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Abstract. The Asian monsoon (AM) plays a key role in the transport of water vapour to the lower stratosphere
and contributes significantly to the wet phase of the annual global stratospheric water vapour cycle. Although
it is known that the quasi-biennial oscillation (QBO) is one of the main drivers of the interannual variability in
the AM water vapour, the physical mechanisms responsible for this variability remain unclear. Here we have
used daily microwave limb sounder data for the period 2005–2020 to characterize the QBO signature on the
lower stratosphere AM water vapour during the boreal summer. We show that the QBO has the strongest impact
during August, when QBO westerly minus QBO easterly differences may reach 1 ppmv at 100 hPa, although a
significant signature is also observed during July. We find that the region whose temperature controls the QBO
signal on water vapour over the AM differs between July and August. In July, when the key region is over the
tropical Indian Ocean, the QBO modulation of the AM water vapour occurs in phase with the signal over the
Equator, whereas in August, when the key region is at the subtropics, over the southern edge of the monsoon,
the signal over the AM is opposite to that over the Equator. Our results reveal that the QBO signal on the
temperature on the south side of the AM anticyclone, which ultimately has an impact on AM water vapour, is, in
turn, modulated by the QBO impact on tropical clouds. Thus, we find that the QBO signature on clouds over the
eastern Indian Ocean gives rise to Rossby wave trains that produce variations in the circulation over the southern
side of the AM anticyclone such that weaker anticyclone over this region generates an increase in water vapour,
and vice versa.

1 Introduction

Almost all of the water vapour in the lower stratosphere ap-
pears as a result of transport from the troposphere, with a
small additional contribution due to methane oxidation. This
transport occurs mainly through the tropical tropopause, of-
ten called the “cold trap”, where horizontal transport causes
air masses to experience extraordinarily low temperatures
as they pass through the coldest regions, limiting the water
vapour concentration in the lower stratosphere to a few parts
per million (Holton and Gettelman, 2001; Fuegistaler et al.,

2004, 2009; Liang et al., 2011; Randel et al., 2004; Zhou
et al., 2001, 2004). However, despite its low concentration,
water vapour in the lower stratosphere plays a fundamental
role in radiative balance in the tropics (Brindley and Harries,
1998) and in ozone chemistry (Dvortsov and Solomon, 2001;
Stenke and Grewe, 2005).

It is generally accepted that monsoon regions play a key
role in troposphere-to-stratosphere transport and thus in con-
trolling the concentration of water vapour in the lower strato-
sphere. In the Northern Hemisphere (NH), stratospheric
water vapour concentration shows two maxima between
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150 and 70 hPa over the Asian and North American mon-
soon regions (Rosenlof et al., 1997; Park et al., 2007). These
summer climatological maxima can influence water vapour
over much of the Northern Hemisphere through their large-
scale transport (Ploeger et al., 2013) and are very likely to
contribute significantly to the wet phase of the annual global
stratospheric water vapour cycle. In this regard, Nuetzel et
al. (2019) showed, through model simulation, that the AM
contributes ∼ 15 % to the tropical tape recorder wet phase
and ∼ 30 % to the NH extratropical lowermost stratosphere
summertime water vapour maximum. Different global mod-
els suggest that convection over the southeast AM region rep-
resents a major source of moisture to the stratosphere (Ban-
nister et al., 2004).

Despite their importance, there is much uncertainty re-
garding the physical mechanisms that generate water vapour
maxima over monsoon regions. Previous studies (Park et al.,
2007; Wright et al., 2011; Randel et al., 2015) have suggested
that the transport of water vapour to the AM lower strato-
sphere is controlled by dehydration temperatures and convec-
tion mainly over the southern (cold) side of the lower strato-
spheric anticyclonic circulation, an extended region cover-
ing from northern India to southwestern China. Wright et
al. (2011) found that dehydration of air parcels entering
the AM lower stratosphere primarily occurs over this region
and, consistently, Randel et al. (2015) found that, on an in-
traseasonal scale, stratospheric water vapour over the AM is
mainly controlled by large-scale temperature variations over
the southern edge of the anticyclone forced by deep convec-
tion. However, it is still unclear how important deep convec-
tion, monsoon temperature and circulation, or in situ dehy-
dration of air masses, may be. Randel and Park (2006) show
consistent fluctuations in deep convection and water vapour
content of the AM anticyclone. However, on an intrasea-
sonal scale, the peaks in stratospheric water vapour over the
monsoons do not coincide either spatially or temporally with
the peaks in convective activity, suggesting that horizontal
transport may play a role. In fact, and contrary to expecta-
tions, Randel et al. (2015) found that deep convection over
the Asian and North American monsoons is associated with
a drier stratosphere, which they explain through the cooling
of the lower stratosphere produced by the convection itself.
In contrast, other studies (e.g. Khaykin et al., 2022) have
suggested a moistening effect of overshooting convection in
the AM, but with the impact on the lower stratosphere water
vapour budget currently under debate (Konopka et al., 2023).

Lower stratospheric water vapour over the Asian and
North American monsoons exhibits very significant in-
terannual variability in which the quasi-biennial oscilla-
tion (QBO) and El Niño–Southern Oscillation (ENSO) ap-
pear to dominate (Randel et al., 2015). However, the phys-
ical mechanisms responsible for this variability have been
poorly investigated. In general, we know that the concen-
tration of water vapour in the stratosphere is profoundly in-
fluenced by global circulation patterns, particularly those af-

fecting the tropical regions, as ENSO and the QBO, through
which transport preferentially occurs. The QBO dominates
the interannual variability in water vapour in the lower and
middle stratosphere by modulating tropical tropopause tem-
peratures and, in spite of the fact that its signal is relatively
weak at the tropopause (±1 K), it has a significant influence
on the mixing ratio of rising air into the stratosphere (Gior-
getta et al., 1999; Geller et al., 2002; Tian et al., 2019). How-
ever, Randel et al. (2015) found asymmetries in the QBO
signal over the Asian and North American monsoons that, a
priori, are not consistent with the mechanism based on tem-
perature modulation, since the QBO signal on temperature is
zonally symmetric.

In addition, the QBO also influences deep convection pro-
cesses in the tropics (Giorgetta et al., 1999; Peña-Ortiz et
al., 2019), determining the other important mechanism in
the transport of vapour across the tropopause. Giorgetta et
al. (1999) showed that during the easterly phase of the QBO
there is an intensification of convection over the East Asian
and Indian monsoons leading to increased cloudiness in ar-
eas close to the tropopause. However, the effect of this mod-
ulation of convection on the transport of water vapour into
the stratosphere has not yet been studied. In this paper we
analyse the QBO impact on water vapour in the lower strato-
sphere over the AM. We make use of observational data from
the microwave limb sounder (MLS) to quantify and describe
the behaviour of this signature during July and August ac-
cording to the QBO phases. Additionally, we examine the
QBO signature on temperature and convection, as well as
address the question concerning the role that these variables
play in the QBO signal on the water vapour over the AM.

