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Abstract

Stratospheric water vapour (SWV), in spite of its low concentration in the strato-
sphere as compared to the troposphere, contributes significantly to the surface
energy budget and can have an influence on the surface climate. This study
investigates the dynamical processes that determine SWV on interannual to
decadal time-scales. First, we evaluate two SWV reanalysis products and show
that SWV is better represented in a new-generation reanalysis product, ERAS5,
than in its predecessor, ERA-Interim. In particular, it is shown that SWV in
ERAS is highly consistent with observational data obtained from the SPARC
Data Initiative Multi-Instrument Mean (SDI MIM). Second, we investigate
the variability of tropical SWV and its relationship to dynamical stratospheric
variables. The analyses show that the interannual variability in the tropical
lower-stratospheric water vapour is closely linked to the tropical Quasi-Biennial
Oscillation (QBO). When westerlies occupy the middle stratosphere and easter-
lies the lower stratosphere, a decrease is observed in lower-stratospheric water
vapour due to a colder tropical tropopause and a QBO-induced enhanced resid-
ual circulation. On decadal time-scales, the composite analysis of the boreal
winter in two typical periods shows that less SWV is related to a warm anomaly
in the North Atlantic sea-surface temperature, which leads to stronger upward
propagation of planetary wave activity at high latitudes, a weaker polar vortex
and an enhanced residual circulation. The opposite occurs during periods with
higher concentrations of SWV.
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1 | INTRODUCTION

Water vapour in the atmosphere is one of the main green-
house gases and is also a valuable trace gas. It affects atmo-
spheric dynamics and thermodynamics by modulating the
radiative forcing directly (e.g., Forster and Shine, 2002;
Solomon et al., 2010; Riese et al., 2012) and influences
the radiation budget by modulating stratospheric ozone
chemistry (Vogel et al., 2011). Although the concentra-
tion of water vapour is much lower in the stratosphere
than in the troposphere, it has a significant effect on
the climate at the surface. Studies using climate mod-
els have shown that the increase of stratospheric water
vapour (SWV) can have an impact on atmospheric tem-
peratures from the stratosphere all the way down to the
Earth's surface (Riese et al., 2012). Forster and Shine (1999)
compared the equilibrium temperature response to CO,
increases, stratospheric ozone loss and SWV increases
since 1979, and found that cooling in the upper strato-
sphere is caused by the increase of CO,, while ozone loss
and water vapour increases are more effective at cooling
the lower stratosphere. Increasing SWV induces a strato-
spheric cooling during 1980s, which is about 30-50% of
the observed cooling in the stratosphere (Dvortsov and
Solomon, 2001). Solomon et al. (2010) attributed about 30%
of the decadal rate of surface warming during 1990s to
increased SWV between 1980 and 2000. Using simulations
of the atmosphere-only Community Earth System Model
(CESM), Wang et al. (2017) concluded that an abrupt drop
in SWV produces a global mean surface cooling event,
suggesting that a persistent change in SWV could have
contributed to the observed hiatus in global warming after
2000.

Due to an increase in the volume of observations of
SWYV and other stratospheric trace gases from aircraft,
balloon-borne instruments and satellite instruments in
recent decades, our understanding of stratospheric pro-
cesses has greatly improved. Furthermore, studies of SWV
can provide an improved perspective for understanding
global climate change driven by changes in the strato-
sphere (e.g., Solomon et al., 2010; Dessler et al., 2013;
Hegglin et al., 2014; Wang et al., 2018). However, observa-
tions from satellites and other remote sensors are limited
due to their incomplete temporal and spatial coverage. In
such cases, reanalysis data that combine available obser-
vations using data assimilation systems and atmospheric
modelling can be useful supplements. These widely used
reanalysis systems produce estimates of SWV depending
on the choice of assimilated observations and represen-
tations of key processes that influence the distribution of
SWYV, such as methane oxidation in the stratosphere that
produces water vapour, the freeze-drying effect of air enter-
ing the stratosphere and the Brewer—-Dobson circulation

that affects water vapour transport (Mote et al., 1996).
Davis et al. (2017) evaluated data for water vapour and
ozone in the stratosphere from nine reanalysis products,
including the ERA-40 and ERA-Interim products from
the European Centre for Medium-Range Weather Fore-
casts (ECMWF) (Dethof and Holm, 2004; Dee et al., 2011).
They showed that the non-assimilation of SWV observa-
tions and deficiencies in the physical representation of
stratospheric transport in reanalyses resulted in substan-
tial discrepancies between observational and reanalysis
estimates of SWV. Hence the SWV data from these reanal-
yses may not be suitable for scientific investigation (Davis
etal., 2017).

