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Abstract: Water vapor in the stratosphere makes a significant contribution to global climate change by altering the radiative energy
budget of the Earth’s climate system. Although many previous studies have shown that the El Nifio-Southern Oscillation (ENSO) has
significant effects on the water vapor content of the stratosphere in terms of the annual or seasonal mean, a comprehensive analysis of
the seasonal evolution of these effects is still required. Using reanalysis data and satellite observations, we carried out a composite
analysis of the seasonal evolution of stratospheric water vapor during El Niflo/La Nifa peaks in winter and decays in spring. The ENSO has
a distinct hysteresis effect on water vapor in the tropical lower stratosphere. The El Niflo/La Nifia events moisten/dry out the tropical
lower stratosphere in both winter and spring, whereas this wetting/dehydration effect is more significant in spring. This pattern is due to
a warmer temperature in the upper troposphere and lower stratosphere during the El Nifio spring phase, which causes more water vapor
to enter the stratosphere, and vice versa for La Nifa. This delayed warming/cooling in the lower stratosphere during the El Nifio/La Nifia

decay in spring leads to the seasonal evolution of ENSO effects on water vapor in the lower stratosphere.
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1. Introduction

Water vapor in the stratosphere is a powerful greenhouse gas and
an important driver of climate variability (Solomon et al., 2010;
Dessler et al., 2013; Hegglin et al., 2014). It affects the stratospher-
ic radiation balance through longwave radiation, which is of great
significance in the temperature structure of the stratosphere
(Rosenlof, 2015). The photochemical and hydrothermal effects of
water vapor in the stratosphere also affect atmospheric circula-
tion (Forster and Shine, 2002; Stenke et al., 2006; Maycock and
Shine, 2012). Research on trends in the stratospheric water vapor
and on the factors affecting or controlling these trends has great
reference value for further studies of the stratosphere-tropo-
sphere exchange and predictions of global climate change. In-
creases in the water vapor content of the stratosphere observed
over the last few decades may have contributed significantly to
both stratospheric cooling and tropospheric warming (Forster,
2001). As early as 1995, Oltmans and colleagues presented a set of
water vapor profiles obtained in Boulder, Colorado, which showed
a significant increase in the water vapor content of the lower stra-
tosphere during the time period 1981-1994 (Oltmans and Hof-
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mann, 1995; Oltmans et al., 2000; Rosenlof et al., 2001). The water
vapor content of the stratosphere has increased by 1%-1.5% per
year over the past 35 years; however, the water vapor content of
the lower stratosphere has decreased by about 10% since 2000
(Randel et al., 2006; Solomon et al., 2010). The factors affecting or
controlling changes in the water vapor content of the strato-
sphere have become a subject of much interest in recent years as
researchers have attempted to understand the observed trends.

Observational analyses have shown that the tropical tropopause
temperature (TTT) controls the amount of water vapor in the trop-
ical lower stratosphere (TLS) through a process of dehydration
(Brewer, 1949; Rosenlof and Reid, 2008; Grise and Thompson,
2012). On interannual and intraseasonal timescales, the TTT is
largely driven by the response of equatorial planetary waves (in-
cluding tropical Rossby and Kelvin waves) to anomalous tropical
convection. By contrast, the seasonal variability in the TTT is also a
result of the Brewer-Dobson circulation (BDC; Rosenlof, 1995).
The BDC is a vertical-meridional circulation system in the strato-
sphere that is characterized by the ascent of tropospheric air into
the stratosphere in the tropics, which then moves poleward be-
fore descending at mid to high latitudes (Chen QL and Chen YJ,
2007). The troposphere-stratosphere coupling processes associ-
ated with the BDC modulate the mass exchange between them,
thereby changing the thermal and dynamic structures in the stra-
tosphere and troposphere, which affects the temperature and wa-
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ter vapor in the stratosphere (Roscoe, 2006; Rao J et al., 2019¢).
The EI Niflo-Southern Oscillation (ENSO) corresponds to vari-
ations in tropical convection in the troposphere and in BDC in the
stratosphere, and many studies have investigated its influence on
the water vapor content of the stratosphere (Randel et al., 2009;
Calvo et al,, 2010; Simpson et al., 2011; Abalos et al., 2015). The
latest research by Rao J et al. (2019¢) revealed that as the wave
forcing becomes stronger in El Nifo winter phases, the deep
branch of the BDC is significantly enhanced, resulting in changes
in the tropopause temperature. Gettelman et al. (2001) reported
that the ENSO can modulate the water vapor content of the stra-
tosphere by affecting the temperature and transport processes
within the tropopause. Other studies have noted that typical El
Nifio events (the warm phase of the ENSO) have a moistening ef-
fect on the TLS (Geller et al., 2002; Hatsushika and Yamazaki, 2003;
Scaife et al., 2003). Garfinkel et al. (2013b) used a comprehensive
chemistry—climate model to demonstrate that El Nifio events in
which the sea surface temperature (SST) anomalies peak in the
Eastern Pacific Ocean lead to warming at the tropopause above
the warm pool region and subsequently to higher amounts of wa-
ter vapor in the stratosphere. Xie F et al. (2011) found that El Nifio
events tend to moisten the lower stratosphere and dry the middle
stratosphere, whereas La Nifia events are likely to dry the lower
stratosphere over a narrow band in the tropics but have a
moistening effect on the entire stratosphere. Observational and
integrated modeling studies have found that strong El Nifio
events have a moistening effect on the lower stratosphere, where-
as La Nifa events have the opposite effect on the water vapor
content of the lower stratosphere (Fueglistaler and Haynes, 2005).