2 Data and methodology

We have analysed observations of water vapour mixing ra-
tio and temperature in the lower stratosphere from the mi-
crowave limb sounder (MLS) aboard the NASA satellite
Aura (Waters et al., 2006). For both variables we have
used MLS 4.2 version (Lambert et al., 2015; Livesey et al.,
2020) from which we have produced gridded daily data on
100 and 82 hPa pressure levels by averaging profiles inside
bins with resolution of 2° latitude× 5° longitude for the pe-
riod 2005–2020. Water vapour measurements have been val-
idated in several studies and have been part of a climatolog-
ical overview of the AM anticyclone (Santee et al., 2017).
The single profile precision of the MLS water vapour is 7 %
and 15 % at 82 and 100 hPa, while accuracy is 9 % and 8 %
respectively for these two pressure levels (see Table 3.9.1 of
Livesey et al., 2020). The single profile precision and accu-
racy of the MLS temperature data product are shown in Ta-
ble 3.22.1 of Livesey et al. (2020). The precision is 0.8 K or
better in the lower stratosphere, while observed biases based
upon comparisons with previously validated satellite-based
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measurements range from 0 to +1 K in the lower strato-
sphere.

To investigate the mechanisms behind the QBO signature
on the AM water vapour, we used daily values of wind,
temperature, fraction of cloud cover and total diabatic heat-
ing rate, which includes components of heating due to la-
tent heat release, as well as radiative and turbulent heating,
from the ERA5 reanalysis (Hersbach et al., 2020) over the
period 2005–2020. The ERA5 reanalysis, based on the In-
tegrated Forecasting System (IFS), has a horizontal resolu-
tion of 31 km and 137 vertical levels that extend to 0.01 hPa.
For this study, the fields of wind, temperature and fraction
of cloud cover obtained from this reanalysis have been fur-
ther interpolated onto a 2.5°× 2.5° longitude and latitude
grid, and they are extracted from the analysis available at
37 pressure levels between 1000 and 1 hPa. Regarding the
fraction of cloud cover, the comparison performed by Yao et
al. (2020) between ERA5 and data from the Moderate Reso-
lution Imaging Spectroradiometer (MODIS) aboard the Terra
and Aqua satellites showed that differences of monthly mean
cloud cover between ERA5 and MODIS are mostly around or
less than 5 % over the tropical and subtropical regions where,
additionally, the correlation coefficients between these two
datasets are larger than 0.8. These results allow us to con-
clude that the interannual variability in cloud cover is rea-
sonably captured by ERA5.

According to Pahlavan et al. (2021), the representation of
the mean fields in the QBO is very similar in ERA5 and
ERA-Interim, which has been used extensively for assessing
various aspects of the QBO and has been found to be quite
reliable in the tropical lower and middle stratosphere.

Together with ERA5 fraction of cloud cover, NOAA-
interpolated outgoing longwave radiation (OLR) data (Lieb-
mann and Smith, 1996) are also used to explore the QBO
impact on clouds. We use the daily data interpolated onto
a 2.5°× 2.5° longitude and latitude grid provided by the
NOAA/OAR/ESRL PSL (Boulder, Colorado, USA) at https:
//www.psl.noaa.gov/ (last access: 14 June 2023).

In this study, Singapore sonde monthly zonal wind has
been used to define the QBO phases at five pressure levels be-
tween 70 and 10 hPa, as well as for two different months sep-
arately, i.e. July and August. Each wind value corresponding
to each month and level was standardized by subtracting the
average value for the period of study, 2005–2020, and divid-
ing by the standard deviation. Then, the QBO easterly (QBO-
E) and westerly (QBO-W) phases at each level were consid-
ered to correspond to those cases in which the standardized
zonal wind values were below −0.5 or above 0.5. Table 1
shows the number of QBO-W and QBO-E cases obtained
for each month and pressure level, as well as the Singapore
sonde monthly zonal wind averaged for the years defined as
QBO-W and QBO-E.

In order to assess the QBO impact on the lower strato-
sphere water vapour over the AM, we computed QBO-W
minus QBO-E differences of MLS water vapour at 100 and

82 hPa. Although, in principle, we considered all months in
which the Asian monsoon is active, from June to Septem-
ber, we only detected a significant QBO signal in July and
August. Therefore, we have excluded from our analysis the
months of June and September, during which we did not find
significant anomalies over the AM (not shown). Among all
the different pressure levels we have used to define the QBO
index (Table 1), we have selected those for which the water
vapour differences over the AM associated with QBO phases
are strongest and most significant during July and August
separately. As can be seen in Figs. A1 and A2, the signal
over water vapour in the AM at 100 hPa reaches its maxi-
mum when we take the QBO index at 10 hPa for the signal in
July and at 20 hPa for the signal in August. The fact that it is
the index defined at these upper stratospheric levels that gives
rise to a stronger signal on water vapour does not mean that
the physical mechanism has a direct relationship with the cir-
culation or temperature of the QBO at these levels. However,
the definition of the phase at high stratospheric levels fixes
the characteristics of the QBO throughout the stratosphere
including the lower stratosphere and the tropopause, where
the QBO wind and temperature can have an impact on lower
stratospheric water vapour. In fact, in the case of July, the wa-
ter vapour signal for the QBO defined at 10 hPa is practically
the same, but with the opposite sign to the one observed in
the last row of Fig. A1, for the QBO defined at 70 hPa. How-
ever, because the QBO signal over the zonal wind weakens
in the lower stratosphere, the use of levels between 70 and
100 hPa to define the QBO phases can be problematic and
significantly reduces the number of cases. Thus, although the
indices that maximize the signal refer to upper stratospheric
levels, for the analysis of the possible mechanism of the sig-
nal over water vapour, we will focus on the circulation and
temperature characteristics of the QBO at 100 hPa.

3 The QBO impact on the AM water vapour and the
role of temperature

Figure 1 shows a QBO modulation of the water vapour over
equatorial latitudes, as expected, which is a well-known re-
sponse to the QBO signature on equatorial temperatures.
During July, QBO-W minus QBO-E differences show a wa-
ter vapour decrease of up to −0.7 ppmv over the tropics
(for the QBO defined at 10 hPa), while during August these
differences stay above −0.4 ppmv (for the QBO defined at
20 hPa). The QBO impact on the tropical water vapour is
also evident at 82 hPa (Fig. 1b and d), which is consistent
with the existence of a QBO modulation of the water vapour
tape recorder resulting from its modulation of the tropical
cold point tropopause (Geller et al., 2002).

By contrast with the signal on the tropical water vapour,
the QBO signal over the AM shows the opposite behaviour in
July and August. Thus, while the QBO signals over the AM
and the tropics are in phase in July (Fig. 1a and b), they
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Table 1. Number of years classified as QBO-W/QBO-E together with the Singapore sonde monthly zonal wind averages for (QBO-W/QBO-
E) in m s−1 obtained for July and August at each pressure level for the period 2005–2020.

10 hPa 20 hPa 30 hPa 50 hPa 70 hPa

July 7/6 (15.2/− 19.2) 8/6 (21.7/− 20.3) 8/7 (21.3/− 18.7) 8/6 (12.2/− 14.7) 5/5 (7.8/− 13.1)
August 7/6 (16.6/− 20.3) 9/6 (18.9/− 22.6) 9/7 (20.1/− 19.9) 9/5 (11.0/− 13.4) 7/5 (6.2/− 12.4)

Figure 1. QBO-W minus QBO-E differences for MLS water vapour (in ppmv) for July and August (left and right columns) at 100 hPa (a, c)
and 82 hPa (b, d) over the period 2005–2020. In (a) and (b) differences correspond to the QBO index for July defined at 10 hPa, while
for (c) and (d) we chose the QBO index defined at 20 hPa for August. Dots indicate significance at the 95 % confidence level. Red contours
show climatological values for water vapour (in ppmv).

show opposite signs during August (Fig. 1c and d). As es-
tablished in previous studies, the upper troposphere–lower
stratosphere (UTLS) temperature plays a key role in the con-
trol of water vapour over the AM through large-scale de-
hydration (Wright et al., 2011; Randel et al., 2015). Fur-
thermore, Randel et al. (2015) found that, at intraseasonal
timescales, there is a lag of around 10 d between temperature
and its impact on the AM water vapour. Therefore, in order to
assess the link between the QBO impact on temperature and
water vapour, we first identify those regions whose tempera-
ture exerts the greatest control over the interannual variabil-
ity in the AM water vapour and the lag that characterizes this
link. To identify these regions we computed running correla-
tions between the AM water vapour and the 100 hPa temper-
ature field at each grid point. For that purpose, we calculated
the regional average of water vapour over the AM domain
(20–40° N, 40–140° E) for July and August over the period
2005–2020 and the averages of the daily temperatures over
31 d running windows from 1 June to 30 September at each
grid point over the same time period. Results for July show
maximum correlations for the temperature over the tropical
Indian Ocean average between 16 June and 16 July (Fig. 2a).