Recently, as part of the Copernicus Climate Change
Service (C3S, 2017), the ECMWF released a new atmo-
spheric reanalysis product, ERAS5, which covers the period
from 1979 to the present. ERA5 featured important
changes including higher spatial and temporal resolutions
relative to ERA-Interim, as well as updates to the atmo-
spheric model and data assimilation system. The atmo-
spheric model incorporates climate forcings, for example,
Coupled Model Intercomparison Project 5 (CMIP5) green-
house gases, volcanic eruptions, sea-surface temperature
(SST) and sea ice cover. Some notable changes that affect
SWV directly include that parameterization of super-
saturation with respect to ice in cloud-free portions of
grid cells has been extended to all temperatures below
273K (as opposed to only temperatures below 250K in
ERA-Interim) and a more consistent treatment of poten-
tially negative water vapour values in the stratosphere. The
data assimilation system includes various newly repro-
cessed observational datasets from recent instruments that
were not assimilated into ERA-Interim; for example, some
ozone retrievals from different satellites are used in ERAS5,
and reprocessed all-sky radiances from Meteosat Second
Generation have replaced earlier clear-sky radiance prod-
ucts (Hersbach et al., 2018). These are all related to the
SWV through their effects on tropopause temperatures
and result in improvements to the representation of SWV
in ERAS.

Another advantage the reanalysis data have over obser-
vations is that they provide a complete picture of the phys-
ical and dynamical processes for the troposphere and mid-
dle stratosphere. These processes help us to understand
the distribution of stratospheric tracers. For example,
the water vapour mixing ratio in the lower stratosphere
is determined by microphysical processes at the tropi-
cal cold-point tropopause that act on tropical air masses
as they pass through the tropical tropopause layer into
the stratosphere within the Brewer-Dobson circulation
(Brewer, 1949; Hoskins, 1991; Holton et al., 1995). Once
the water vapour in the tropical troposphere has con-
densed to form cumulus clouds due to upwelling within
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the Hadley circulation, most of the remaining water con-
tent is frozen out because of the extremely cold tropical
tropopause temperatures (Fueglistaler et al., 2009). Above
the middle stratosphere, water vapour levels gradually
increase due to the oxidation of methane. Stratospheric
transport is dominated by mean diabatic advection, such
as upwelling in the tropics and downwelling in the surf
zone at higher latitudes, and together with mixing deter-
mines the global-scale distribution of tracers including
water vapour (Plumb, 2002). If the SWV is well represented
in the reanalysis data, it can help us to better understand
the relevant processes that influence SWV.

In this paper, we first evaluate the representation of
SWV in the new ERA5 reanalysis by comparing its cli-
matological distribution and seasonal cycle to those of
ERA-Interim and satellite observations. We then use the
ERAS5 dataset to investigate the variability of tropical water
vapour in the lower stratosphere and its relation to tropi-
cal and extratropical dynamic processes. The manuscript
is organized as follows. Section 2 describes the data and
methodology. Section 3 presents the results, which are
then discussed in section 4. Conclusions are given in the
final section.

2 | DATA AND ANALYSIS
APPROACH

The SWV in the ERAS5 and ERA-Interim ECMWF reanaly-
ses are compared in this study. The complete set of hourly
ERAS5 data was made available via the Copernicus Climate
Change Service Climate Data Store (CDS) in January 2019.
Both the ERAS5 and ERA-Interim archives feature about
40 years of climate data starting from 1979. An overview of
the differences between ERAS5 and ERA-Interim is intro-
duced; see also Hersbach et al. (2018). We further analyse
the atmospheric circulation by using ERAS5 data, which
consist of daily fields of zonal and meridional wind, tem-
perature, specific humidity, vertical velocity and geopo-
tential height, with a re-gridded horizontal resolution of
1° x 1° (the original spatial resolution of the ERA5 model
is 31 km globally, T639), distributed over 137 model lev-
els extending from the surface up to a height of 80 km.
A Fourier transform analysis is used to separate the vari-
ability into interannual (<8 years) and decadal (>9 years)
scales.

To evaluate the SWV in the reanalysis data, we
use the observed SWV from the SPARC Data Initiative
Multi-Instrument Mean (SDI MIM) of stratospheric limb
sounders (Hegglin et al., 2013; Hegglin et al., 2014). Here
we use a combination of eight SDI water vapour prod-
ucts from the limb-viewing satellite instruments SAGE
II, HALOE, POAM 1II, SAGE III, MIPAS, ACE-FTS,
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Aura-MLS and SAGE III (ISS). These offer the potential
for great improvements over previous model measurement
comparisons based on the HALOE dataset only. The SDI
MIM used here has a temporal coverage of 1986-2017.

The stratospheric mean meridional circulation is a
transport circulation commonly referred to in the lit-
erature as the Brewer-Dobson circulation (BDC) (e.g.,
Plumb, 2002; Shepherd, 2007). Following the definition
of Andrews et al. (1987), the transformed Eulerian-mean
(TEM) residual circulation (", w") is given by

Y
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where v and w are the zonal means of the meridional and
vertical velocities, respectively. po, 8, a, z and ¢ represent
air density, potential temperature, the Earth's radius,
height and latitude, respectively. A bar and prime denote
the zonal mean and the perturbation to it.

