5 and 17 km to composite the data further into time periods of
high convective activity. Conditions are classified as “high convection” if the cloud occurrence frequency at a
given time is higher than the long-term mean value (2005-2016) plus 0.7 times the standard deviation. For
the chosen criterion, high convection occurs in the eastern tropics in 25% of all cases. The analysis discussed
below shows similar but less pronounced results when using 0.5 times the standard deviation as the cut off
level for identifying periods of high convective activity.

From the data used for the QBO warm and QBO cold profiles in the eastern tropics (Figure 4b), all profiles
occurring during time periods of high convective activity are averaged (“high convection”) and shown
together with the profiles averaged over all convective conditions (“all cases”) in Figures 4e and 4f. As
expected, the comparison demonstrates that during both QBO phases, deep convection acts to reduce the
temperature. However, for the QBO warm phase these differences are only significant at the lowest levels
below 120 hPa. During QBO cold phases, on the other hand, the impact of high convective activity extends
further upward causing additional cooling in the upper TTL (e.g., 1.2 K at 95 hPa). Differences are significant
up to 95 hPa suggesting that deep convection-induced cooling is enhanced in the Eastern Hemisphere upper
TTL during the QBO cold phase.

The same mechanism can also be expected to impact convective centers over the Western Hemisphere as
indicated by slightly enhanced QBO amplitudes over South America (Figure 1). However, overall convective
activity is less strong over the Western Hemisphere (e.g., Liu & Zipser, 2005). Furthermore, the tropopause
region over South America has a higher stability than convective centers in the Eastern Hemisphere thus
being less susceptible to convective penetration (Gettelman et al., 2002), consistent with a weaker impact
of convection on the QBO.

In addition to the overall convective activity, we have composited the Eastern Hemisphere temperature pro-
files according to the MJO index (based on mean value +0.5 times the standard deviation). In general, the
organized tropical convection associated with the MJO leads to lower TTL temperatures during both QBO
phases (Figures 4g and 4h). As the MJO is enhanced during the QBO cold phase, the additional MJO induced
cooling is stronger during the cold phase than during the warm phase resulting in amplified temperature
variations over the Eastern Hemisphere.

4. Discussion and Summary

The QBO temperature signal shows pronounced longitudinal variations with the largest amplitudes found
over Central Africa and the Maritime Continent. In particular, regions known for cold anomalies associated
with high-reaching convection show stronger QBO signals, sometimes up to twice as large. The longitudinal
variations of the QBO temperature signal maximize between 90 and 110 hPa and decrease above and below
these levels. At the CPT, strongest QBO signals of around +1.6 K are found over the West Pacific and Africa
during boreal winter. Weakest QBO variations of +0.25 K are detected over the East Pacific during boreal
summer, while the zonal mean signal ranges around +0.7 K.

Composite temperature profiles indicate that the zonal asymmetries mostly result from anomalies during
the QBO cold phase. While both regions show nearly identical QBO warm phase temperature profiles,
considerable differences exist during the QBO cold phase with colder temperatures (1 K) over the eastern
tropics. This additional cooling is associated with enhanced convective activities and a stronger MJO index
during QBO cold conditions.

Earlier studies reported that the QBO east phase in the lower stratosphere (corresponding to a QBO cold
phase in the TTL) favors reduced outgoing longwave radiation and more extensive deep convection over
Amazonia, Africa, and Indonesia (e.g., Collimore et al., 1998; Knaff, 1993). The QBO was also suggested
to have effects on tropical weather phenomena such as rainfall, cyclones, and the Walker circulation
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(e.g., Camargo & Sobel, 2010; Gray et al., 1992; Yasunari, 1989). Mechanisms that link the QBO to deep tro-
pical convection have been hypothesized to be related to the impact of temperature on thermodynamic effi-
ciency of deep convection (Emanuel, 1997), vertical wind shear and dynamic disruptions (e.g., Gray et
al.,, 1992), and inertial stability (Giorgetta et al., 1999).

Enhanced deep convection during the QBO cold phase, found in previous studies, can be expected to lead to
an additional cooling in the TTL. This additional cooling will manifest itself in amplified negative tempera-
ture anomalies of the cold phase. Consistent with this, our study shows negative temperature anomalies
during QBO cold phases over areas of deep convection (Figures 4c and 4d), which are particularly pro-
nounced during time periods of strong convection (Figures 4e and 4f) or stronger MJO activity (Figures 4g
and 4h). This amplification of the QBO cold phase over regions of high-reaching convection leads to the long-
itudinal variations of QBO signal detected in observations and reanalysis data (Figure 1). As the enhanced
QBO signal is most likely caused by additional convective cooling, it can also be expected to extend further
down into the TTL as confirmed by observational evidence (Figures 4a and 4b).

Stronger seasonal-mean and subseasonal deep convection over the western Pacific for the QBO easterly
phase has been observed during boreal winter (Collimore et al., 2003; Liess & Geller, 2012; Son et al., 2017).
In particular, the influence of the QBO cold phase on the convective systems of the MJO during boreal win-
ter has been investigated in a number of recent studies (e.g., Liu et al., 2014; Nishimoto & Yoden, 2017; Yoo
& Son, 2016). Lower temperatures and static stability at the tropopause in this season may allow for larger
MIJO amplitudes to occur during QBO cold phases.

The seasonality of the QBO-MJO relation found in previous studies is consistent with the seasonality of the
QBO variations identified here. The zonal asymmetries of the QBO temperature signal are particularly pro-
nounced during boreal winter and early spring (December-May, Figure 3). This time period overlaps with
peaks in tropical overshooting convection during late winter and early spring (March-May; Liu &
Zipser, 2005) and the seasonality of the QBO-MJO relation during winter (December-February) and
extended winter (November-March). While for April and May no significant QBO-MJO relation has been
detected (Yoo & Son, 2016), interaction between the QBO and convection could also be linked to other
convective systems or convectively coupled waves. In particular, vertically propagating Kelvin waves in
response to the convective heating can lead to colder temperatures above the regions of convection
(Kim & Son, 2012).

In summary, QBO temperature variations in the TTL are not zonally symmetric. They show anomalously
cold temperatures during QBO cold phases over regions associated with high-reaching convection during
boreal winter and spring. Our analysis suggests a positive feedback mechanism where the QBO cold phase
over convectively active regions leads to enhanced convection, thereby strengthening the cold phase tem-
perature anomalies. While the observational evidence strongly supports the link between QBO zonal asym-
metries and enhanced convective activities during QBO cold phases, further studies are needed to prove the
causality of the mechanism.

Data Availability Statement

IGRA radiosonde data are available from https://www.ncdc.noaa.gov/data-access/weather-balloon/inte-
grated-global-radiosonde-archive website. The GNSS-RO data are available upon registration from https://
cdaac-www.cosmic.ucar.edu/cdaac/products.html website. Cloud top height data are available from
https://bocachica.arc.nasa.gov/ website. Reanalyses fields used here are from the S-RIP common grid data
files available at https://zenodo.org/record/3906864 website.
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