For this period of the year, significant correlations extend
from the tropical Indian Ocean to southern India reaching
values up to 0.8 over some regions of the Indian Ocean. For
the temperature average over this region, correlations with
the AM water vapour for July achieve a maximum value
of 0.8 that slowly decreases as the time window moves away
from the maximum correlation period, 16 June to 16 July
(blue line in Fig. 2b). This result indicates that the temper-
ature over the Indian Ocean is key in the control of the in-
terannual variability in the AM water vapour during July and
that its impact peaks with a time lag of about 15 d between
the temperature signal and the water vapour response. It is
not only in the tropical Indian Ocean that significant correla-
tions are found. Positive correlations extend zonally over the
equatorial region (not entirely shown in Fig. 3a) forming a
spatial pattern consistent with the QBO signal on tempera-
ture in the tropics. By contrast, results for August show max-
imum correlations over the southeastern edge of the AM an-
ticyclone, from northern India to southwestern China, which
peak for the temperature field averaged between 19 July and
18 August (blue line in Fig. 2b and d), implying that there is a
time lag of about 12 d between the temperature signal and the

Atmos. Chem. Phys., 24, 5457–5478, 2024 https://doi.org/10.5194/acp-24-5457-2024



C. Peña-Ortiz et al.: QBO modulation of stratospheric water vapour in the Asian monsoon 5461

water vapour response. Furthermore, contrary to what was
found for July, the AM water vapour content during August
is not significatively correlated with equatorial temperatures
(Fig. 2c).

In spite of the fact that different climate patterns may con-
tribute to the interannual variability in the AM water vapour
in the lower stratosphere (e.g. ENSO), the QBO is expected
to be a major source of variability at this timescale. Thus, we
make use of the spatial and temporal features of the connec-
tion between temperature and AM water vapour observed in
Fig. 2 to assess the link between the QBO impact on tem-
perature and water vapour. With this aim, Fig. 3 represents
QBO-related differences for the temperature at 100 hPa av-
eraged over those time windows that maximize the impact
on the interannual variability in the AM water vapour dur-
ing July (16 June to 16 July) and August (19 July to 18 Au-
gust). For the average over the period 16 June to 16 July,
QBO westerlies at 10 hPa are linked to negative temperature
anomalies, when compared with the QBO easterly phase, at
the equatorial UTLS (Fig. 3a) and over the tropical Indian
Ocean, which is the region controlling the water vapour over
the AM during this month (Fig. 2a). It should be noted that
QBO westerlies defined at 10 hPa correspond to the opposite
phase in the lower stratosphere (for further details, see com-
ments on Fig. 4 at the end of this section), and therefore the
observed cooling over the Indian Ocean is part of the QBO
signature on the tropical tropopause temperature associated
with easterly winds in the lower stratosphere. This cooling
is consistent with the anomalously dry stratosphere found in
July over both the tropics and the AM in Fig. 1a and b. In
quantitative terms, the comparison between Figs. 3a and 1a
indicates that temperature differences over the Indian Ocean
between −1 and −2 K precede a water vapour decrease of
around−0.4 ppmv over the AM that can reach−0.8 ppmv to
western India. Hence, this relation between temperature and
stratospheric water vapour in the monsoon region is consis-
tent with the expected 0.5 ppmv entry water vapour change
for a 1 K temperature change for globally averaged interan-
nual anomalies, as found by Fueglistaler and Haynes (2005).
Figures A1a and A3a evidence the consistency between the
QBO signal on the tropical UTLS temperature and water
vapour in the AM for the QBO phases defined at different
pressure levels.

So far, we have found a significant QBO signature on the
temperature of the tropical Indian Ocean for the 16 June to
16 July time window, which is consistent with the AM wa-
ter vapour response in July. However, in order to establish
a causal link between water vapour and temperature it is
important to see whether they have consistent temporal be-
haviour. Figure 2b represents the cross-correlation between
the QBO index for July at 10 hPa and AM water vapour (light
green line) and average Indian Ocean temperature (red line).
Running windows of 31 d from 1 June to 30 September have
been used to calculate the lagged correlations. These results
evidence that while correlations reach a maximum centred

in the month of July for water vapour (light green line in
Fig. 2b), the QBO impact on the tropical Indian temperature
peaks around 15 d before (red line in Fig. 2b), which is con-
sistent with the lag found between temperature and the inter-
annual variability in the AM water vapour during July (blue
line in Fig. 2b).

In contrast to what is observed for July, during August
Fig. 1c and d reveal significant water vapour anomalies over
the Asian monsoon that are of opposite sign with respect
to those over the Equator. This is consistent with the QBO
signal on the average temperature for the period 19 July to
18 August shown in Fig. 3b, which depicts a branch of sig-
nificant temperature anomalies at subtropical latitudes with
opposite sign compared with equatorial regions. These sub-
tropical temperature anomalies extend over the southeastern
edge of the AM anticyclone, from northern India to south-
western China, which is the region whose temperature, as
shown in Fig. 2c, has a major impact on the interannual vari-
ability in the AM water vapour during August. The compari-
son of Figs. 1c, d and 3b evidence that temperature anomalies
observed over this key region are in agreement with the QBO
signature on water vapour over the AM. Thus, an increase in
the AM water vapour of around 0.3 and 1 ppmv is accom-
panied by temperature anomalies reaching values between
0.5 and 1 K over the region covering from northern India to
southwestern China. Figures A2a and A3b evidence the con-
sistency between the QBO signal on the UTLS temperature
over India and southwestern China and August water vapour
in the AM for the QBO phases defined at different pressure
levels. Figure 2d allows us to analyse the temporal evolu-
tion of the impact of the QBO on water vapour in the AM in
August and on the temperature over the region that we have
identified as the one that controls the interannual variability
in water vapour over the AM, the southeastern edge of the
AM anticyclone, from northern India to southwestern China
(Fig. 2c). This figure represents the cross-correlation of the
QBO index for August at 20 hPa with the AM water vapour
(light green line in Fig. 2d) and the temperature over this
precise region (red line in Fig. 2d), both averaged over 31 d
running windows from 1 June to 30 September. The figure
confirms that indeed the QBO signal on temperature peaks
during the 19 July to 18 August time window (the 31 d win-
dow centred around 3–4 August), with a lag of 12 d over the
maximum in the QBO signal on the AM water vapour.