The wave activity flux (WAF) is conventionally used to
analyse propagating planetary waves in three-dimensional
space from the troposphere to the stratosphere. The
WAF vector (F;) defined on the sphere is calculated in
log-pressure coordinates (Plumb, 1985) and takes the form
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where p is pressure and ¢, A and z are latitude, longitude
and height, respectively. A prime denotes perturbations
to the zonal-mean field, and y, Q, a and N represent the
stream function, the Earth's rotation rate, the radius of the
Earth and the buoyancy frequency, respectively. Daily data
on circulation variables from ERAS5 are used for the cal-
culation of daily F;, and we then consider the monthly
averages of the obtained fields.

3 | RESULTS
3.1 | Comparison of overall features
of SWV in observation and reanalyses

Figure 1 shows the SWV climatologies from SDI MIM and
the ERAS5 and ERA-Interim reanalysis products. The cli-
matological distributions of SWV in the boreal winter (DJF
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FIGURE 1 Climatological seasonal mean stratospheric water vapour (SWV; shading) for DJF (left column) and JJA (right column)

from (a, b) SPARC Data Initiative Multi-Instrument Mean (SDI MIM), (c, d) ERAS and (e, f) ERA-Interim

mean) and summer (JJA mean) show similar patterns:
the lowest values are observed in the lower stratosphere
centred over the tropics due to the dehydration of air
masses upon entry into the stratosphere through the cold
tropical tropopause. Over the tropics and summer hemi-
sphere, SWV increases with height, mainly due to methane
oxidation occurring in the upper stratosphere. Over high
latitudes in summer, a maximum is located around 50 km
in the upper stratosphere in SDI MIM (Figure 1a,b), or
around 60 km in the lower mesosphere in both reanaly-
ses (Figure 1c-f). This implies that the methane oxidation

layer is higher in the reanalyses than in real-world obser-
vations. Since ERAS5 has a higher model top (up to 80 km)
than ERA-Interim (up to 60 km), the methane oxidation
layer is shown more clearly in ERAS than in ERA-Interim.

During winter in both hemispheres, a local maximum
in SWV is found around 40 km in the middle stratosphere
for SDI MIM and ERAS5 (Figure 1a-d). The local maxi-
mum found in water vapour has previously been pointed
out by Hegglin et al. (2013), with lower values above this
region driven by the downward motion from the upper
branch of the BDC, bringing very dry air down from the



‘WANG ET AL. Quarterly Journal of the SRMets 5
Royal Meteorological Society

(a) SDI MIM (15°S-15°N) FIGURE 2 Variations in the vertical
60 L. da & LA | structure of SWV anomalies from the
E 504.W-----¥.-.4. 8.7 ....888 B ---... B climatological annual mean: (a, b, c) the tropics
_§ . (15°S-15°N mean) and (d, e, f) the southern
= polar region (60°S-85°S mean) using (a, d) SDI
ﬁ MIM, (b, e) ERAS and (¢, f) ERA-interim,
respectively. Unit: 0.1 ppm
o
°
2
<
o
°
2
<
Py
<
=]
<
Py
<
2
<
o
°
2
<

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 year

5 4 3 2 -1 0 1 2 3 4 5 HOOIppm)

lower mesosphere and upper stratosphere. This is also  in the upper stratosphere from the summer to the win-
consistent with observations from Odin/SMR (Orsolini  ter hemisphere (transport via the upper branch of the
et al., 2010). In ERA-Interim, this local maximum in the BDC) shows up clearly in ERAS5 (Figure 1c,d) but not in
winter hemisphere is observed in JJA (Figure 1f) but = ERA-Interim (Figure le,f). These climatological features
not in DJF (Figure 1le). A belt of high values of SWV  shown in different datasets indicate that ERAS5 provides a
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better representation of processes and water vapour in the
middle atmosphere.

Figure 2 shows seasonal variation in vertical SWV
anomalies (relative to the climatological annual mean
distribution) over the tropics and the southern polar
region over a 10year period (2008-2017). In the tropics
(Figure 3a-c), the well-known phenomenon of the trop-
ical “tape recorder” is shown in the lower stratosphere
in both the observation and reanalysis products. The wet
and dry signals propagate upward from the tropopause to
the lower stratosphere, which is also seen in other satel-
lite observations and model simulations (Mote et al., 1996;
Steinwagner et al., 2010; Hegglin et al., 2013; Eichinger
et al., 2015; Wang et al., 2018). Over the southern polar
region (Figure 3d-f) the anomaly in SDI MIM shows a
distinct wet summer/dry winter contrast in the upper
stratosphere resulting from enhanced methane oxidation
in the persistently sunlit summer stratosphere. This fea-
ture, along with a similar anomaly pattern in the lower
stratosphere (below 20 km) and the opposite anomaly pat-
tern in the middle stratosphere, constitutes a triple ver-
tical structure over the polar region. The structures in
ERAS5 show very similar features. This finding is consistent
with the satellite Odin/SMR data on stable water isotopes
(Wang et al., 2018). However, in ERA-Interim the anoma-
lies above 40 km are very weak.

