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1 Introduction

Stratospheric water vapor plays an important role in mod-
ulating the radiative energy budget of the climate system 
because of its radiative and chemical significances (e.g., 
Forster and Shine 1999; Solomon et  al. 2010). Under-
standing of the long-term variability of stratospheric water 
vapor, and its controlling factors and underlying physics is 
thus critically important for the predictions of global cli-
mate variability and change. The amount of water vapor in 
the stratosphere is primarily determined by the transport of 
water vapor to the tropical lower stratosphere through the 
tropical tropopause layer (TTL) (Randel et al. 2004; Oman 
et al. 2008; Fueglistaler et al. 2009). Observational analy-
ses show that TTL temperatures control the tropical lower 
stratospheric (TLS) water vapor amount through the dehy-
dration process, and thus determine its changes (Brewer 
1949; Randel et  al. 1998; Scaife et  al. 2003; Fueglistaler 
et al. 2005; Rosenlof and Reid 2008; Schoeberl and Dessler 
2011; Grise and Thompson 2012; Dessler et al. 2013).

The variability of TTL temperatures on inter-annual and 
intra-seasonal time scales is largely driven by the equato-
rial planetary waves including both the tropical Rossby 
and Kelvin waves in response to anomalous tropical con-
vections associated with the El Nino Southern Oscillation 
(ENSO), Asian Monsoon, and Madden–Julian Oscillation 
(Highwood and Hoskins 1998; Dima and Wallace 2007; 

Abstract The amount of water vapor in the tropical 
lower stratosphere (TLS), which has an important influ-
ence on the radiative energy budget of the climate system, 
is modulated by the temperature variability of the tropical 
tropopause layer (TTL). The TTL temperature variability 
is caused by a complex combination of the stratospheric 
quasi-biennial oscillation (QBO), tropospheric convective 
processes in the tropics, and the Brewer–Dobson circula-
tion (BDC) driven by mid-latitude and subtropical atmos-
pheric waves. In 2000, the TLS water vapor amount exhib-
ited a stepwise transition to a dry phase, apparently caused 
by a change in the BDC. In this study, we present obser-
vational and modeling evidence that the epochal change of 
water vapor between the periods of 1992–2000 and 2001–
2005 was also partly caused by a concurrent sea surface 
temperature (SST) warming in the tropical central Pacific. 
This SST warming cools the TTL above by enhancing the 
equatorial wave-induced upward motion near the tropo-
pause, which consequently reduces the amount of water 
vapor entering the stratosphere. The QBO affects the TLS 
water vapor primarily on inter-annual timescales, whereas 
a classical El Niño southern oscillation (ENSO) event has 
small effect on tropical mean TLS water vapor because its 
responses are longitudinally out of phase. This study sug-
gests that the tropical central Pacific SST is another driver 
of TLS water vapor variability on inter-decadal timescales 
and the tropical SST changes could contribute to about 30% 
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Virts and Wallace 2010; Garfinkel et  al. 2013a). Tropical 
deep convection cools the upper part of the TTL through 
wave-induced upward motion near the tropopause (High-
wood and Hoskins 1998; Grise and Thompson 2012). In 
the tropical lower stratosphere, the quasi-biennial oscilla-
tion (QBO) acts as the primary perturbation of temperature 
on inter-annual time scales and can also exert its influences 
on the upper part of the TTL (Randel et al. 1998; Kumar 
et  al. 2014). For example, the descending westerly QBO 
associated with a strong vertical wind shear tends to cause 
a warming near tropopause. The seasonal variability of the 
TTL temperatures on the other hand largely results from 
the Brewer–Dobson circulation (BDC), which is remotely 
driven by the planetary and gravity wave breaking in the 
extratropical stratosphere (Yulaeva et  al. 1994; Rosenlof 
1995; Holton et  al. 1995). The upward motion near the 
tropical tropopause can be enhanced by the strengthening 
of the BDC, leading to a local adiabatic cooling. The TTL 
temperature therefore manifests as a combined effect of 
these dynamical forcings, which complicates the interpreta-
tion of its variability (Fueglistaler et al. 2009; Dessler et al. 
2013; Grise and Thompson 2013). The changes in atmos-
pheric compositions including  CO2, ozone, and aerosol 
concentrations caused by anthropogenic activities may fur-
ther complicate this interpretation. This is because exter-
nal radiative forcing may act to change the TTL thermal 

structure not only directly but also indirectly by modulating 
the tropical convection, BDC, and QBO (Held and Soden 
2006; Butchart et al. 2006; Kawatani and Hamilton 2013; 
Lin and Fu 2013; Dessler et al. 2013; Fu et al. 2015).