In order to explore further details of the three-dimensional
QBO temperature and wind patterns linked to the AM wa-
ter vapour signature, Fig. 4a and b show the latitude–height
cross sections of QBO-W minus QBO-E differences for tem-
perature and zonal wind averaged over 60–120° E. After
checking that ERA-5 reanalysis data reproduced the QBO
signal on the temperature field at 100 hPa (not shown), we
used this dataset for the analysis of the three-dimensional
temperature and wind variations over the AM associated with
the QBO signature on the AM water vapour. In order to ob-
tain the QBO anomaly pattern with the greatest impact on
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Figure 2. (a) Correlation between July water vapour at 100 hPa over the AM (20–40° N, 40–140° E) and temperature at 100 hPa at each
grid point averaged between 16 June and 16 July over the period 2005–2020. (b) Lag sliding correlations between July AM water vapour at
100 hPa and the average temperature over the marked region in (a) (18° S–26° N, 50–100° E) and over 31 d running windows from 1 June to
30 September (blue line). Light green (red) line represents lag sliding correlations between the QBO index for July at 10 hPa and AM water
vapour (mean temperature over the marked region in a), averaged over 31 d running windows from 1 June to 30 September. (c) Correlation
between August water vapour at 100 hPa over the AM (20–40° N, 40–140° E) and temperature at 100 hPa at each grid point averaged between
19 July to and 18 August over the period 2005–2020. (d) Lag sliding correlations between August AM water vapour at 100 hPa and the
average temperature over the marked region in (c) (5–35° N, 60–100° E) and over 31 d running windows from 1 June to 30 September. Light
green (red) line represents lag sliding correlations between the QBO index for August at 20 hPa and the AM water vapour (mean temperature
over the marked region in c), averaged over 31 d running windows from 1 June to 30 September. In (a) and (c) dots indicate significance at
the 95 % confidence level, while in (b) and (d) circles indicate significance at the 90 % confidence level.

Figure 3. QBO-W minus QBO-E differences for MLS temperature at 100 hPa averaged over the 31 d periods between 16 June and 16 July (a)
and between 19 July and 18 August (b), over 2005–2020. While in (a) differences correspond to the QBO index for July defined at 10 hPa,
for (b) we chose the QBO index defined at 20 hPa for August. Dots indicate significance at the 95 % confidence level.
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Figure 4. Latitude–height cross sections of QBO-W minus QBO-E differences for ERA5 temperature (colours) and zonal wind (black
contours) averaged over 60–120° E and between 16 June and 16 July (a) as well as between 19 July and 18 August (b). In (a) differences
correspond to the QBO index for July defined at 10 hPa, while for (b) we chose the QBO index defined at 20 hPa for August. Solid/dashed
contour lines show positive/negative anomalies with contour intervals at every 2 m s−1 from 1/− 1 m s−1 for positive/negative anomalies.
Panels (c) and (d) are equivalent to (a) and (b) but for the zonal mean temperature and zonal wind. Dots indicate significance at the 95 %
confidence level. Panel (e) shows the climatology for the zonal wind and temperature averaged over 60–12° E for the boreal summer (June
to August). Solid/dashed contour lines show positive/negative values with contour intervals at every 4 m s−1 from 1/− 1 m s−1 for posi-
tive/negative anomalies.
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AM water vapour, Fig. 4a shows QBO-related differences for
the QBO phases defined according to the equatorial zonal
wind of July at 10 hPa and for the time window between
16 June and 16 July, while for August Fig. 4b depicts differ-
ences for the QBO phases defined according to the August
wind at 20 hPa and for the time window between 19 July and
18 August. In agreement with the chosen QBO phase defi-
nition, Fig. 4a and b show westerly wind anomalies centred
at 10 and 20 hPa and easterly anomalies centred at 50 and
70 hPa respectively. The QBO also exhibits a signature in
temperature in both tropics and subtropics. The tropical QBO
temperature is in thermal wind balance with the vertical shear
of the zonal winds and, according to this, Fig. 4a and b show
cold temperature anomalies in regions of the tropical UTLS
that exhibit easterly wind shear. As has been established in
previous studies (Baldwin et al., 2001), besides the equa-
torial maximum in QBO temperature, out-of-phase anoma-
lies may appear over 20–40° N associated with the secondary
meridional circulation. Despite the fact that these subtropical
anomalies are weaker in the summer hemisphere, the global
zonal average for 16 June to 16 July shows warm anoma-
lies in the region of the UTLS at these latitudes (Fig. 4c).
However, these anomalies are not found for the zonal average
between 60 and 12° E (Fig. 4a), covering the southern edge
of the AM anticyclone, where only weak cold anomalies are
found at 100 hPa surrounded at the upper and lower levels by
weak warm anomalies that, in either case, are not statistically
significant. On the contrary, during August, warm anomalies
in the region of the UTLS over the southern flank of the mon-
soon (Fig. 4b) are stronger than those found for the global av-
erage (Fig. 4d). Thus, while Fig. 4b depicts warming between
1 and 1.5 °C at 100 hPa and over 20–40° N, in agreement
with temperature anomalies in Fig. 3b, global zonal mean
anomalies are below 0.75 °C in this region (Fig. 4d). Further-
more, Fig. 4b evidences that subtropical temperature anoma-
lies over the longitude range corresponding to the AM ex-
tend over 20–40° N and from 100 to 50 hPa, and reveals that
they are part of a set of temperature anomalies that form a
wave-train-like pattern that extends from the tropics to high
latitudes of the Northern Hemisphere in thermal wind bal-
ance with zonal wind anomalies. Over the AM anticyclone
latitude range, from 10 to 50° N (Fig. 4e), these tempera-
ture anomalies are characterized, in the lower stratosphere,
by positive and negative anomalies in the southern and north-
ern flanks of the AM anticyclone and out-of-phase anomalies
in the troposphere. Figure 4b also shows consistent variations
in the zonal wind in thermal wind balance with the tempera-
tures. When comparing these zonal wind anomalies with the
climatological mean (Fig. 4e), it is clear that wet anoma-
lies (as evident from Fig. 1c and d) are linked to a weaker
anticyclone, which in turn is linked to a cold troposphere
and warm lower stratosphere in the latitude range between
15 and 35° N, as well as temperature anomalies of opposite
sign north of 35° N (Fig. 4b). This is consistent with Ran-
del et al. (2015), who found that the intraseasonal variability

in the AM water vapour was linked to a similar pattern of
temperature and zonal wind anomalies.

So far, our results demonstrate that the QBO modulation of
the lower stratosphere temperatures over certain key regions
precede consistent water vapour variations over the AM.
These temperature variations, in turn, provoke a QBO sig-
nature on the AM water vapour through large-scale dehydra-
tion that is in phase with the signature over the equatorial and
tropical regions during July and out of phase during August.
The reason for this intraseasonal change in the AM water
vapour signal is explored in the next section.

4 The role of the QBO impact on clouds

Previous studies have found that the QBO modulates clouds
and convection over the AM (Giorgetta et al., 1999; Peña-
Ortiz et al., 2019; Sweeney et al., 2023). In addition, Ran-
del et al. (2015) showed evidence that temperature variations
that precede the intraseasonal changes in AM water vapour
are linked to convection changes. In this way, they found that
enhanced convection over the southeastern AM produced a
colder UTLS over this region, giving rise to drier conditions
over the AM. These results raise the question of whether
a similar mechanism operates on an interannual scale and,
more specifically, whether convection plays a role in the
transmission of the QBO signal to AM water vapour. To ad-
dress this question, we have made use of OLR and fraction
of cloud cover, in order to characterize the QBO signature on
clouds, and also of diabatic heating rates, to determine the re-
lation between changes in clouds and its possible impact on
circulation and temperature. With this purpose, we have com-
puted QBO-W minus QBO-E differences for the same time
windows as used for the temperature, between 16 June and
16 July for the analysis of the QBO signal on water vapour
in July and for the average between 19 July and 18 August
for August.