On the other hand, we can observe signals of the
semi-annual oscillation (SAO) in the tropical upper
stratosphere above about 35km in both reanalyses with
minima around February and August, which is consis-
tent with earlier observations (e.g., Jackson et al., 1998).
However, these signals might be significantly modulated to
show irregular interannual changes due to other processes
such as the QBO, sudden stratospheric warmings (SSWs),
and the tropical “tape recorder”.

In summary, in terms of its climatology and seasonal
variations, the SWV is much better represented in ERAS5
than in the ERA-Interim reanalysis. ERA5 thus provides
an appropriate tool for scientific investigation. We show in
the following section that the variability of SWV in ERA5
is highly consistent with longer time series derived from
observations.

3.2 | SWV variability over the tropics

Figure 3a shows the variability of tropical ERA5 SWV
anomalies averaged over 15°S-15°N. In the lower strato-
sphere below 30km, the anomalies propagate upward,
which is similar to the “tape recorder” of the seasonal
cycle. In the upper stratosphere above about 30 km, there
is no vertical propagation and the phase is almost con-
stant with height. Besides the interannual variability that

bears the QBO signature, we can also see a decadal signal:
anomalies are positive during the 1980s and 1990s and neg-
ative in the 2000s. Figure 3b shows the time series of mean
tropical SWV in the lower stratosphere at 15-20 km. The
reference from the SDI MIM observation data is shown in
Figure 3c. The two time series are consistent with each
other, with a high correlation coefficient of 0.85 (over the
common period), indicating that the ERAS5 data represent
the SWV variability very well.

Figure 4 shows the power spectrum of the SWV time
series shown in Figure 4b. It depicts statistically signifi-
cant peaks around 1, 2 and 22 years, with a small shoulder
around 5 years. Note, however, that the signal at 22 years
should be interpreted with caution given the available
sample size. The most pronounced 2-year peak is related
to the tropical QBO, which is the dominant interan-
nual time-scale throughout the tropical stratosphere and
impacts tropopause temperatures (Baldwin et al., 2001;
Diallo et al., 2018). Scaife et al. (2003) connected the 5-year
peak to the El Niflo-Southern Oscillation (ENSO): a pos-
itive ENSO anomaly would lead to an SWV increase by
affecting the tropopause temperature. The low-frequency
variability of SWV is most likely related to low-frequency
oscillation from high latitudes such as the Pacific Decadal
Oscillation (PDO) and the North Atlantic Oscillation
(NAO). These connections are discussed in more detail in
sections 3.3 and 3.4.

3.3 | The relationship between tropical
SWYV and tropical stratospheric processes

It is well documented that the tropical tropopause
temperature provides the primary control over its
humidity (Brewer, 1949; Fueglistaler et al., 2009; Dessler
et al., 2014). This is confirmed by a high correlation
between SWV and the temperature around the tropopause
(Figure 5). Higher correlations between SWV and the
other two variables considered here occur mainly below
40 km: the zonal wind around 30 and 15km and the ver-
tical component of the residual circulation w* around
25km are also highly correlated with the tropical SWYV,
implying an association with the tropical QBO. The
high-correlation coefficient at different levels is due to
the descending phases of westerly and easterly winds in
the lower stratosphere.

Figure 6 shows the vertical structure of variables on
interannual time-scales. Figure 6a roughly shows a 2-year
signal anomaly for SWV that propagates upward from
the lower stratosphere, reflecting the “tape recorder” phe-
nomenon. Meanwhile, the temperature anomaly, the verti-
cal component of the residual circulation w* anomaly and
the zonal-mean zonal wind all show a typical downward
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FIGURE 4 Power spectrum of tropical lower-stratospheric

water vapour from the ERAS5 dataset for the period 1979-2017. The
dashed red line indicates the 95% confidence level

propagation of the QBO signal from 40 km (Figure 6b-d).
Both theoretical and observational studies have confirmed
that the QBO influences the chemical and physical

processes in the lower stratosphere. The mean zonal wind
and temperature fields during the QBO phases satisfy
the thermal wind balance, and the temperature anomaly
can be used to analyse the concentration and characteris-
tics of the chemical constituents, such as ozone, methane
and water vapour, during the QBO phases (Plumb and
Bell, 1982; Baldwin et al., 2001; Holton and Hakim, 2012).
Here we seek to analyse and learn about the dynamical
process of how the QBO influences the tropical strato-
spheric circulation and the SWV in the ERA5 data.