Observations of stratospheric water vapor on a global 
scale became available following the launch of the Halo-
gen Occultation Experiment (HALOE) in 1991, as part of 
the Upper Atmosphere Research Satellite (UARS) mis-
sion (Remsberg et al. 1996). The microwave limb sounder 
(MLS) on the AURA satellite (Read et al. 2004), launched 
in 2004, provides higher quality water vapor measurements 
with much greater spatial coverage, allowing for detailed 
investigations of stratospheric water vapor variability on a 
global scale over the past 10  years (Hegglin et  al. 2014). 
In late 2000, anomalously low TLS water vapor concen-
trations were observed by HALOE, which persisted until 
late 2005 when the concentrations started to increase 
gradually (Fig.  1a) (Fueglistaler et  al. 2005; Randel et  al. 
2006; Dhomse et al. 2008; Rosenlof and Reid 2008; Fueg-
listaler 2012). This well-known stepwise decrease in TLS 
water vapor has been attributed primarily to a concurrent, 
abrupt strengthening of the BDC (Randel et al. 2004, 2006; 
Dhomse et al. 2008; Rosenlof and Reid 2008; Fueglistaler 
2012; Urban et al. 2014). Some other processes, especially 
the tropical SST and wave activity in the upper tropo-
sphere, have also been suggested to contribute to the event 

Fig. 1  Observed evolution of 
83 hPa water vapor, 100 hPa 
temperature and 50 hPa QBO 
index during 1992–2014. 
Observed interannual changes 
in a tropical lower stratospheric 
water vapor from satellite 
measurements, b tropical 
temperatures at 100 hPa, and c 
the QBO index at 50 hPa. All 
time series are de-seasonalized 
monthly values. Water vapor 
data are averaged within 
30°S–30°N from both HALOE 
and MLS satellite measure-
ments. Temperature is averaged 
within 15°S–15°N. The QBO 
index (Dessler et al. 2013) is 
defined as the normalized zonal 
mean zonal wind along the 
equator. Temperatures and the 
QBO index are derived from the 
ERA-Interim reanalysis (Dee 
et al. 2011)
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(Kim and Alexander 2015; Brinkop et al. 2016). Motivated 
by the early studies (Garfinkel et al. 2013a, b), we examine 
the interdecadal like transition from the pre-2000 period 
(1992–2000) to the period after 2000 (2001–2005) here 
with a special focus on the role of tropical SST variability. 
It has been suggested that the tropical SST is able to cre-
ate a temperature condition near the tropopause favorable 
for both short-term and long-term water vapor variability 
in the lower stratosphere (Rosenlof and Reid 2008; Jones 
et al. 2009; Randel and Jensen 2013; Garfinkel et al. 2013a, 
b; Zhou et al. 2017).

2  Data and methods

2.1  Data

We used the monthly water vapor mixing ratio derived 
from HALOE measurements (Remsberg et al. 1996) from 
January 1992 to August 2005 (V19) and the MLS measure-
ments (Read et al. 2004) from January 2005 to December 
2014 (V3.3). The MLS samples at about 3000 locations 
along the orbit in the lower stratosphere (ca. 83 hPa), with 
near-global coverage daily. After passing quality control, 
these irregularly spaced daily samplings were interpolated 
onto a grid of 1.5° × 1.5° latitude–longitude. The monthly 
data were constructed from these daily values, and the 
10  year (2005–2014) averaged annual cycle was removed 
to deseasonalize the data. The HALOE data have a much 
coarser global sampling resolution (<150 samples per 
month in the tropics), and thus cannot be gridded. We used 
only tropically averaged (30°S–30°N), de-seasonalized 
monthly anomalies of the HALOE data with the 14  year 
(1992–2005) climatological mean annual cycle removed.