Figure 5a shows QBO-W minus QBO-E (defined at
10 hPa) differences for the fraction of cloud cover averaged
between 16 June and 16 July as well as between 100 and
150 hPa. This range of levels was chosen after verifying that
the QBO signal on cloudiness significantly weakens below
150 hPa (Fig. 5b), which is consistent with previous stud-
ies (Giorgetta et al., 1999; Peña-Ortiz et al., 2019). Fig-
ure 5a shows positive anomalies of fraction of cloud cover
between 100 and 150 hPa over the equatorial Indian Ocean
and Indonesia that might indicate a convection increase dur-
ing the westerly phase of the QBO (as defined at 10 hPa,
corresponding to an easterly phase around 100–70 hPa; see
Fig. 4) that can reach about 10 % over some areas. In agree-
ment with these results, negative OLR anomalies are found
over this region during the QBO-W compared with the QBO-
E (Fig. A4a). These anomalies are consistent with previous
studies (Giorgetta et al., 1999; Collimore et al., 2003; Peña-
Ortiz et al., 2019) evidencing that the temperature anomaly
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Figure 5. (a) QBO-W minus QBO-E differences for the average over the period 16 June to 16 July of fraction of cloud cover averaged
between 100 and 150 hPa in parts per unit. Solid red lines represent the climatological average for the same time window and over the period
2005–2020 with contour intervals at every 0.1 from 0.1 in parts per unit. (b) Similar differences but for fraction of cloud cover averaged over
60–120° E and 15° S–25° N, the region with the largest anomalies, at different pressure levels from 500 to 100 hPa. (c) Equivalent differences
for eddy fields of zonal wind (colour shades) and horizontal wind (arrows). Blue/red contour lines show negative/positive anomalies of the
temperature eddy field with contour intervals at every 0.5 K starting at 0.25 and −0.25 K for positive and negative anomalies respectively.
In (a) and (c), dots indicate significance at the 95 % confidence level.

initiated by the adiabatic temperature change due to the sec-
ondary circulation of the QBO can modulate deep convec-
tion in a way that the UTLS cooling linked to the easterly
QBO jet at lower levels around 100–70 hPa causes a lower
static stability that allows deep convection to develop more
vigorously. Although these studies attributed the QBO sig-
nal on cloudiness in the upper troposphere to changes in
deep convection, our results do not allow us to determine on
which type of clouds the QBO is acting and whether the ob-
served signal corresponds to changes in convection or in the
occurrence of cirrus clouds. Sweeney et al. (2023) showed
that the QBO primarily affects cloudiness above 200 hPa,
mainly impacting cirrus clouds. However, their study also re-
vealed a QBO signal on the upper troposphere cloudiness
associated with opaque clouds, which are often linked to
deep convection and thick anvil. Accordingly, Giorgetta et
al. (1999) argued that QBO acts primarily by raising the
height of cloud tops, which, when the QBO causes a cooling
of the tropopause, can more frequently reach levels between
100 and 150 hPa rather than between 150 and 200 hPa. Thus,
it is highly likely that QBO-related differences on fraction of
cloud cover and on OLR obtained in the present study reflect
both the QBO signal over cirrus clouds and also an intensifi-
cation of convection in the upper levels of the troposphere.

Figures 5a and A4a reveal that the impact of the QBO on
cloud cover is not limited to the equatorial Indian Ocean,
where temperature variations associated with the secondary
circulation of the QBO can explain this signal. Beyond the
Equator, a significant increase in cloud cover during the west-
erly phase of the QBO (defined at 10 hPa) is also observed
over most of India (Fig. 5a). These cloud cover changes show
increases around the core region of climatological convection
and decreases within the core region, indicating an increase
in convective area. The increase in cloud cover is associated
with an intensification of the anticyclonic circulation over
this area, as seen in Fig. 5c showing the 100 hPa zonal wind
eddy field. Our results suggest that the anticyclonic anomaly
and the convection increase over India can be part of the
response to the QBO modulation of the equatorial clouds.
The possibility that changes in the upper troposphere clouds
may have an impact on circulation and on the excitation of
wave trains was addressed in Slingo and Slingo (1991), Gior-
getta et al. (1999) and Peña-Ortiz et al. (2019), among others.
These studies show that diabatic heating caused by cloudi-
ness at the upper troposphere, including that associated with
tropical cirrus clouds, can excite wave trains that can propa-
gate to higher latitudes. Slingo and Slingo (1991) found that
the major dynamical response to upper tropospheric diabatic
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Figure 6. QBO-W minus QBO-E differences for diabatic heating rate (in K d−1; colour shades) averaged between 100 and 700 hPa (a) and
at 100 hPa (b) for the period 16 June to 16 July. Blue/red contour lines show negative/positive anomalies of the temperature eddy field with
contour intervals at every 1 K d−1 starting at 1 and −1 K d−1 for positive and negative anomalies respectively. Dots indicate significance at
the 95 % confidence level.

heating is restricted to the tropics and the subtropical jets,
and that this response is characterized by an anticyclonic
dipole to the north and south of the diabatic heating that can
excite wave trains propagating to higher latitudes. This re-
sponse is possibly associated with the excitation of an inter-
nal Rossby mode as previously described by Matsuno (1966)
and Gill (1980).

To verify whether a similar mechanism is at work here and
whether the observed increases in cloudiness generate latent
heat release, we computed QBO-related differences for dia-
batic heating rate averaged between 16 June and 16 July, as
well as for two different layers: between 100 and 700 hPa and
for 100 hPa separately. The pattern of diabatic heating rate
anomalies resembles that of cloud cover fraction (Figs. 5a
and 6a), with positive anomalies indicating latent heat release
over areas of increased cloud cover such as the northern In-
dian Ocean and most of India during QBO-W in comparison
with QBO-E. Figure 6b shows positive diabatic heating rate
anomalies at 100 hPa that are most intense and statistically
significant to the south of the Bay of Bengal. A comparison
of Figs. 6b and 5c reveals that these positive diabatic heating
rate anomalies are associated with the intensification of east-
erly winds just west of the area of latent heat release. These
easterly wind anomalies over the Indian Ocean, just to the
south of India, together with the westerly wind anomalies

to the north of this region, are part of an anticyclonic gyre
which contributes to the strengthening of the climatologi-
cal AM anticyclonic circulation giving rise to an enhance-
ment of the rising motions and adiabatic cooling, as can be
inferred from the cold anomalies associated with the anti-
cyclonic gyre (Fig. 5c). Although westerly wind anomalies
are also observed in the Southern Hemisphere just south of
the equatorial easterly wind anomalies, the southern coun-
terpart of the anticyclonic dipole described by Slingo and
Slingo (1991) is not clearly observed in Fig. 5b, which could
be due to the stronger latent heat released over the northern
tropical Indian Ocean (Fig. 6b).

