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Analysis of factors influencing tropical lower stratospheric
water vapor during 1980–2017
Jinpeng Lu1, Fei Xie 1✉, Cheng Sun 1, Jiali Luo2, Qifa Cai3, Jiankai Zhang2, Juan Li3 and Hongying Tian2

Tropical cold point tropopause temperature (CPT) anomalies determine lower stratospheric water vapor (LSWV) variations, leading
to a high correlation between variations in tropical average CPT and changes in tropical average LSWV. However, this high
correlation is only found in winter and spring. This work revisits the factors controlling LSWV variations using observations and
simulations over the past ~40 years. It is found that the first and second empirical orthogonal function (EOF) modes of tropical CPT
variations together explain the tropical average LSWV changes much better than the tropical average CPT variations. The high
correlation between the first and second EOF modes of tropical CPT variations and tropical average LSWV changes holds in all four
seasons. A further analysis shows that the first and second EOF modes of tropical CPT variations are related to canonical El
Niño–Southern Oscillation (ENSO) activity and sea surface temperature (SST) variations in the central Pacific Ocean, respectively.
ENSO Modoki is also an important factor that affects LSWV variations by influencing the vertical velocity at the tropopause. The
quasi-biennial oscillation (QBO) affects the CPT, and is the third process modulating the LSWV changes. The simulations also
support the results.
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INTRODUCTION
Stratospheric water vapor (SWV) plays an important role in
regulating the global radiation budget, energy balance, strato-
spheric temperature and chemical processes, and global climate
change1–5. Increases and decreases in SWV have been found to
strengthen and offset global warming effects, respectively6,7.
Therefore, understanding the variations and controlling factors of
SWV is important for the prediction of global climate change.
The main source of water vapor in the middle and upper

stratosphere is methane oxidation in the stratosphere8,9, but in the
lower and middle stratosphere the main source is the transport of
air through upwelling from the tropical tropopause layer (TTL) into
the stratosphere10,11. The influence of SWV variations on climate
change is mainly caused by the variations in the lower and middle
stratosphere6. Brewer12 first showed the large-scale transport of
tropospheric air into the stratosphere in the tropics and its
dehydration by cold temperatures near the tropical tropopause.
Therefore, vertical transport is a factor affecting the variations of
water vapor in the lower stratosphere. Tropical lower SWV (LSWV)
changes have been an active research topic in recent years. Many
studies have investigated LSWV variations and their link with
global climate change13–16.
It is well known that tropical tropopause temperature is the

main factor controlling tropical SWV through dehydration12,17–26,
as determined by dynamical, radiative, and chemical processes in
the TTL27–29. The TTL is not just a geometric surface, but is rather a
thin layer with spatial structure, and various physical processes in
TTL affect water vapor transport through this channel into the
stratosphere11,30,31. Weakening (strengthening) of the strato-
spheric Brewer–Dobson (BD) circulation (e.g., Birner and
Bönisch32) driven by extratropical stratospheric waves increases
(decreases) the tropopause temperature4,5,33–35. In addition, the
temperature of the TTL is also driven by equatorial planetary
waves including both tropical Rossby and Kelvin waves. Several

studies have demonstrated that penetrating deep convection
systems can contribute to LSWV28,36–38. Tropical deep convection
cools the upper part of the TTL through wave-induced upward
motion near the tropopause23,39,40.
As El Niño–Southern Oscillation (ENSO) can influence the

tropical upwelling and tropopause temperature41,42, it is one of
the most important processes controlling LSWV changes on
interannual time scales. The enhanced tropical upwelling warms
the upper troposphere and cools the lower stratosphere in the
tropics during El Niño phases43–46, influencing large-scale tropical
water vapor concentrations18,20,47–50. The vertical propagation of
ultralong Rossby waves is intensified during El Niño activity in the
Northern Hemisphere (NH) during NH winter. Observational
datasets show anomalous increased wave dissipation in the
stratosphere in the NH middle and high latitudes, warming the
Arctic stratosphere and cooling the equatorial stratosphere44,51–55.
This is also supported by simulations43,50,56–61. La Niña activity has
the opposite effect on the middle-latitude and polar strato-
sphere44,61–65.
In recent decades, a change in the ENSO anomaly pattern,