The ENSO has strong seasonal variations. Most ENSO events de-
velop from the summer months, peak in late fall or early winter,
and then decay by the following spring (Rao J and Ren RC, 2017;
Garfinkel et al., 2018). The stratospheric mean state reverses at the
transition from winter to spring. The seasonality of the ENSO
events and the stratospheric mean state may bring about dramat-
ic seasonal changes in the effect of the ENSO on the water vapor
content of the stratosphere. Previous studies have principally ana-
lyzed the seasonal or annual mean anomalies in the water vapor
content of the stratosphere caused by the ENSO, but little re-
search has been carried out on the effect of the ENSO on seasonal
evolution of the water vapor content of the TLS. Garfinkel et al.
(2013a) noted that the differences in the impact of El Nifio on the
lower stratospheric water vapor may depend on the season
(winter or spring). Calvo et al. (2010) and Konopka et al. (2016)
showed significant effects of the ENSO on the water vapor con-
tent of the lower stratosphere in the boreal winter. The effects of
seasonal variation in the ENSO on the water vapor content of the
lower stratosphere and the associated dynamic processes are still
unclear. Our study therefore focuses on seasonal evolution of the
response of the water vapor content of the TLS to the ENSO, to
clarify the different spatiotemporal characteristics and physical
mechanisms.

This article is organized as follows. Section 2 describes the data
and methods used in this study; Section 3 discusses seasonal evol-
ution of the effects of El Nifio/La Nifia events on the water vapor
content of the lower stratosphere; and Section 4 presents an ana-

lysis of the associated dynamic mechanisms. Our conclusions are
discussed in Section 5.

2. Data and Methods

2.1 Observational Data

Monthly mean water vapor and temperature data were primarily
obtained from the European Center for Medium-Range Weather
Forecasts—-Interim Reanalysis (ERA-Interim) data set from 1979 to
2017, which has a horizontal resolution of 0.5° x 0.5°. In addition,
we used the Modern-Era Retrospective Analysis for Research and
Applications, Version 2 (MERRA-2) reanalysis data set from 1980 to
2017, which has a horizontal resolution of 0.5° x 0.625°. The
MERRA-2 is the first long-term global reanalysis to assimilate
space-based observations of aerosols and represent their interac-
tions with other physical processes in the climate system. The
MERRA-2 data set, which begins in 1980, was introduced to re-
place the original MERRA data set as advances were made in the
assimilation system that enabled the assimilation of modern hy-
perspectral radiance and microwave observations, along with GPS
radio occultation data sets. This data set also uses National Aero-
nautics and Space Administration (NASA) ozone profile observa-
tions that began in late 2004. Additional advances in both the
Goddard Earth Observing System (GEOS) model and the Grid-
point Statistical Interpolation (GSI) assimilation system are in-
cluded in MERRA-2. The spatial resolution remains about the same
as in MERRA, at 0.5° x 0.625°. Along with the enhancements of
MERRA-2 in meteorological assimilation, significant steps have
been taken toward the Global Modeling and Assimilation Office
(GMADO) target of an Earth System Reanalysis. To verify the reana-
lysis results, Stratospheric Water and Ozone Satellite Homogen-
ized (SWOOSH) satellite water vapor measurements from 1984 to
2017 were also used and compared with those of ERA-Interim. The
SWOOSH data set is a merged record of stratospheric ozone and
water vapor measurements recorded by a number of limb-sound-
ing and solar occultation satellites over the past 30 years. The
primary SWOOSH product consists of monthly zonal mean values
on a pressure grid and data from the Stratospheric Aerosol and
Gas Experiment (SAGE) I1/I1I, Upper Atmosphere Research Satel-
lite (UARS) Halogen Occultation Experiment (HALOE), UARS Mi-
crowave Limb Sounder (MLS), and Aura MLS instruments from
1984 to the present.