Eddy temperature anomalies observed in Fig. 5c show
cooling anomalies over an extended region covering the
southern edge of the AM, from India to the north of the Bay
of Bengal, linked to the anticyclonic anomaly, of up to 1 K,
which is slightly higher than the cooling diagnosed from the
total temperature field in Fig. 3 (wave field plus zonal aver-
age). The reason for this difference is the zonal mean temper-
ature, which shows warming associated with the secondary
circulation of the QBO over subtropical latitudes (Fig. 4a)
and partially compensates eddy temperature anomalies. As
a result, a slight (and not statistically significant) temper-
ature decrease is found over the southern edge of the AM
(Fig. 3). The fact that these temperature anomalies are weak
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Figure 7. (a) QBO-W minus QBO-E differences for the average over the period 19 July to 18 August of fraction of cloud cover averaged
between 100 and 150 hPa in parts per unit. Solid red lines represent the climatological average for the same time window and over the period
2005–2020 with contour intervals at every 0.1 from 0.1 in parts per unit. (b) Similar differences but for fraction of cloud cover averaged over
60–80° E and 20–30° N (red line) and over 80–95° E and 20–30° N (blue line), regions with the largest anomalies, at different pressure levels
from 500 to 100 hPa. (c) Equivalent differences for eddy fields of zonal wind (colour shades) and horizontal wind (arrows). Blue/red contour
lines show negative/positive anomalies of the temperature eddy field with contour intervals at every 0.5 K starting at 0.25 and −0.25 K for
positive and negative anomalies respectively. In (a) and (c), dots indicate significance at the 95 % confidence level.

might explain why the temperature of this region, which pre-
vious studies point to as the main cause of dehydration of
the air masses reaching the AM (Wright et al., 2011; Ran-
del et al., 2015), is not that relevant for AM water vapour
changes during July, while the temperature over the Indian
Ocean is (Fig. 2a). By contrast, this weak subtropical cool-
ing occurs simultaneously with a strong tropical tempera-
ture decrease associated with the secondary circulation of the
QBO (Fig. 3), such that the entire region whose temperature
modulates the transport of water vapour in the AM accord-
ing to Fig. 2a shows a cooling during the westerly phase of
the QBO (as determined by the 10 hPa tropical zonal wind).
This explains why the signal on water vapour in the AM has
the same sign and characteristics as the signal on equatorial
water vapour and why in both regions a decrease in water
vapour concentration is observed during QBO-W in relation
to QBO-E.

Concerning the QBO modulation of the AM water vapour
during August, QBO-W minus QBO-E (defined at 20 hPa)
differences for the average between 19 July and 18 August
of cloud area fraction (Fig. 7a) reveal quite different be-
haviour with respect to the anomalies for 16 June to 16 July
(Fig. 5a). A northward and westward shift in the anomalies
is observed during 19 July to 18 August, suggesting that

the impact of the QBO on clouds weakens over the Equa-
tor and intensifies at latitudes higher than 15° N as the boreal
summer progresses. Figure 7a evidences a dipole structure
characterized by a decrease/increase in cloud cover over the
southeastern/southwestern flank of the AM (centred around
25° N and between 60 and 100° E) during QBO-W compared
with QBO-E, which is consistent with the patterns found for
OLR and diabatic heating rate anomalies (Figs. A4b and A5).
Figure 7b shows that, as for June/July (Fig. 6d), cloud area
fraction anomalies are restricted to the atmospheric layer be-
tween 200 and 100 hPa. The cloud cover decrease observed
in Fig. 7a is linked to a cyclonic anomaly (Fig. 7c) and oc-
curs over the area of the climatological maximum in August,
north of the Bay of Bengal. To the west of this area, positive
anomalies of cloud area fraction indicate an increase in cloud
cover, suggesting a westward shift in the convective activity
during QBO-W in comparison with QBO-E.

Figure 7c reveals that the cloud cover decrease observed to
the north of the Bay of Bengal (Fig. 7a) is linked to a Rossby
wave train that generates the cyclonic gyre over this region.
The QBO signature on the eddy zonal wind field reveals a
Rossby wave train that propagates from the Equator to extra-
tropical latitudes over both hemispheres between the eastern
Indian and the western Pacific oceans. This figure, which also

https://doi.org/10.5194/acp-24-5457-2024 Atmos. Chem. Phys., 24, 5457–5478, 2024



5468 C. Peña-Ortiz et al.: QBO modulation of stratospheric water vapour in the Asian monsoon

shows QBO-related differences in the eddy temperature field
at 100 hPa, evidences that the decrease in cloud cover to the
north of the Bay of Bengal, the region of the climatological
maximum, appears together with warming over the southern
edge of the AM. This warming occurs over the region that,
as shown in Fig. 2c, controls the inflow of water vapour into
the AM. On the other hand, QBO-W minus QBO-E differ-
ences in the global zonal mean temperature averaged over
the period 19 July to 18 August (Fig. 4d) show warming in
the lower stratosphere between 15 and 35° N, corresponding
to the subtropical branch of the secondary circulation of the
QBO. Thus, during this time window, temperatures over the
southern flank of the AM show an increase during the QBO
westerly phase defined at 20 hPa (Fig. 3b), which is observed
in both the eddy field and the zonal mean. This suggests that
the warming is caused by both a Rossby wave train associ-
ated with the QBO that weakens rising motions over this re-
gion and also by the secondary meridional circulation of the
QBO. Therefore, both mechanisms contribute to the warm-
ing that gives rise to the water vapour increase found during
August over the AM.

Giorgetta et al. (1999) found that the QBO modulation
of deep convection over the tropical eastern Indian Ocean
and western Pacific gives rise to the excitation of a wave
train. They observed that despite the fact that this wave train
reached its mature phase in July/August, it was forced by
equatorial diabatic heat release in the previous weeks by
the QBO modulation of equatorial deep convection. In order
to study the possible link between the wave train observed
in Fig. 7c and a hypothetical QBO signature on equatorial
clouds in the previous weeks, we computed QBO-W minus
QBO-E composites for diabatic heating rate and the eddy
field of horizontal wind at 100 hPa for different 31 d windows
prior to the one between 19 July and 18 August, using always
the QBO index defined for August at 20 hPa. In this way, we
were able to assess the possible impact of the QBO on the
circulation through cloud modulation in the weeks preceding
the formation of the wave train observed in Fig. 7c. Addition-
ally, we computed similar differences for the total and eddy
temperature fields at 100 hPa in order to see the evolution of
the signal over the summer and its dependence on the cir-
culation. Figure 8 displays the obtained results for the time
windows between 19 June and 19 July, 29 June and 29 July,
9 July and 8 August, as well as 19 July and 18 August. This
figure reveals that in the weeks preceding the period 19 July
to 18 August, strong positive diabatic heating rate anomalies
occur during QBO-W compared with QBO-E over the east-
ern equatorial Indian Ocean extending over the Bay of Ben-
gal and southern India, indicating the release of latent heat
associated with increased cloudiness. This diabatic warming
causes strong easterly wind anomalies to the west of the re-
gion of latent heat release, anomalies which are part of an
anticyclonic gyre extending over China and India. In addi-
tion, positive and negative zonal wind anomalies alternate
north and south of this region of latent heat release forming

a wave train that reaches high latitudes in both hemispheres
in the longitudinal sector between 40 and 100° E. In relation
to temperature, we find a cooling over the same region where
the latent heat release is taking place, which is explained by
adiabatic upwelling and longwave cooling associated with
the cloudiness increase. Also negative temperature anoma-
lies are found over India and western China, linked to the an-
ticyclone structure found over this region, ranging between
−0.5 and −1 °C for the eddy temperature field and keeping
above −0.5 °C for the total temperature.