The tropical zonal wind at a certain level of the strato-
sphere can be considered as an index of the QBO phases.
Here we take as a reference the zonal wind at 30km in
the middle stratosphere, where the zonal wind contrast is
strongest, and choose the months when the westerly/east-
erly winds are greater than 10 m-s™! as contrast months
(Figure 6d). At the same time, the easterly/westerly winds
occupy the lower stratosphere, so this month is defined
conventionally as the easterly/westerly QBO phase. Based
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FIGURE 5 Correlation coefficient of tropical

lower-stratospheric water vapour with tropical temperature,
zonal-mean zonal wind and the vertical component of the residual
circulation w* as a function of altitude based on ERAS5. The dashed
lines indicate the 95% confidence limits

on this classification, we have identified 132 months of
easterly QBO (but westerly at 30km) and 127 months of
westerly QBO (but easterly at 30 km) in all seasons during
1979-2017. Figure 7 shows the corresponding composites
of circulation and thermal anomalies. During the easterly
QBO phase (Figure 7a,c), the descending QBO maintains
an easterly zonal wind in the lower stratosphere, as well
as warmer temperatures between the overlying wester-
lies and underlying easterlies due to the thermal wind
balance (Figure 7a). Colder temperatures in the lower
tropical stratosphere are related to a stronger upwelling
from the tropical tropopause. Figure 7c shows the cor-
responding QBO-induced meridional circulation in the
lower stratosphere: an upward motion from the equato-
rial tropopause and a poleward divergence from tropics
to subtropics. Unlike the upwelling in the tropics in the
general stratospheric BDC, the motions in the vertical
direction of the QBO-induced circulation are different at
different levels. Around 30 km, there is divergence in the
vertical direction with upwelling and downwelling below
and above the westerlies, respectively. The situation is
reversed around 20 km, with downwelling and upwelling
above and below the easterlies, respectively. This merid-
ional circulation anomaly induced by the QBO westerly
phase results in a higher and colder tropical tropopause,
and less water vapour entering the tropical stratosphere.
Through the poleward motion in the lower stratosphere,
the global water vapour is less in the lower stratosphere.
The opposite takes place during the QBO easterly phase
(Figure 7b,d).

In the extratropics, more symmetrical anomalies are
found during the QBO westerly phase (Figure 7b,d): a

warmer temperature anomaly and a downward anomaly
in the residual circulation in high latitudes in both hemi-
spheres. For the QBO easterly phase (Figure 7a,c), in high
latitudes of the Northern Hemisphere the temperature
anomaly is warm in the lower stratosphere and cold in
the upper stratosphere. The residual circulation anomaly
shows an upward motion from the tropical upper strato-
sphere, poleward to the Northern Hemisphere, and a
downward motion in the high latitudes. Both anomalies
of temperature and residual circulation show a pattern
of enhanced planetary wave activity in the boreal win-
ter. By identifying the season of each month in both the
two composite phases, we find that in the QBO easterly
phase there are more samples from the boreal winter than
from the boreal summer, and the ratio of the associated
sample size in DJF to that in JJA is around 1.4. For the
QBO westerly phase, the ratio is around 1. This elucidates
clearly the observation that, unlike in the westerly phase
(Figure 7d), in the easterly phase the residual circulation
anomaly reflects a boreal winter-like pattern (Figure 7c).
This suggests the existence of an interaction between the
tropics (QBO) and the extratropics (e.g., planetary wave
activity).

3.4 | The relationship between tropical
SWYV and the extratropical stratosphere

The meridional circulation of the stratosphere com-
prises a two-cell structure in the lower stratosphere, with
upwelling in the tropics and subsidence in middle and
high latitudes, a single cell from the tropics into the winter
hemisphere at higher altitudes and a branch from the sum-
mer Pole to the winter Pole in the upper stratosphere and
mesosphere (Plumb, 2002). The circulation in the tropics
is always characterized by an upwelling. In the extratrop-
ics, however, it can be reversed in summer and winter
seasons. Here we examine the impact of extratropical pro-
cesses on SWV variability considering different seasons
separately.

The climatological annual cycle of the tropical
lower-stratospheric water vapour shows a maximum
in September and a minimum in February (Figure 8a).
There is thus more SWV in the boreal summer than in
the boreal winter due to monsoons in the boreal summer
(Gettelman et al., 2004). The variability is higher in the
boreal winter and lower in the boreal summer (Figure 8b).
As for the monthly resolved time series (Figure 3b), the
seasonal mean time series (Figure 9) of the tropical SWV
anomaly shows substantial interannual variability but
also a lower-frequency variation, with more water vapour
in the 1980s and early 1990s and less water vapour in the
2000s.
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Figure 10a,b shows the simultaneous correlation
between the tropical lower-stratospheric water vapour
(time series in Figure 9) and the temperature at 100 hPa
for DJF and JJA, respectively. In the boreal winter, besides
the high positive correlation in the tropics and subtrop-
ics, there is a significant negative correlation in the winter
Pole. This latter correlation is related to the predominant

planetary wave number 2 activity, which can be recognized
from the climatological circulation (vectors in Figure 10a).
There is no such clear planetary wave activity at this
level during the austral winter (Figure 10b) because the
upward propagation of the planetary wave activity is pro-
hibited by the strong zonal westerly wind (Charney and
Drazin, 1961; Wang et al., 2019). This explains the lack
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of significant correlation between the tropical SWV and
the stratospheric temperature in the austral winter polar

region.