2.2 ENSO Events

El Nifo-Southern Oscillation events are represented by the
Oceanic Niflo Index (ONI), which is a marine El Nifo index defined
by the U.S. National Oceanic and Atmospheric Administration
(NOAA) based on the sliding average of SST anomalies over three
consecutive months in the Nifio 3.4 regions (5°5-5°N, 120-170°W)
from 1950 to the present. El Nifio events are characterized by a
positive ONI greater than or equal to +0.5 °C for five consecutive
months, and La Nifla events are characterized by a negative ONI
less than or equal to —0.5 °C for five consecutive months. Accord-
ing to the ONI, 10 El Nifio events and 13 La Nifa events occurred
in the 39 years from 1979 to 2017. The specific years in which the
ENSO events occurred are listed in Table 1 and are compared with
the ENSO events selected by Garfinkel et al. (2018). The years of
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Table 1. El Nifio-Southern Oscillation events during the period 1979-2017

El Nifio events

La Nifia events

ONI (1979-2017) Garfinkel et al. (2018) (1980-2010)

ONI (1979-2017) Garfinkel et al. (2018) (1980-2010)

1982-1983 1982-1983
1986-1987 1986-1987
1987-1988 —

1991-1992 1991-1992
1994-1995 1994-1995
1997-1998 1997-1998
2002-2003 —

2004-2005 2004-2005
2009-2010 —

2015-2016 2015-2016

1983-1984 1983-1984
1984-1985 1984-1985
— 1985-1986
1988-1989 1988-1989
1995-1996 1995-1996
1998-1999 1998-1999
1999-1900 1999-1900
2000-2001 2000-2001
2005-2006 2005-2006
2007-2008 2007-2008
2008-2009 2008-2009
2010-2011
2011-2012

most of their El Nifio and La Nifa events are consistent with the
results of our study, but the 1987-1988, 2002-2003, and
2009-2010 El Nifo events differ, possibly because of the different
areas of SST anomalies selected to define the El Nifo events. Be-
cause most ENSO events peak in winter and decay the following
spring, we regard December, January, and February (DJF) as
winter and the following March, April, and May (MAM) as spring.
In each of these periods, the stratospheric circulation has the
same seasonal character.

2.3 Analytical Methods

Monthly anomalies were calculated by subtracting the long-term
mean of each calendar month from each individual month. To
avoid the possible interference of the stratospheric quasi-biennial
oscillation (QBO) within the stratospheric ENSO signals, we filtered
out the biennial circulation anomalies (24-32 months) from water
vapor and temperature between 100 and 10 hPa, although the
composite results based on the unfiltered anomalies showed little
difference (Rao J and Ren RC, 2016, 2017, 2018; Ren RC et al,,
2017). Wave activity analysis was used to investigate stationary
Rossby wave energy propagation (Edmon et al., 1980; Randel,
1987). To demonstrate the anomalous planetary wave activity, we
followed the method of Andrews et al. (1987) to calculate the two-
dimensional (2-D) quasi-geostrophic Eliassen—Palm (E-P) flux and
its divergence in spherical coordinates. The meridional (F,) and
vertical (F;) components of the E-P flux and the E-P flux diver-
gence (D) are expressed as

Fy = —poacos<pW7 (1)
Rf
F, = —poacosq)WV T, )

V-F 9 (Fycosg) /(acosp)dp + oF,/ oz

Dr = 0dCOSQ 0,dCOS® ’ 3)

where py is the air density, a is the radius of the earth, ¢ is the latit-
ude, R is the gas constant, f is the Coriolis parameter, H is the at-

mospheric scale height (7 km), N is the buoyancy frequency, T is
the temperature, u and v are the zonal and meridional wind com-
ponents, and z is the log-p height. The overbar denotes the zonal
mean, and primes denote departures from the zonal mean.