As the summer progresses, the impact of the QBO on
cloudiness over the eastern equatorial Indian Ocean weakens,
as seen in the progressive weakening of the positive diabatic
heating rate anomalies in Fig. 8a–d. At the same time easterly
wind anomalies over the Indian Ocean and India also weaken
and become restricted to the equatorial region (Fig. 8c and d).
The wave train shown in Fig. 8a and b is also found in Fig. 8c
and d, but the alternating easterly and westerly zonal wind
bands in the northern subtropics seem to shift southwards
as the equatorial easterlies weaken. In this way, the anticy-
clonic structure previously observed over India and western
China (Fig. 8a and b) progressively turns into a cyclonic gyre
(Fig. 8c and d). With regard to temperature, while Fig. 8e
and f show cooling associated with the anticyclonic anomaly,
Fig. 8g and h show the appearance of a warm anomaly cen-
tred north of the Bay of Bengal associated with the cyclonic
gyre. This is in line with the fact that the cyclonic anomaly
implies a weakening of the climatological anticyclone over
this area of the AM and, therefore, a weakening of the rising
motions as well as of the adiabatic cooling.

It should be noted that we have addressed the role of the
QBO modulation of clouds through their impact on circu-
lation and temperature. However, the observed changes in
cloud cover may be linked to deep convection and can also
have an impact on the AM water vapour via direct overshoot-
ing. This pathway has not been addressed in the present study
but may be a fruitful topic for future research.

5 Summary and conclusions

The Asian monsoon plays a key role in the transport of wa-
ter vapour to the lower stratosphere and contributes signif-
icantly to the wet phase of the annual global stratospheric
water vapour cycle. The interannual variability in the lower
stratospheric water vapour over the Asian monsoon is domi-
nated by the QBO and ENSO (Randel et al., 2015). However,
the physical mechanisms responsible for this variability have
been poorly investigated.

Here we have made use of daily MLS data for the period
2005–2020 to characterize the QBO signature on the lower
stratosphere AM water vapour during the boreal summer. We
have found that the QBO has the strongest impact during Au-
gust, although a significant signature is also observed during
July. In July, the QBO modulation of the AM water vapour
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Figure 8. QBO-W minus QBO-E differences for diabatic heating rate (in K d−1; contours) and for the eddy fields of zonal wind (in m s−1;
colour shades) and horizontal wind (arrows) at 100 hPa averaged over the periods between (a) 19 June and 19 July, (b) 29 June and 29 July,
(c) 9 July and 8 August, as well as (d) 19 July and 18 August. Blue/red contour lines show negative/positive anomalies with contour
intervals at every 0.5 K d−1 starting at 0.25 and −0.25 K d−1 for positive and negative anomalies respectively. Panels (e)–(h) are equivalent
to (a)–(d) but for the temperature (colour shades) and the eddy fields of temperature (in degrees kelvin; contours). Blue/red contour lines
show negative/positive anomalies with contour intervals at every 0.5 K starting at 0.25 and −0.25 K for positive and negative anomalies
respectively. Dots indicate significance at the 95 % confidence level.
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occurs in phase with the modulation of the lower strato-
spheric water vapour over the Equator. Hence, as the equato-
rial UTLS cools as a response to the QBO winds, the water
vapour over the tropical lower stratosphere and the AM de-
creases via large-scale dehydration, and vice versa. This syn-
chrony is related to the fact that, in July, the region whose
temperature controls the water vapour variability associated
with the QBO over the AM is the UTLS over the tropical In-
dian Ocean, which also modulates the inflow of water vapour
across the Equator over this region. Although the south side
of the AM anticyclone is a key region in controlling water
vapour over the Asian monsoon (Wright et al., 2011; Randel
et al., 2015), we find that in July the QBO signal on tem-
perature is weak over this region and only significant over
western India and the Arabian Sea, which shows anomalies
of the same sign as the signal over the Equator. These results
suggest that the AM water vapour signal in July responds to
the QBO temperature over a large region stretching from the
tropical Indian Ocean to the northern Arabian Sea and west-
ern India, where the QBO signal on temperature is in phase.
Furthermore, our results show a time lag of about 15 d be-
tween the temperature and water vapour signal over the AM.
In this way, temperature anomalies over the tropical Indian
Ocean of −1 and −2 K precede a water vapour decrease of
around −0.4 ppmv that can reach −0.8 ppmv to the west of
India.

Conversely, in August the region whose temperature con-
trols water vapour inflow to the AM is primarily the south-
ern edge of the AM anticyclone, from northwestern India
to southeastern China. This is consistent with Randel et
al. (2015), who pointed to the temperature over this region
as the main driver of the intraseasonal variability in AM wa-
ter vapour. Moreover, in contrast with the QBO signal on
temperature in July, during August, the UTLS over this re-
gion shows temperature anomalies associated with the QBO
of opposite sign to those over the Equator and, for this rea-
son, the QBO signal on the lower stratospheric water vapour
over the Equator shows an opposite sign to the signal over
the AM. The signal in the temperature of this region, the
southern edge of the AM anticyclone, shows warming during
the QBO westerly phase compared with the easterly phase of
0.5–1 K, which, with a time lag of about 12 d, leads to rel-
atively less dehydration and water vapour increase over the
monsoon reaching values between 0.3 and 1 ppmv.

Regarding the mechanism involved in the observed pat-
terns, our results suggest that the QBO impact on the temper-
ature at the southern flank of the AM and, consequently, on
the AM water vapour during July and August, is modulated
by the QBO impact on clouds. For the QBO signature on the
AM water vapour during July, our results show that, during
the preceding weeks, QBO cold anomalies over the Equator
cause an increase in cloud cover at levels between 150 and
100 hPa leading to latent heat release over the eastern Indian
Ocean. Eddy temperature and wind fields show a response to
these tropical anomalies of latent heat that produce a Rossby

anticyclonic gyre at 100 hPa over India, which intensifies ris-
ing air motions and gives rise to a cooling over this region.
This cooling, which is clearly observed in the eddy temper-
ature field, is partially balanced by the zonal mean temper-
ature, which shows warming associated with the secondary
circulation of the QBO over subtropical latitudes. As a re-
sult, the total temperature field over the southern flank of the
AM shows a slight and not significant cooling during QBO-
W (defined at 10 hPa). This absence of a strong QBO im-
pact on subtropical temperatures over the southern flank of
the AM, explains the reason why during July the QBO signa-
ture on the AM water vapour is modulated by QBO temper-
ature anomalies over the Equator and the fact that the QBO
modulation of AM water vapour is in phase with its modula-
tion of the lower stratosphere water vapour over the equato-
rial region.

Our results also evidence a relationship between the QBO
modulation of the AM water vapour during August and the
QBO modulation of convection. Temperature anomalies over
the southern flank of the AM, preceding the QBO-associated
changes in AM water vapour, are consistent with the ob-
served changes in cloudiness. In this way, the observed
warming over this region, that controls the inflow of water
vapour into the monsoon, is accompanied by a decrease in
cloud cover in the 100–150 hPa layer over to the north of the
Bay of Bengal. At the same time, an increase in cloud cover is
observed to the west of this region, over northwest India. Al-
though our analysis does not allow us to determine whether
the cloud cover anomalies correspond to clouds of convec-
tive origin, the fact that the reduction in cloudiness occurs
north of the Bay of Bengal, the region of the climatologi-
cal maximum of convection, and that it appears associated
with a cyclonic anomaly suggest that water vapour changes
over the Asian monsoon are associated with a westward shift
in convection, characterized by anomalously strong convec-
tion in the southwest and weak convection in the south-
east of the AM. Remarkably, previous studies (Randel et
al., 2015; Zhang et al., 2016) found a dipole pattern in in-
traseasonal convective variability very similar to the pattern
found here for QBO-related variability, with similar effects
on the AM water vapour. In this regard, Randel et al. (2015)
pointed out the apparent contradiction arising from the fact
that a reduction in convection over the region of the climato-
logical maximum is associated with an increase, rather than
a reduction, in humidity over the AM. Randel et al. (2015)
demonstrate that the intraseasonal water vapour variability
in the AM is related to the upper-level temperature response
to convective variability in that region (i.e. cooling/warm-
ing due to enhanced/weakened convection), which is key
to the dehydration of the air parcels reaching the AM. Our
results show a similar relation between the QBO response
in AM water vapour and convection, particularly a warm
anomaly over the region where the reduction in cloud cover
appears. Furthermore, Zhang et al. (2016) found that, at in-
traseasonal timescales, the intensification of convection over
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Figure 9. Difference between the climatological mean over the period 2005–2020 of the mean cloudiness between 100 and 150 hPa corre-
sponding to the time interval between 16 June and 16 July minus the average corresponding to the period 19 July to 18 August.

the western monsoon edge implies an increase in upward
motion over this region, which is warmer than the southeast
flank of the AM. They showed that this westward shift in
the AM convective systems favours the entry of air masses
into the AM through this region, allowing them to transport a
higher water vapour amount. Our results suggest that a sim-
ilar mechanism also contributes to the QBO impact on the
AM water vapour during August.