We also utilized the global ERA-Interim reanalysis from 
1979 to 2014 (Dee et al. 2011) to investigate the relation-
ship between water vapor in the TLS and the temperature 
and circulation fields in the troposphere and stratosphere. 
The temperature at 100  hPa was used to approximate the 
temperature at the tropical cold-point tropopause (Wang 
et  al. 2015), which are highly correlated (r = 0.95). The 
lower-stratospheric temperature measured by the Micro-
wave Sounding Units (MSU) and Advanced MSU (AMSU) 
operating on NOAA polar-orbiting platforms were also 
used (Zou et al. 2006). Monthly NOAA outgoing longwave 
radiation (OLR) (Liebmann and Smith 1996) and ERSSTv3 
data (Smith et al. 2008) were used to represent the convec-
tion and SST in the tropics. All monthly anomalies were 
obtained by removing the climatological mean annual cycle 
of the targeted period. Monthly temperature records at 
100  hPa from 17 to 6 tropical stations in the Radiosonde 
Atmospheric Temperature Products for Assessing Climate 
dataset (RATPAC) (Free et al. 2005) and Integrated Global 

Radiosonde Archive (IGRA) were also used, respectively. 
All these used stations have good data quality during the 
period 1992–2005: each month’s value was constructed 
from at least 20  days of observations, and 90% of month 
values from 1992 to 2005 are available at 100 hPa.

2.2  Model

This study used the ECHAM5 atmospheric general cir-
culation model with a horizontal resolution of T42 (~2.8° 
latitude × 2.8° longitude) and flexible 19 vertical levels to 
perform all experiments (Roeckner et  al. 2003). The ver-
tical coordinate enables the model to use either the usual 
terrain-following sigma coordinate or a hybrid coordinate 
for which upper-level model surfaces flatten over steep ter-
rain. The model’s top is at 10 hPa, and levels four–six are 
located at approximately 70–80, 100, and 130–140  hPa, 
respectively. The model outputs on these three levels 
(four–six) are mainly used to retrieve the model results at 
83 and 100 hPa.

We coupled the ECHAM5 to a slab ocean in the extra-
tropics to assess the role of prescribed tropical SST in 
driving the temperature and water vapor changes near the 
tropopause. The slab ocean is represented as boxes of water 
with an uniformly specified depth (50 m). A simple, ther-
modynamic-only sea ice model is included when the ocean 
temperature reaches the freezing point. The ocean tempera-
ture or sea ice condition at each grid point is affected only 
by heat exchange across the air–sea interface; there is no 
direct communication between adjacent ocean grid points, 
nor is there any representation of the deep ocean. In addi-
tion, a cyclo-stationary climatological heat flux is added 
to the ocean temperature tendency equation to maintain a 
seasonal cycle of ocean temperature and sea ice conditions 
that are close to those observed.

2.3  Significance of correlation

For the correlation of monthly data in this study, the effec-
tive sample size  N* is computed by considering the lag-one 
auto-correlations of time series following:

where N is the number of available time steps and  r1 and 
 r2 are lag-one autocorrelation coefficients of each variable 
(Bretherton et al. 1999).

2.4  QBO index

There are several ways to define the QBO. The index used 
in this work is normalized zonal mean zonal wind along 

N = N
1 − r1r2

1 + r1r2

,
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the equator at 50 hPa (Dessler et al. 2013). The normal-
ized zonal wind over Singapore at either 30 or 50 hPa is 
also tested to define the QBO. The principal components 
of normalized zonal mean zonal wind at 7 levels (10, 
15, 20, 30, 40, 50, 70 mb) were also tested to define the 
QBO (Wallace et al. 1993). We have found that our result 
is insensitive to the selection of the QBO index. In our 
maximum covariance analysis (MCA) analysis in Sect. 4, 
a least-square best-fitting on the QBO index is used to 
remove the QBO-related variability in temperature and 
water vapor fields. We found that the MCA of the resid-
ual fields is insensitive to whether the total or only zonal 
mean components of QBO-related variability is removed.

3  Co‑variability between observed TLS water 
vapor and tropopause temperature in the past 
10 years

Previous studies inferred a physical control of TLS water 
vapor variability by changes in the TTL temperature 
(Fig. 1), mainly through the temperature change above the 
warm pool (Fu 2013; Randel and Jensen 2013; Dessler 
et al. 2013). Here, we apply a MCA to the recent 10 years 
of de-seasonalized monthly anomalies for gridded MLS 
water vapor and reanalysis TTL temperature in the trop-
ics to identify the spatial structures leading to coupling 
patterns between the two variables. This will provide new 
insights into how TLS water vapor variability could be 

Fig. 2  Coupled patterns between tropical 83  hPa water vapor and 
100  hPa temperature for 2005–2014. Maximum covariance analysis 
for de-seasonalized monthly tropical (30°S–30°N) 100 hPa tempera-
ture (T100) and MLS 83 hPa water vapor mixing ratio  (H2O). Shown 
in a and b are the patterns of T100 and water vapor that accompany 
the first mode, respectively. c displays the time series of the T100 
(red) and  H2O (blue) patterns shown in a and b and observed water 
vapor averaged within 30°S–30°N (yellow, i.e., blue curve of Fig. 1a). 