3. Results

3.1 Seasonal Evolution of the ENSO Effects on the Water
Vapor Content of the Stratosphere

We now consider the seasonality of the ENSO effect in the TLS by

comparing the El Nifio/La Nifia winters and the following spring

composites based on the ERA-Interim and MERRA-2 reanalysis

and the SWOOSH satellite data set.

Figure 1 shows latitude-height cross sections of the zonal mean
stratospheric water vapor anomalies during El Nifo/La Niha
winter phases and the following spring phases from the ERA-In-
terim, MERRA-2, and SWOOSH data. In general, the distribution of
water vapor from MERRA-2 is consistent with that from ERA-Inter-
im, and the patterns from the reanalyses are broadly in agree-
ment with the SWOOSH satellite results, although the amount of
water vapor is slightly different in the data sets. Clearly, the lower
stratosphere is anomalously wetter during El Nifio events and an-
omalously drier during La Nifa events in both winter and spring in
the tropics (30°5-30°N). From the perspective of seasonal evolu-
tion, during El Nifio winter phases, the water vapor in the lower
stratosphere is anomalously moist, at 0.12 ppmv, whereas it is
wetter in the following spring phases, reaching 0.15 ppmv. This is
consistent with the results of Calvo et al. (2010) and Konopka et al.
(2016), who showed that El Nifio events lead to an enhanced wa-
ter vapor content in the spring. Previous studies that considered
the annual mean water vapor content have shown the moisten-
ing effect of El Nifio events (Geller et al., 2002; Hatsushika and
Yamazaki, 2003; Scaife et al., 2003; Garfinkel et al., 2013a), which is
the mean effect of the contribution from the El Nifio winter and
the following spring. During La Nifia events, the lower strato-
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Figure 1. Latitude-height cross sections of zonal mean water vapor anomalies (Q,; units: ppmv) for (a, b, e, f, i, j) EINifio and (c, d, g, h, k, I) La
Nifa events in the winter (DJF) and spring (MAM) based on the (a, b, ¢, d) ERA-Interim, (e, f, g, h) MERRA-2, and (i, j, k, ) SWOOSH data sets.
Anomalies significant at the 95% confidence level according to Student’s t-test are stippled.

spheric water vapor appears anomalously drier in winter phases,
at —0.6 ppmv, but this dry condition is more significant in spring,
reaching —0.12 ppmv. Overall, from winter to spring, El Nifio
events moisten the TLS, whereas La Nifia events dry out the lower
stratosphere, and both wetter and drier effects are more pro-
nounced in the spring.

The distribution of water vapor anomalies at 100 hPa associated
with El Nifio and La Nifa events based on the ERA-Interim and

MERRA-2 data in the winter and spring seasons is shown in Figure 2.
Similarly, the ERA-Interim results are consistent with the MERRA-2
data. The warm/cold phases of the ENSO clearly have different ef-
fects on the 100 hPa water vapor content in different tropical re-
gions. Furthermore, the ENSO effect on the 100 hPa water vapor
content is different in different seasons and different tropical re-
gions. Anomalously wetter signals can be seen in the Western Pa-
cific region and anomalously drier signals appear in the Central
and Eastern Pacific regions at 100 hPa during winter El Nifio

Liao YJ and Chen QL et al.: Seasonal evolution of the impacts of ENSO on lower stratospheric water vapor
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Figure 2. Water vapor anomalies (Q,; units: ppmv) at 100 hPa in winter (DJF, left panels) and spring (MAM, right panels) composited for (a, b, e, f)
El Nino and (c, d, g, h) La Nifa events based on the (a, b, ¢, d) ERA-Interim and (e, f, g, h) MERRA-2 data sets. Anomalies significant at the 95%

confidence level according to Student’s t-test are stippled.