Our results show that the modulation of cloud cover over
the southeastern flank of the AM during August is linked to a
Rossby wave train associated with the QBO that propagates
from the Equator to extratropical latitudes over both hemi-
spheres between the eastern Indian and the western Pacific
oceans. Thus, the cloud cover decrease found over the region
of the climatological maximum when QBO westerlies dom-
inate at 20 hPa is linked to a cyclonic gyre over this region
that forms part of the wave train, as it can be observed in the
eddy wind field at 100 hPa. Furthermore, in agreement with
Giorgetta et al. (1999), our results suggest that this wave train
emerges in response to the QBO modulation of convection
over the tropical Indian Ocean in the preceding weeks.

The observed differences in the impact of the QBO on
AM water vapour in July and August are consistent with
the changes in the QBO signal on equatorial clouds in these
2 months. In accordance with previous studies, we have ob-
served that it is the temperature over the southern flank of
the AM that has the greatest impact on the moisture over the
AM anticyclone. In turn, the QBO signal on temperature in
this region is linked to the modulation of equatorial clouds.
However, while in the period from mid-June to mid-July the
temperature signal over the southern flank of the AM occurs
in response to the signal on clouds occurring simultaneously
over the Equator, from mid-July to August the temperature
signal over the southern flank of the AM seems to be as-
sociated with a Rossby wave train generated by the QBO
modulation of equatorial clouds in the previous weeks. The
fact that the modulation of cloud cover by the QBO occurs
mainly over the region of the climatological maximum of

convection, and that only affects cloud cover at levels above
200 hPa, is in line with the results of Giorgetta et al. (1999)
showing that the QBO cooling of the equatorial UTLS causes
a lower static stability that allows deep convection to develop
more vigorously, reaching up to 150 hPa or higher. In ac-
cordance with this premise, the QBO would need the pres-
ence of significant convective activity to have an impact on
the vertical extent of convection modulating atmospheric sta-
bility. Thus, as the climatological maximum of convection
moves northward with the advance of summer and weakens
at the Equator (Fig. 9), the impact of the QBO on convection
also weakens at equatorial latitudes. Therefore, for the period
considered, these results suggest that the temporal evolution
over the summer of the impact of the QBO on clouds over the
eastern equatorial Indian Ocean has an impact on the circula-
tion and temperature on the southern flank of the AM. Thus,
in early summer, when cooling of the tropical tropopause as-
sociated with the QBO favours an increase in cloud cover
and a release of latent heat, a wave train is formed, charac-
terized by an anticyclonic anomaly centred over the northern
Bay of Bengal and a cold anomaly in the temperature over
the southern flank of the AM that produces a dry anomaly
over the AM. The progressive weakening of the QBO signal
on equatorial clouds causes a weakening of the easterly wind
anomalies associated with the wave train over the tropical
region so that, during the time window covering the second
half of July and the first half of August, the disturbance over
the southern flank of the AM associated with this wave train
is characterized by a cyclonic gyre that inhibits convection
and causes a warm anomaly that moistens the AM.

Remarkably, the general response of water vapour in
the AM to variations in convection on both intraseasonal and
interannual timescales is very similar. Hence, the involved
mechanisms, as detailed in this paper, could also help to ex-
plain changes in stratospheric water vapour in the AM re-
gion for convection changes in a changing climate. Follow-
up studies on the climate change response of monsoon mois-
ture will be a fruitful topic of future research.
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It should be noted that we have assessed the QBO signal
on water vapour as a consequence of its impact on temper-
ature around the tropopause and the local dehydration it can
cause. However, other processes, such as changes in trans-
port, could also be involved. A detailed analysis of the possi-
ble changes caused by the QBO on the trajectories of the air
masses reaching the AM, or the variations in such trajecto-
ries with the summer progress, could also explain part of the
observed QBO signature on the AM water vapour or the in-
traseasonal evolution of this signature. Future studies incor-
porating Lagrangian transport models to address this ques-
tion may determine the role of this pathway. Another limita-
tion of the present study derives from the scarcity of satellite
data of water vapour in the lower stratosphere, with series
starting only in 2005. The number of QBO-W and QBO-E
cases obtained for our period of study has made it possible to
identify a significant QBO signal on the AM water vapour in-
duced by the QBO modulation of the lower stratosphere tem-
perature. However, future research with longer data series is
required for a more robust assessment of the intraseasonal
variability in this signature and its relation with the QBO
impact on tropical clouds, which may be subject to interac-
tion with other patterns of variability such as ENSO or the
Madden–Julian oscillation.
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Appendix A

Figure A1. QBO-W minus QBO-E differences for MLS water vapour at 100 hPa (a) and 82 hPa (b) for July over the period 2005–2020.
Each row corresponds to a different level at which the QBO phases were defined from 10 hPa (top row panels) to 70 hPa (bottom row panels).
Dots indicate significance at the 95 % confidence level. The region inside the grey box corresponds to the Asian monsoon region during the
QBO phase in which we have identified a stronger signal on the water vapour of this area.
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Figure A2. QBO-W minus QBO-E differences for MLS water vapour at 100 hPa (a) and 82 hPa (b) for August over the period 2005–2020.
Each row corresponds to a different level at which the QBO phases were defined from 10 hPa (top row panels) to 70 hPa (bottom row panels).
Dots indicate significance at the 95 % confidence level. The region inside the grey box corresponds to the Asian monsoon region during the
QBO phase in which we have identified a stronger signal on the water vapour of this area.
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Figure A3. QBO-W minus QBO-E differences for MLS temperature at 100 hPa averaged over the 31 d period between 16 June and 16 July (a)
and between 19 July and 18 August (b), over 2005–2020. Each row corresponds to a different level at which the QBO phases were defined
from 10 hPa (top row panels) to 70 hPa (bottom row panels). Dots indicate significance at the 95 % confidence level.
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Figure A4. QBO-W minus QBO-E differences for OLR averaged between 16 June and 16 July (a) and between 19 July and 19 August (b).
In (a) differences correspond to the QBO index for July defined at 10 hPa, while for (b) we chose the QBO index defined at 20 hPa for
August. Dots indicate significance at the 95 % confidence level.

Figure A5. QBO-W minus QBO-E differences for diabatic heating rate (colour shades) averaged between 100 and 700 hPa over the period
between 19 July and 18 August. Blue/red contour lines show negative/positive anomalies of the temperature eddy field with contour intervals
at every 1 K d−1 starting at 1 and−1 K d−1 for positive and negative anomalies respectively. Dots indicate significance at the 95 % confidence
level.
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