d–f Are the same as a, b and c, but for the second mode (the observed 
 H2O is not shown in f). Amplitudes of spatial pattern in a, b, d and e 
are scaled by one standard deviation of the corresponding time series 
in c and f. The squared covariance fraction (SCF) and the temporal 
correlation coefficient (r) between the two expansion coefficient time 
series are indicated on the top of a and b, and c and f. The time axis 
of the time series of T100 in c and f is shifted by 1 month to align 
with that of the  H2O
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controlled by the TTL temperature. A MCA (Wallace et al. 
1992) organizes the variance in two data sets into orthogo-
nal patterns that maximize the covariance in the data.

Shown in Fig. 2a, b are the leading modes (MCA1) of 
co-variability between the tropical monthly temperature 
anomalies at 100 hPa (referred to as T100 hereinafter) and 
the water vapor mixing ratio at 83 hPa  (H2O) for the period 
2005–2014. The best co-varying relationship was obtained 
when T100 led  H2O by one month, reflecting the time it 
takes for the water vapor to transport from 100 to 83 hPa. 
The MCA1 result shows that the tropopause temperature 
primarily controls the water vapor change aloft through a 
change in the deep tropics, especially along the equatorial 
west Pacific, Indian and Atlantic oceans. The second MCA 
mode (MCA2) exhibits a pair of out-of-phase, dumbbell-
shaped anomalous temperature patterns straddling the 
equator in the warm-pool region and the Eastern Pacific 
(Fig. 2d). The water vapor changes follow the temperature 
pattern and have negative and positive anomalies in the 
Indian and central Pacific Oceans, respectively (Fig. 2e).

The QBO is the main driver of atmospheric variability 
in the TLS (Dessler et al. 2013). It is noted that changes in 
the QBO index, which is the normalized zonal mean zonal 
wind along the equator at 50 hPa, precede the time series of 

T100 and  H2O in MCA1 by 2 and 3 months, respectively 
(Fig.  3a). The impact of the QBO on the T100 and  H2O 
fields (see Fig.  3b, c) bears a strong resemblance to the 
patterns in MCA1, suggesting that the water vapor–tem-
perature couplets in MCA1 largely capture a footprint of 
descending QBO influence. A descending westerly QBO 
phase, in which a warm temperature anomaly is associated 
with positive wind shear, takes about 2–3 months to propa-
gate downwards from 50  hPa to the lower stratosphere, 
as expected from the thermal wind relationship (Wallace 
et al. 1993) (Fig. 4). While the QBO is highly variable with 
periods ranging from 22 to 34 months, no stepwise change 
in the QBO was observed in 2000 (Fig. 1c). The QBO is 
unlikely to be a leading candidate causing the well-known 
drier lower stratosphere that lasted from 2001 to 2005 
although it may play a role in causing the drop around 
2000.

4  Role of tropical central Pacific SST in driving 
TLS water vapor change

To isolate signals other than the QBO, we removed the 
zonal mean component of QBO-related impact from the 

Fig. 3  a Lead-lag correlation 
coefficients between de-season-
alized monthly QBO index and 
monthly time series of T100 
(red curve in Fig. 2c) and  H2O 
(blue curve in Fig. 2c) patterns 
in the MCA1 mode (Fig. 2a, 
b). The negative-month lag 
shows that the QBO leads the 
T100 or  H2O. b 2 month lag 
correlation (QBO leads T100) 
between the QBO index and 
T100. c 3 month lag correlation 
(QBO leads  H2O) between the 
QBO index and MLS  H2O. In b 
and c, the shading indicates the 
correlation value and contours 
indicate the regressed T100 
value (with unit: °C) and  H2O 
(with unit: ppmv), which is 
equal to the correlation value 
in each grid point multiplied 
by the corresponding standard 
deviation of T100 or  H2O in 
that grid. The small crosses in b 
and c indicate locations where 
the correlation is significant 
above 95% confidence level
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raw T100 and  H2O fields using the QBO index (i.e., the 
normalized zonal mean zonal wind along the equator at 
50  hPa). A MCA analysis was then repeated to explore 
the leading coupling pattern between two variables in the 
remaining fields. The leading MCA mode of the residual 
fields (MCA1-R) shows broad warming over the central 
Pacific (Fig. 5a) and, correspondingly, the largest increase 
of water vapor is observed in the same region (Fig.  5b). 
The second mode (MCA2-R, Fig. 5d–f) shows spatial pat-
terns and temporal variability similar to the MCA2 of the 
original data (Fig.  2d–f), but with a weaker spatial mag-
nitude. Without the QBO’s impact, the tropical central 
Pacific becomes the key region where the TTL temperature 
exerts an important forcing of water vapor going into the 