events. However, during the following spring, the anomalously
drier signals in the Central and Eastern Pacific regions weaken and
the abnormal water vapor values in this region do not pass the
test of significance at a 95% confidence level. In addition, anomal-
ously wetter signals in the Western Pacific are intensified. Note
that the range of anomalously wetter signals in the Western Pa-
cific region from MERRA-2 is wider than that from ERA-Interim.
This distribution is consistent with the effect of El Nifio events on
the annual mean water vapor content of the stratosphere (Xie F et
al, 2011). The Indo-Western Pacific region appears anomalously
drier during La Nifla winters, with an intensity equal to the anom-
alously wetter regions in the Central and Eastern Pacific. This an-
omalously wetter/drier region weakens in the spring. In a compar-
able manner, the spatial pattern of La Nifa affects the water va-
por in accordance with the annual mean reported in previous
studies (Xie F etal., 2011).

These results show a large spatial variation in the effect of the EN-
SO on the water vapor content of the lower stratosphere in differ-

ent seasons. Anomalously wetter/drier regions at 100 hPa occur
over the Western/Central and Eastern Pacific during El Nifio/La
Nifia events. We therefore need to determine the net effect of El
Nifio/La Nifia events on the water vapor content of the TLS in dif-
ferent seasons. Figure 3 shows the zonal mean water vapor anom-
alies averaged over different seasons in the tropics.

Figure 3a-3d shows the zonal mean water vapor anomalies aver-
aged over the tropics (30°S-30°N) from the ERA-Interim and
MERRA-2 data sets, and Figure 3e-3f shows the anomalies from
the SWOOSH satellite data set. In general, the three data sets all
show seasonal variation in the lower stratospheric water vapor re-
sponse to ENSO events, although the magnitudes of water vapor
from the three data sets differ slightly. El Nifio events show moist
conditions in the winter and spring; moreover, the moisture in-
tensifies in spring in the range of 0.09-0.15 ppmv in the ERA-Inter-
im data. By contrast, La Nifia events show anomalously dry condi-
tions in the lower stratosphere in both seasons, and the abnormal
water vapor values decrease from —0.04 to —0.07 ppmv. As expec-
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Figure 3. Vertical profiles of the zonal mean water vapor anomalies (Q,; units: ppmv) for El Nifio (dashed lines) and La Nifa (dotted lines) events
in (a, ¢, e) winter and (b, d, f) spring based on the (a, b) ERA-Interim, (c, d) MERRA-2, and (e, f) SWOOSH satellite data sets.

ted, the vertical distribution of MERRA-2 water vapor anomalies
exhibits a pattern similar to that of ERA-Interim. Note that from
winter to spring, the abnormal water vapor values of SWOOSH in-
crease from a 0.16 to 0.20 ppmv response to El Nifio but decrease
from a —0.04 to —0.10 ppmv response to La Nifa, distinct from the
ERA-Interim anomalies. The ENSO effects on the water vapor con-
tent of the TLS in winter and spring are opposite in the cold and
warm phases. El Nifio events result in anomalously wet conditions,
whereas La Nifla events result in anomalously dry conditions.
These results are consistent with previous studies; that is, El Nifio
events have a moistening effect on the lower stratosphere, where-
as La Nifa events tend to dry the TLS (Gettelman et al., 2001;
Geller et al., 2002; Fueglistaler and Haynes, 2005).

To better illustrate how the seasonal evolution of ENSO affects
water vapor in the lower stratosphere, the time evolution of the
water vapor anomalies associated with the El Niflo and La Nifa
events are shown in Figure 4. The results of the three data sets all
suggest that the influence of ENSO events on water vapor in the
lower stratosphere begins in November and lasts until the follow-
ing June. El Nifio events tend to moisten the lower stratosphere,
whereas La Nifa events are likely to dry the lower stratosphere.
From winter to spring, this moistening/drying effect is more ro-
bust. During an El Nifio winter, abnormal water vapor values
reached 0.12 ppmv, but the moisture values peaked at 0.18 ppmv
in the spring. Similarly, La Nifda events dried the lower strato-
sphere, and the abnormal water vapor values reached -0.09
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Figure 4. Time evolution of water vapor anomalies (Q,; units: ppmv) associated with (a, ¢, e) El Nifio and (b, d, f) La Nifia events based on the (a,
b) ERA-Interim, (c, d) MERRA-2, and (e, f) SWOOSH satellite data sets. Anomalies significant at the 95% confidence level according to Student's t-

test are stippled.

ppmv in the winter but —0.15 ppmv in the spring. This result fur-
ther confirms the conclusion illustrated in Figures 1, 2, and 3 that
the influence of the ENSO on TLS water vapor intensifies in the
spring.