This hemispheric difference is shown more clearly
in the zonally averaged meridional cross-section of
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ERAS climatological annual cycle of (a) mean tropical SWV (15°S-15°N mean at 15-20 km) and (b) its standard deviation.

the correlation between the tropical lower-stratospheric
water vapour and stratospheric temperature (shading,
Figure 10c,d) and the zonal-mean zonal wind (contours,
Figure 10c,d). Over the tropics and subtropics there are
similar correlations in both seasons: a positive correlation
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in the lower stratosphere over the tropics and subtropics in
the winter hemisphere with temperature, and a negative
correlation with tropical zonal wind around 30 km. In high
latitudes of the summer hemisphere, there is a positive cor-
relation with temperature around 40-50 km, which is due
to new water vapour that is produced from methane oxida-
tion. In high latitudes of the winter hemisphere, in the DJF
mean there is a significant positive correlation with the
zonal wind and with temperature, while the correlation is
negative in the lower stratosphere and positive in the upper
stratosphere (Figure 10c). No such significant correlations
exist in the high latitudes of the Southern Hemisphere in
JJA (Figure 10d). This difference means that, in addition to
the tropical processes, the SWV in JJA is solely controlled
by methane oxidation over the summer hemisphere. In
DIJF, on the other hand, besides the methane oxidation,
SWV is also affected by planetary wave activities in high
latitudes of the winter hemisphere.

In an attempt to get a clearer dynamic picture of the
polar circulation effects on the tropical SWV in the boreal
winter, based on Figure 9a we select 6 continuous years
around the early 1990s (with high SWV) and 6 continu-
ous years starting in 2001 (with low SWV). This period
represents a typical decadal feature in the SWV signal.
During the period 2001-2006 we can see that the water
vapour anomaly is negative not just in the lower strato-
sphere but in almost the entire stratosphere (Figure 11b).
One strong negative anomaly is in the tropics; another is
in the winter Pole in the lower stratosphere. The resid-
ual circulation anomaly (streamline and v* in Figure 11b
and w* in Figure 11d) shows enhanced upward motion
from the tropical tropopause and poleward motion to the
extratropics in the lower stratosphere, with a stronger

2000 2005

2010 2015
year

winter-poleward flow in the upper stratosphere. This leads
to a stronger winter polar downwelling in the middle
and lower stratosphere, along with an anomalous polar
upwelling in the upper stratosphere. In this case the BDC
is enhanced. The zonal wind anomaly structure in the
tropics is similar to the QBO westerly phase (Figure 11f),
characterized by a westerly anomaly in the middle and
upper stratosphere and an easterly anomaly in the lower
stratosphere. Meanwhile, in high latitudes of the Northern
Hemisphere there is a strong easterly anomaly across the
depth of the stratosphere, a warm temperature anomaly
in the lower and middle stratosphere, and a cold anomaly
in the upper stratosphere (Figure 11d). This is concur-
rent with a weakening of the polar vortex, which is
favourable for the downwelling in the polar region in the
lower stratosphere. The downwelling, together with the
enhanced poleward flow, brings about a stronger tropical
upwelling and poleward divergence in the lower strato-
sphere (Figure 11b,d). The stronger tropical upwelling
results in a colder tropical tropopause and leads to cold
temperature anomalies in the lower tropical and subtrop-
ical stratosphere. This is consistent with less water in the
stratosphere, in which the easterly anomaly in the polar
zonal wind and the warm anomaly in the polar temper-
ature in the lower and middle stratosphere are due to
a strong upward propagation of planetary wave activity
(Figure 11f). As is typically observed during SSWs, warm-
ing anomalies in the lower and middle stratosphere are
generally accompanied by cooling anomalies above them
(Andrews et al., 1987; Holton and Hakim, 2012), caused
by the upward anomaly motion (or significantly weak-
ened downward motion) in the polar upper stratosphere
(Figure 11b,d).
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The positive anomaly of the vertical wave activity
flux in Northern Hemisphere high latitudes is an indi-
cation of the influence of planetary wave activity on the
circulation. Stronger upward-propagating planetary wave
activity leads to the release of more easterly momen-
tum. This can induce a deceleration of the westerly wind
and/or a poleward meridional wind (Andrews et al., 1987).
Meanwhile the lower- (upper-) stratospheric polar region
becomes warmer (colder) due to the frequency of SSWs
in this period (Butler et al., 2017). A composite analysis
of SSWs from a previous study revealed that the merid-
ional circulation change associated with SSWs in the polar
region produces a temperature decrease in the equato-
rial lower stratosphere (Kodera, 2006), which is consistent
with Figure 11b,d.f.

In comparison, the period 1991-1996, which is asso-
ciated with a positive tropical SWV anomaly (Figure 9a),
shows the opposite picture, especially in the winter polar

region. More water vapour is observed in the entire strato-
sphere, with a particularly strong positive anomaly in the
winter Pole (Figure 11a) and a westerly anomaly in the
polar wind, with a cold anomaly in lower-stratospheric
temperature (Figure 11c,e). In addition, there is a down-
welling anomaly in the tropics and an upwelling anomaly
in the lower-stratospheric winter Pole (Figure 11c), which
are consistent with the weaker upward propagation of
planetary wave activity (fewer SSWs) over Northern Hemi-
sphere high latitudes (Figure 11e). Butler et al. (2017) show
that there was no major SSW event during the winter of
1991-1996, whereas in 2001-2006 there was at least one
major SSW event each winter.