stratosphere throughout the tropics. The time series of both 
patterns in MCA1-R also show reasonable coherence with 
the observed water vapor change in the tropical basin, espe-
cially for the later period (Fig.  5c). In particular, a rapid 
‘drying’ event in 2011–2012 (Urban et al. 2014) is captured 
well by this mode, suggesting that this recent event could 
be due to a strong TTL temperature cooling in the central 
Pacific from 2011 to 2012. However, this event was fol-
lowed by a quick recovery starting in late 2012; it may not 
signify a decadal shift in TLS water vapor concentrations 
as in 2000 (Fig. 1a).

The evolution of SST and tropospheric temperatures 
associated with the TTL warming in the central Pacific 
(Fig.  6) further suggests that T100 warming occurs 

Fig. 4  Meridional mean 
(left column, averaging over 
10°S–10°N) and zonal mean 
(right column, averaging over 
0–360°E) of lead-lag correlation 
coefficients between time series 
of T100 pattern (red curve 
in Fig. 2c) in MCA1 mode 
(Fig. 2a) with de-seasonalized 
monthly temperature above 
300 hPa from −4 to 4 months. 
The negative-month lag shows 
that the temperature field leads 
the time series of T100. The 
small crosses in each plot 
indicate locations where the 
correlation is significant above 
95% confidence level
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when there is a concurrent cold SST anomaly. A nega-
tive SST anomaly in the tropical central Pacific cools 
the tropospheric air column above the region and gen-
erates widespread cooling below 200  hPa. The tropical 
Rossby–Kelvin wave response at 100 hPa to SST cooling 
decreases the geopotential height of the tropopause in 
the central Pacific and results in a warming near the TTL 
(Calvo et al. 2010) (Fig. 6). The induced TTL warming 
plays a key role in increasing the amount of water vapor 
that enters the stratosphere by reducing the dehydration 
effect. Our MCA analyses using the MLS data of the 
last 10 years suggest that central Pacific SST is another 

important factors that control tropical-mean lower-strat-
ospheric water vapor through tropospheric (bottom-up) 
influences on TTL temperatures.

It should be noted here that the BDC signal is at least 
not seen in the first and second modes of the MCA. This 
may be partly because of a similar spatial pattern between 
the QBO and BDC in the tropical lower stratospheric 
temperature field (i.e., relatively zonally uniform), and 
thus the removal of the QBO’s impact might also remove 
the variabilities due to the BDC forcing. Nonetheless, 
this subject deserves further investigation in the future.

Fig. 5  Maximum covariance analysis for de-seasonalized monthly 
tropical (30°S–30°N) 100 hPa temperature (T100) and MLS 83 hPa 
water vapor mixing ratio  (H2O) after removing the zonal mean com-
ponent of the QBO signal (leading T100 by 2 months and  H2O by 3 
months) in T100 and  H2O data. Shown in a and b are the patterns 
of T100 and water vapor that accompany the first mode, respec-
tively. c displays the time series of the T100 (red) and  H2O (blue) 
patterns shown in a and b and observed water vapor averaged within 
30°S–30°N (yellow, i.e., blue curve of Fig. 1a). d–f Are the same as 

a, b and c, but for the second mode (the observed  H2O is not shown 
in f). Amplitudes of spatial pattern in a, b, d and e are scaled by one 
standard deviation of the corresponding time series in c and f. The 
squared covariance fraction (SCF) and the temporal correlation coef-
ficient (r) between the two expansion coefficient time series are indi-
cated on the top of a and b, and c and f. The time axis of the time 
series of T100 in c and f is shifted by 1 month to align with that of 
the  H2O
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Fig. 6  Evolution of tropospheric geopotential height, temperature 
and SST anomalies associated with 100  hPa temperature warming 
over the tropical central Pacific. Left column spatial pattern of lead-
lag correlation between the time series of T100 pattern (red curve in 
Fig. 5c) in MCA1 of the residual fields with de-seasonalized monthly 
geopotential height (contour) and temperature (shading) from −4 to 
4  months. Plotted is the meridional average of correlation between 
10°S and 10°N. Right column same as left column but correlating the 

time series of the T100 pattern with de-seasonalized monthly SST. 
The shading indicates the correlation value and contours indicate the 
regressed SST value (with unit: °C), which is equal to the correla-
tion value in each grid point multiplied by the corresponding standard 
deviation of SST in that grid. The small crosses in each plot indicate 
locations where the correlation is significant above the 95% confi-
dence level. The negative-month lag indicates that height/tempera-
ture/SST leads the time series of T100
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5  Climate state changes associated with the 2000 
event