3.2 Mechanisms of Seasonal Variation in ENSO Effects on
the Water Vapor Content of the Lower Stratosphere
We have shown that the ENSO has distinctly different effects on
the stratosphere, peaking in winter and decaying in spring.
However, the mechanism that gives rise to the seasonal evolution

of the ENSO effect on TLS water vapor is not well understood. In
particular, the robust moistening effects of El Nifo events are seen
as decaying in spring rather than peaking in winter. Previous stud-
ies have emphasized the importance of studying the time evolu-
tion of the El Nifio response from late winter to spring. Various au-
thors (Garcia-Herrera et al., 2006; Calvo et al., 2010; Ren RC et al,,
2017) have found that it takes several months for the strato-
sphere to establish a stable pattern of response to tropical SST an-
omalies. We investigated the lead-lag correlation between the
monthly averaged TTT and the ONI (Figure 5). The maximum cor-
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Figure 5. Lead-lag correlation between the tropical (30°S-30°N) averaged tropopause temperature anomalies and the averaged Oceanic Nifio
Index for the period 1979-2017, from the ERA-Interim reanalysis data set. Negative lags indicate that the El Nifio—-Southern Oscillation (ENSO) was

leading, and positive lags indicate that the ENSO was lagging.

relation coefficients occurred at a lag of 2-3 months (ENSO lead-
ing the TTT). This result suggests that the response of the TTT to
the ENSO lagged behind the ENSO events. Therefore, we sought
to explain the characteristic effects of the ENSO in different sea-
sons by tracing back to the upper troposphere-lower strato-
sphere (UTLS) temperature and then investigating the processes
controlling the UTLS temperature.

As mentioned previously, the water vapor entering the lower stra-
tosphere is largely controlled by the tropopause temperature;
thus, we further confirmed the seasonal evolution of the water va-
por response to the ENSO by studying the temperature distribu-
tion in the winter and spring. Figure 6 shows the seasonal evolu-
tion of the zonal mean stratospheric temperature anomalies dur-
ing El Niflo/La Nifa events. The upper troposphere was signific-
antly warmer and the lower stratosphere was cooler during the El
Nifio winter phases. In the following spring, however, the upper
troposphere was warmer than that in the El Nifio winter and the
region of warmer air extended up into the lower stratosphere. Ad-
ditionally, anomalous warming in the lower stratosphere was
stronger in the following spring than in the El Nifio winter, lead-
ing to an increase in water vapor entering the lower stratosphere.
In contrast, during La Nifa events, the upper troposphere was
colder and the lower stratosphere was warmer in winter, but in
spring the entire lower stratosphere reversed to a cooling temper-
ature, which was more intense than in winter. The anomalously
cooler UTLS in both the La Nifia winter and spring led to a drier
stratosphere throughout the season (Figure 1c-1d).

The key to understanding the seasonal changes in the effects of
ENSO events on the stratospheric water vapor is the delayed
warming/cooling in the lower stratosphere during an El Nifio/La
Nifa spring. Previous studies have demonstrated that El Nifio
events intensify the vertical propagation of ultra-long Rossby
waves in the Northern Hemisphere during winter and thereby
strengthen the BDC (Rao J et al., 2019a). This effect has been seen
in observational records (Van Loon and Labitzke, 1987; Labitzke