On decadal time-scales, Omrani et al. (2014) showed
that large-scale Atlantic warming associated with Atlantic
Multidecadal Variability (AMV) drives high-latitude pre-
cursory stratospheric warmings in early to mid-winter that
propagate downward resulting in a negative North Atlantic
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Oscillation (NAO) in late winter. The SST composite anal-
ysis shows a significant anomaly over the North Atlantic,
with a strong positive anomaly during 2001-2006 and a
negative anomaly during 1991-1996 (Figure 12). The cor-
relation between the tropical SWV and the North Atlantic
SST on decadal time-scales is —0.7. It is also highly cor-
related with the NAO index. One possible mechanism
of the influence of the North Atlantic SST on SWV can

be explained by the fact that the warmer North Atlantic
(associated with the warm phase of AMV) in winter pro-
vides an enhancement to the thermal contrast between
land and sea. This may force stronger planetary wave
activity, which then affects the thermal and dynamical
conditions in the stratosphere (a warmer high-latitude
stratosphere in the Northern Hemisphere and a stronger
BDC). This mechanism is consistent with the study of
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Omrani et al. (2014). Another possible mechanism is the
link between the AMV phase and the frequency of North
Atlantic blocking. The occurrence of blockings is associ-
ated with the warm phase of AMV (Hikkinen et al., 2011),
which modulates the upward planetary wave propagation
(Nishii et al., 2011).

Another significant anomaly in Figure 12a is the
PDO-like anomaly in the North Pacific, but it is not
robust in Figure 12b. Other opposite anomalies in these
two periods can be seen around the warm pool in the
Western Pacific and east of the dateline in the South
Pacific around 30°S. The SST anomalies in these regions
can have non-negligible impacts on convection, which can
then influence the tropopause temperature and the water
vapour entering the stratosphere.

4 | DISCUSSION

In the previous section, a composite analysis was con-
ducted based on the variability of tropical water vapour in
the lower stratosphere and its relationship to the dynam-
ical variables in the tropics and polar regions. On inter-
annual time-scales, during the tropical QBO westerly or
easterly phases, the tropical water vapour anomaly is con-
sistent with the global water vapour in the lower strato-
sphere (Figure 7c,d). Meanwhile, on decadal time-scales
the tropical water vapour exhibits the same tendency
in the entire stratosphere (Figure 11a,b). Furthermore,
on interannual time-scales the main meridional circula-
tion anomaly exhibits a two-cell structure in the lower
stratosphere, with upwelling in the tropics and subsidence
in middle and high latitudes (Figure 7). This circula-
tion affects the anomaly of global water vapour in the
lower stratosphere. On decadal time-scales, as shown in
Figure 11, besides the tropical anomaly in the lower strato-
sphere, the residual circulation anomaly shows up as a
single cell extending from the tropics into the winter Pole
in the upper stratosphere, which is connected to plane-
tary wave activity. This circulation anomaly affects water
vapour not only in the lower stratosphere but also in the
upper stratosphere.

In this work, we have investigated in particular the
effects of the QBO on the interannual variability of
SWV and the influence of planetary wave activity (and
stratospheric warmings) on the decadal variability of SWV
during the boreal winter. During periods of low SWV
anomalies (Figure 11f), when the upward propagation of
planetary waves is stronger (with a weaker polar vortex),
the tropical zonal wind anomaly is similar to the zonal
wind pattern shown in Figure 7a, namely that for the east-
erly QBO phase. This is consistent with the Holton-Tan
relationship (Holton and Tan, 1980): during the easterly

QBO phase, the propagation of planetary waves is more
poleward and the stratospheric polar vortex is weaker.
This relationship to the QBO, on interannual time-scales,
has been well investigated in previous observational and
numerical studies (Holton and Tan, 1982; Naito et al., 2003;
Anstey and Shepherd, 2014; Gémez-Escolar et al., 2014;
Koval et al., 2018). The effect of the QBO on the north-
ern stratospheric polar vortex has decadal changes (Lu
et al., 2008). Here we also reveal that the extratropi-
cal anomaly pattern in the easterly QBO phase is an
enhanced planetary wave activity pattern in the boreal
winter (Figure 7a, c), similar to what appears in the low
SWV decadal period. More challenging questions, how-
ever, remain to be answered and require further investiga-
tion, namely (i) “What is the connection between the QBO
and the decadal oscillation?” and (ii) “What is the dynam-
ical mechanism of the QBO impact on the SWV decadal
variability?”