Analysis using HALOE data from the period 1992–2005 
also shows that the tropical central Pacific SST plays an 
important role in controlling the TLS water vapor concen-
trations. Because of the sparse HALOE sampling, we can 
only use the tropical-mean HALOE water vapor monthly 
time series. And because the QBO has no stepwise change 
in this period, its signal is regressed out of the tropical 
mean HALOE water vapor data at 83  hPa. The residual 
time series is correlated with the T100 field, and the result-
ing pattern has significant positive correlation over the 
central Pacific, resembling the plot using MLS data for 
the period 2005–2014 (Fig.  7). Thus, the tropical central 
Pacific remains the key region to couple T100 and TLS 
water vapor for the period 1992–2005.

To examine changes in spatial patterns of T100, TLS 
water vapor, and SST associated with the 2000 shift, we 
construct a temporal mean field of each variable for the 
period before and after the 2000 event and show the dif-
ferences (Fig.  8a–c). Herein we use the raw data without 
removing the QBO signals. Because the HALOE data are 
not sufficiently dense to give a good spatial representa-
tion of water vapor in the tropics, we use the ERA-Interim 
(Dee et  al. 2011) data for the water vapor mixing ratio at 
83 hPa. During these two periods, there is a close associa-
tion between a strong T100 cooling (Fig.  8a) and a large 
decrease in water vapor at 83 hPa (Fig. 8b) over the cen-
tral Pacific. It should be noted that water vapor values in 
ERA-Interim are less reliable than the temperature field 

because few observations of water vapor were assimilated 
in the reanalysis system to constrain the humidity simula-
tion in that period. In addition, Fueglistaler et  al. (2013) 
suggested that the water vapor change in ERA-Interim data 
cannot fully reproduce the severe drop of the 2000 event as 
measured by HALOE data. However, the good correspond-
ence between the changes in the water vapor field at 83 hPa 
and temperature (T100) associated with the 2000 event 
indicates a strong physical control of the temperature field 
on humidity in ERA-Interim, which is similar to the cou-
pling pattern revealed by MCA analysis using MLS data. 
The difference plot using the MSU/AMSU observations for 
the lower stratosphere temperature near 80 hPa also shows 
the strongest cooling over the central Pacific associated 
with 2000 event (Fig.  9), lending a more confidence that 
the T100 change associated with 2000 event is robust.

The T100 and TLS water vapor concentrations over 
the central Pacific appear to have been an average of 
0.8 °C colder and 0.3  ppmv lower over the last 5  years 
(2001–2005) compared to the first 9  years (1992–2000) 
(Fig.  8a, b). Correspondingly, SST warmed strongly 
in the central Pacific from the early period to the later 
(Fig.  8c). These difference fields are all significant over 
the central Pacific. It is suggested that the SST warming 
in the central Pacific might be one of the important forc-
ing that caused the epochal changes in observed TTL tem-
perature and TLS water vapor in late 2000. This inferred 
causal relationship is supported by the ECHAM5 (Roe-
ckner et  al. 2003) simulations that are separately forced 
by observed tropical SST climatology (with a 12 month 
annual cycle) during the two periods of 1992–2000 and 

Fig. 7  a Correlation between 
de-seasonalized monthly MLS 
tropical mean (30°S–30°N) 
water vapor mixing ratio at 
83 hPa and de-seasonalized 
monthly temperature fields 
at 100 hPa (T100) during 
2005–2014. b Same as a 
but using HALOE data and 
T100 during 1992–2005. The 
QBO signal (leading T100 by 
2 months and  H2O by 3 months) 
was regressed out of data before 
doing the correlation calcula-
tion. The small crosses in each 
plot indicate locations where the 
correlation is significant above 
the 95% confidence level
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2001–2005. In these two experiments, anthropogenic 
forcing was held constant and a slab ocean/sea ice model 
was used in the extratropics. Thus, by design, the differ-
ence of the climate states between two experiments is 
caused by the different observed SST forcings specified in 
the tropics (Fig. 8c). A total of 40 years were integrated 
for each experiment to obtain a robust response. The 
difference of these two 40  year means produces similar 
patterns of the changes in T100 and 83 hPa water vapor 
over the central Pacific from the pre-2000 period to the 
post-2000 period (Fig. 8d, e) to observations (Fig. 8a, b). 
The broad T100 cooling over the central Pacific favored 