and Van Loon, 1989; Camp and Tung, 2007; Garfinkel and Hart-
mann, 2007; Free and Seidel, 2009) and has been reproduced in
modeling studies (Hamilton, 1993; Sassi et al., 2004; Garcia-Her-
rera et al., 2006; Manzini et al., 2006; Taguchi and Hartmann, 2006;
Xie F et al., 2012; Garfinkel et al., 2013b; Rao J and Ren RC, 2016,
2017, 2018; Rao J et al., 20193, b, c). Therefore, we focused on the
planetary wave activity during ENSO events that peak in the
winter and decay in the spring. Figure 7 shows the
latitude-height structure of the E-P flux anomalies in different
seasons during El Nifio and La Nifa events. Consistent with previ-
ous studies, during El Nifio winters, the planetary wave activities
were found to be enhanced in the middle latitudes and to have a
stronger E-P flux divergence in the Northern Hemisphere, result-
ing in a stronger BDC. The stratospheric upwelling associated with
this strengthened BDC cools the lower stratosphere (Holton et al.,
1995; Garcia-Herrera et al., 2006; Randel et al., 2008; Rao J and Ren
RC et al., 2019a). This cooling in the lower stratosphere induced by
the BDC is present in composite temperature anomalies during El
Niflo winter seasons (Figure 6a). However, during El Nifio spring
seasons, reduced upward wave activities and weakened E-P flux
divergence in the Northern Hemisphere lead to a weakened BDC.
Consequently, the temperatures in the lower stratosphere are
warmer in the spring. Compared with El Nifio events, La Nifa
events have an overall opposite effect on the E-P flux. Therefore,
changes in the E-P flux corresponding to the BDC effect explain
the seasonal variation of temperature anomalies in the lower stra-
tosphere.

4. Discussion and Conclusions

On the basis of the ONI, the ERA-Interim and MERRA-2 reanalysis
data sets and observational data from the SWOOSH satellite were
synthesized to study the seasonal evolution of ENSO impacts on
water vapor in the lower stratosphere. In agreement with previ-
ous studies, the warm/cold phases of the ENSO were found to
have opposite effects on the water vapor in the TLS (Fueglistaler
and Haynes, 2005; Xie F et al., 2011). El Nifio events tend to
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Figure 7. Distribution of Eliassen—Palm (E-P) flux (vectors, normalized

by air density; units: 103 m3.s2) and the E-P flux divergence (colored

shading; units: m-s7-month) response to (a, b) El Nifio and (c, d) La Nifa events in the (a, ¢) winter (DJF) and (b, d) spring (MAM).

moisten the entire TLS, whereas La Nifa events cause the TLS to
dry out as a whole. In addition, the present results suggest that
the ENSO effects on the TLS water vapor show a distinct seasonal
evolution that has a hysteresis effect. From winter to spring, El
Nifio events moisten the lower stratosphere in winter and in-
crease the water vapor content in spring. In contrast, La Nifa
events dry the TLS in both winter and spring, although this
moistening/dehydration effect is more pronounced in the spring.
Zhou X et al. (2018) and Ren RC et al. (2017) also noted the
delayed response of the northern winter stratosphere to the EN-
SO. To explore the mechanisms by which the ENSO affects the
lower stratospheric water vapor, we investigated the seasonal
variations in UTLS temperature. The delayed warming/cooling in
the lower stratosphere during El Nifio/La Nifia spring seasons
were found to lead to a seasonal evolution of the effects of ENSO
events on the lower stratospheric water vapor, which could be ex-
plained by changes in the BDC. The enhanced BDC excited by El
Niflo events leads to anomalous cooling in the lower stratosphere.
This effect peaks in the El Nifilo winter but decays the following

spring.

Previous studies have principally analyzed the seasonal or annual
mean anomalies in the water vapor content of the stratosphere
caused by the ENSO, but the present research mainly focused on
the seasonal evolution of ENSO effects on water vapor in the
lower stratosphere. However, several questions remain to be ad-
dressed. Recently, Garfinkel et al. (2018) used experiments based
on the Goddard chemistry climate model and analyzed seasonal

variation in the impacts of El Niflo on the stratospheric water va-
por. They suggested that El Nifo dehydrates the lower strato-
sphere in winter but increases the water vapor content in spring,
which is different from our conclusion that the El Niflo moistens
the lower stratosphere in both winter and spring. This discrep-
ancy may have arisen from the use of different data sets and
methodologies, as well as the small sample size of the ENSO
events we used. In addition, the Eastern Pacific-type events and
the Central Pacific-type events were not differentiated in this
study, which may have resulted in different effects on the strato-
spheric water vapor. Thus, further investigation is needed in the
future.
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