Both the monthly and seasonal mean tropical SWV
anomalies (Figures 3 and 9) show an abrupt drop from
2000. The abundance of tropical lower-stratospheric water
vapour is mostly affected by temperature variations and
the tropical upwelling (e.g., Rosenlof and Reid, 2008;
Fueglistaler et al., 2009). It suggests that the tropical SSTs
may contribute to the abundance of water vapour brought
to the stratosphere via convection in the troposphere and
the temperature of the tropopause (e.g., Randel et al,
2006; Brinkop et al., 2016; Garfinkel et al., 2018). Brinkop
et al. (2016) found that the driving forces for this water
vapour drop are changes due to coincidence with a pre-
ceding strong El Nifio event (1997-1998), followed by a
strong La Nifia event (1999-2000) and supported by the
phase change of the QBO in 2000. Ding and Fu (2018) sug-
gest that the tropical central Pacific SST could contribute to
the stepwise drop of the lower-stratospheric water vapour
from 1992-2000 to 2001-2005. Other studies investigated
the anomalous SWV during the unusual El Nifio event of
2015-2016 and found that the strong El Nifio aligned with
adisrupted QBO caused tropical lower-stratospheric water
vapour to increase (Avery et al., 2017; Diallo et al., 2018).
This disruption of the QBO is also observed in ERA5
(see Figure 6). Wang et al. (2017) found weak corre-
lations between the tropical SWV and SST anomalies
on interannual time-scales. Solomon et al. (2010) show
that the tropical SWV is negatively correlated with the
warm pool SST in the Pacific. With ERAS data, a lin-
ear correlation shows that, on decadal time-scales, the
tropical lower-stratospheric water vapour is significantly
negatively correlated with the warm pool and the North
Atlantic SST (see section 3). On interannual time-scales
the correlation is weak. A thorough understanding of these
correlation structures goes beyond the scope of this paper
and is left for future research.
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FIGURE 13
representation of the dynamic
mechanism relating the QBO, planetary
wave activity, and a plausible gravity
wave change to SWV. The mesospheric

Schematic

branch of the meridional circulation is
weakened by suppressed vertical
propagation of gravity waves with easterly
momentum due to the appearance of
easterlies in the winter hemisphere. Refer
to the text for more details

Stratopause
50---------------------------
40

g —
g 30 Stratosphere
z t
=
- (
Tropopause _ _ =~ =
10 s == = === =
Summer Pole Equator Winter Pole

5 | CONCLUSIONS

In this work, we have compared two SWV products from
ECMWEF, namely the recently released reanalysis prod-
uct ERAS and its predecessor, ERA-Interim, along with
multi-instrument mean observations from the SPARC
Data Initiative (SDI MIM). The comparison is based on the
seasonal mean climatology and variability of SWV in the
tropics and high latitudes. The results show that in ERAS
SWYV has a very good climatological representation of the
seasonal mean and the variability in SWV is better rep-
resented in ERA5 than in ERA-Interim, especially in the

upper stratosphere. The variability of tropical water vapour
in the lower stratosphere in ERAS5 is highly consistent with
that in the SDI MIM observations. ERA5 describes the
stratospheric oscillations in the tropics (e.g., QBO, SAO)
and variability in the extratropics very well, and it has great
potential to be used for investigations into stratospheric
dynamics.

Based on the ERAS5 dataset spanning the period
1979-2017, the variability of tropical SWV and its relation
to tropical and extratropical dynamic processes are investi-
gated. The tropical water vapour in the lower stratosphere
shows significant frequencies of the order of 1, 2 and
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22years. A Fourier analysis is used to separate the variabil-
ity into interannual and decadal time-scales. Composite
analyses based on interannual QBO phases and two typ-
ical decadal SWV periods (with low and high anomalies)
are conducted to investigate the mechanism of the influ-
ence of stratospheric processes on SWV. The relationship
between the tropical SWV and tropical dynamical vari-
ables is dominated mostly by interannual time-scales and
is related to the tropical QBO. The mechanism is rep-
resented schematically in Figure 13. During the easterly
QBO phase, the stronger upwelling in the lower strato-
sphere results in a colder tropical tropopause, which leads
to a stronger dehydration and a negative water vapour
anomaly in the stratosphere. Such dry air would extend to
the entire lower stratosphere with an eventual poleward
transport.

On decadal time-scales, the North Atlantic SST
anomaly influences the SWV by affecting the upward
propagation of planetary waves and the stratospheric
residual circulation in the boreal winter. The warmer
North Atlantic SST thus enhances the planetary wave
activity. As shown in Figure 13, stronger upward propa-
gating planetary wave activity leads to a warmer winter
polar region in the lower to middle stratosphere and a
weaker polar vortex and/or a stronger BDC. The tropical
upwelling is therefore stronger and the tropical tropopause
is colder, leading to less water vapour entering the strato-
sphere, with this negative anomaly extending throughout
the stratosphere while the air is distributed within the
large-scale residual circulation. On the other hand, cold
anomalies in the upper polar stratosphere could be caused
by the anomalous polar upwelling, and may also be influ-
enced by a weakened mesospheric branch of the merid-
ional circulation due to reduced gravity wave activity with
easterly momentum, which easterlies in the winter strato-
sphere might prevent from vertically propagating into the
mesosphere.
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