reduced transport of water vapor into the stratosphere, 
and closely resembles a Gill-type response to the SST 
warming below (Gill 1980). These results suggest that 
the central Pacific SST variability is an important cause 
of the epochal shift of TLS water vapor values in 2000 
and can explain about 30% of the tropical mean transi-
tion in HALOE data from 1992 to 2000 to 2001–2005. 
It should be noted that the simulated maximum cooling/
drying patterns near the tropopause do not perfectly align 
with the observations, but with an eastward shift to the 
dateline, indicating a combined effect of multiple factors 
in shaping the maximum cooling/drying in the reality.

Fig. 8  Observed and simu-
lated 100 hPa temperature and 
83 hPa water vapor variability 
associated with the 2000 “dry-
ing” event. Epochal differences 
(2001–2005 minus 1992–2000) 
of tropical a temperature at 
100 hPa, b water vapor mixing 
ratio at 83 hPa and c SST, all 
derived from observations. For 
comparison, the differences 
(2001–2005 minus 1992–2000) 
of tropical d temperature at 
100 hPa, and e water vapor mix-
ing ratio at 83 hPa are derived 
from ECHAM5 simulations 
forced by observed tropical 
(30°S–30°N) SST (1992–2005) 
during the two periods (climato-
logical mean during 2001–2005 
and 1992–2000). In the extra-
tropics, a slab ocean/sea ice 
model is coupled to the model. 
The difference of 40 year mean 
is plotted. The squares and 
circles in a indicate the epochal 
difference of T100 (2001–2005 
minus 1992–2000) derived 
from 17 RATPAC (Free et al. 
2005) and 6 IGRA radiosonde 
stations, respectively. The small 
crosses in each plot indicate 
locations where the differ-
ence between the two periods 
is significant (above the 95% 
confidence level) by two-sample 
T-test
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6  MCA analysis for a longer period

We further assessed the robustness of the relationship 
between variations in the tropical central Pacific SST 
and TLS water vapor using the ERA-Interim dataset 
that starts in 1980. We calculated the MCA between the 
ERA-Interim water vapor at 83 hPa and the temperature 
at 100 hPa that precedes water vapor by 1 month for the 
past 35 years (Fig. 10). The first two modes are very sim-
ilar to MCA1 and MCA2 from the MLS data (Fig. 2). For 
the 10 years (2005–2014) when the data overlap, the tem-
poral variations of T100 and the water vapor mixing ratio 
agree well with those of T100 and MLS. After removing 
the zonal mean component of QBO signal in the ERA-
Interim data, the MCA result also shows spatial patterns 
and temporal variations similar to those of the residual 
MLS/T100 data (cf., Figs. 11, 5). The regions where the 
T100 and TLS water vapor are strongly coupled for the 
entire period underscores the importance of the tropi-
cal central Pacific. It seems that another ‘drying’ event 
occurred during 1983–1985 (Fig. 11c); it is also associ-
ated with concurrent T100 cooling in the tropical central 
Pacific. The existence of the 1983–1985 event was sug-
gested by an earlier study (Fueglistaler et al. 2013), and 
here our long-term MCA analysis is in agreement.

Figure  12 exhibits correlation between the T100 
monthly time series for the MCA residual modes 1 and 2 
(Fig. 11) with monthly SST and OLR during 1980–2014. 
A warming of the central Pacific T100 is closely asso-
ciated with SST cooling events in the same region 
(Fig. 12a), which exhibits a strong similarity to the cen-
tral Pacific (Modoki) ENSO pattern (Ashok et al. 2007). 
The second mode is characterized by a dipole-like T100 
pattern and is related closely to a classical ENSO event 
with large, negative SST anomalies in the eastern Pacific 
and positive “horse-shoe” shaped SST anomalies in the 
western Pacific (Fig.  12b). Classical ENSO events favor 
a pair of strong, out-of-phase convection anomalies in 
the deep tropics (Fig.  12d). TTL temperature responses, 
which arise from such convection patterns, have a weak 
response averaged over the tropics because of canceling 
of the excited equatorial Kelvin waves and a pair of out-
of-phase, off-equatorial Rossby wave responses (Gill 
1980). This could be the main reason that classical ENSO 
events, although occurring more frequently than other 
tropical SST modes (Ashok et al. 2007), have less influ-
ence on tropical mean lower stratospheric water vapor 
variability. In contrast, central Pacific (Modoki ENSO) 
SST events relocate the tropical convection, resulting in 
reduced convection close to the dateline and a weaker 
enhancement of convection in the warm pool region 

Fig. 9  a Temperature weight-
ing function for the MSU 
lower-stratospheric channel. b 
The epochal difference (01–05 
minus 92–00) of the MSU 
lower-stratospheric channel 
temperature
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(Fig.  12c). Therefore, the temperature response in the 
TTL is driven mainly by the cooling near the dateline 
and exhibits a uniform response that favors a homogene-
ous change of TLS water vapor throughout the tropics. 
Although central Pacific (Modoki ENSO) SST events 
share some similarities with classical ENSO events 
in their spatial pattern, the westward extension of the 
induced maximum convection toward the western Pacific 
distinguishes their response in the TTL temperature and 
thus their impact on total TLS water vapor variability. 
In addition, it is suggested by Xie et  al. (2014) that the 
Modoki ENSO behaves differently from classic ENSO in 
favoring overshooting of strong convection (higher than 
15 km) in the deep tropics. Thus the Modoki ENSO may 
be more essential than other types of ENSO in the tropics 

to influence the tropical mean water vapor change in the 
lower stratosphere.

7  Discussion and conclusions

The direct effect of the BDC on TLS water vapor variabil-
ity and the sudden drop of the 2000 event has been well 
addressed in previous studies (e.g., Randel et  al. 2006). 
Here we showed that a warming tropical central Pacific 
may also contribute to a steady lower-stratospheric drying 
after 2000 through the enhanced equatorial waves associ-
ated with convection. In particular, this study finds that 
the spatial patterns of change in 100 hPa temperature and 
83 hPa water vapor associated with the 2000 event exhib-
its the largest anomalies over the tropical central Pacific, 

Fig. 10  Same as Fig. 2 but for the first and second MCA modes of 
T100 and 83 hPa water vapor during 1980–2014 using ERA-Interim 
data. In the time series panels, the time series from the correspond-

ing short-time-period calculation (Fig. 2) are superimposed. The time 
axis of the time series of T100 in c and f is shifted by 1  month to 
align with that of the  H2O
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which cannot be fully explained by the BDC forcing. Thus, 
the mechanism proposed here complements the BDC 
mechanism to explain the 2000 drop event from a new 
perspective. Our model simulation forced by tropical SST 
alone also indicates that the contribution of tropical SST 
could explain ~30% of the water vapor epochal change 
from the pre-2000 period to the post-2000 period.

How tropical SST variability and trends can affect the 
stratospheric climate variability is an area of vigorous 
research (Garfinkel et  al. 2013a). Studies suggest numer-
ous key regions in which SST modulates the large-scale 
circulation in the lower stratosphere (Scaife et  al. 2003; 
Rosenlof and Reid 2008; Garfinkel et al. 2013a). This paper 
focuses on the role of the SST variability in the central 
tropical Pacific on the low frequency timescale, which is 

likely caused by natural variability. Research into the future 
change of global radiation budgets relies heavily on numer-
ical models. However, the accuracy of these models to 
simulate the observed coupling between tropical SST and 
TLS water vapor variability is largely untested. The ability 
of the models to simulate the impact of this coupling in the 
tropics was investigated here, and its observed variability 
on inter-annual to inter-decadal time scales over the past 
35 years could serve as a test bed for model evaluation.

We have demonstrated that tropical central Pacific SST 
variability can modulate the rate of moistening in the lower 
tropical stratosphere. SST variability in other tropical 
regions can also have strong impacts on troposphere-strat-
osphere interaction (Scaife et al. 2003; Rosenlof and Reid 
2008; Garfinkel et  al. 2013a). Future changes of different 

Fig. 11  Same as Fig. 5 but for the first and second MCA modes of 
residual T100 and 83 hPa water vapor during 1980–2014 using ERA-
Interim data when the zonal mean component of QBO’s impact 
is removed. In the time series panels, the time series from the cor-

responding short-time-period calculation (Fig.  5) are superimposed. 
The time axis of the time series of T100 in c and f is shifted by 
1 month to align with that of the  H2O
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types of SST modes in the tropics represent a significant 
source of uncertainty for projections of the global radiation 
balance, and have important implications for global climate 
variability.
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