referred to as the Central Pacific (CP) ENSO (or ENSO Modoki),
which is distinct from the familiar Eastern Pacific (EP) ENSO
(canonical ENSO), has gradually become apparent66,67. The
gradient pattern of sea surface temperature (SST) anomalies
(SSTA) of El Niño Modoki leads to a different pattern of
propagation and dissipation of ultralong Rossby waves in the
middle-latitude stratosphere that can affect the stratosphere,
unlike the case for the canonical El Niño. Thus, the climatic effects
of ENSO Modoki on stratospheric circulation are different from
those of the canonical ENSO50,63,68–75. The variations in convection
and circulation patterns resulting from SSTAs have been shown to
significantly influence tropopause temperatures76. Walker circula-
tion patterns and the effects of convection anomalies caused by El
Niño Modoki activity can extend to the TTL. Xie et al.50 found that
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ENSO Modoki caused changes in the tropopause temperature and
SWV anomalies, although the influence of ENSO Modoki is smaller
than that of the canonical ENSO. Ding and Fu77 also presented
observational and modeling evidence that the epochal change of
water vapor between 1992–2000 and 2001–2005 was also partly
caused by a concurrent SST warming in the tropical central Pacific.
This SST warming cools the TTL78 overhead by enhancing
equatorial-wave-induced upward motion near the tropopause,
which consequently reduces the amount of water vapor entering
the stratosphere. Thus, ENSO Modoki is also an important process
controlling LSWV changes on interannual time scales.
The quasi-biennial oscillation (QBO) is a downward-propagating

oscillating pattern of equatorial stratospheric winds and tempera-
tures with a period of ~2 years. As early as 1964, Reed79 pointed
out the meridional circulation induced by the QBO would produce
a QBO signal in total column ozone. The tropopause temperature
changes associated with the QBO drive an ~2-year periodicity in
water vapor interannual anomalies near the tropical tropopause,
and these propagate with the mean stratospheric transport
circulation (in a manner similar to the seasonal “tape recorder”)
vertically and latitudinally80. Geller et al.48 showed that QBO-
induced mean meridional circulation led to the dynamical
redistribution of water vapor in the middle and upper strato-
sphere, and that the dehydration signal accompanying the QBO
variation of the tropical cold point tropopause caused the “tape
recorder” pattern, which dominated QBO water vapor variability.
During an easterly QBO phase (EQBO), the upwelling anomalies

in the lower stratosphere at the equator lead to a negative
anomaly in tropopause temperature. As expected from the thermal
wind relationship, a descending westerly QBO phase (WQBO), in
which warm temperature anomalies near the tropopause are
associated with positive (westerly) wind shear, will take 2–3 months
to propagate downwards from 50 hPa to the tropopause81. Thus,
the QBO can affect the upper part of the TTL and act as the primary
perturbation of TTL temperature that influences the LSWV on
interannual time scales17,82. Ding and Fu77 showed that the
influence of the QBO (at 50 hPa) on temperature over 15°S–15°N at
85 hPa and water vapor at 83 hPa in the lower stratosphere were
well correlated, and that the QBO (at 50 hPa) affected SWV by
influencing the tropopause temperature.
Although there have been many studies investigating the LSWV

variations and related mechanisms and drivers, there are still some
aspects that require further analysis. For example, it is well known
that tropopause temperature is the main factor controlling the
variations in LSWV. However, Rosenlof83 pointed out that vertical
transport may also have important effects on LSWV changes. Is it
possible to separate the contributions of tropopause temperature
and vertical transport intensity near the tropopause to SWV
variations? Many studies have investigated the effects of ENSO
and the QBO on lower stratospheric water variations. ENSO and
the QBO first influence the tropopause temperature or the vertical
velocity before affecting water vapor. However, the relationships
among ENSO or the QBO (the indirect factors for water vapor
changes), tropopause temperature or vertical velocity (the direct
factors for water vapor changes), and LSWV changes are not clear.
This work investigates these issues using observations, reanalysis,
and long-term model data.

RESULTS
Factors influencing leading mode of tropical LSWV changes
Figure 1 shows monthly time series of water vapor anomalies
averaged over 30°S–30°N at 85 hPa with the annual cycle and
linear trend removed from the original Modern-Era Retrospective
analysis for Research and Applications, Version 2 (MERRA-2)
reanalysis data (1980–2017, red line) and Stratospheric Water
and Ozone Satellite Homogenized (SWOOSH) data (1984–2017,

blue line). This two time series are highly consistent over their
overlapping period (Fig. 1). Although the SWOOSH dataset is a
merged dataset of SWV measurements taken by a number of limb
sounding and solar occultation satellites, there are still many
missing values that can affect an analysis of horizontal variations.
Therefore, we use MERRA-2 reanalysis water vapor data in this
study.
First, we perform an empirical orthogonal function (EOF)

analysis of LSWV anomalies within 30°S–30°N at 85 hPa based
on MERRA-2 data for the period 1980–2017 to investigate the
characteristics of water vapor variations and possible factors
affecting the corresponding leading modes (Fig. 2). The first EOF
mode of water vapor (EOF_WV1) accounts for 47.0% of the
variance (Fig. 2a). The correlation coefficient between the first
temporal mode of water vapor (PC_WV1) and the time series of
LSWV is 0.96, significant at the 95% confidence level (Fig. 2b),
implying that the EOF_WV1 captures the main characteristics of
changes of water vapor in the stratosphere. In agreement with
previous studies, the spatial structure of EOF_WV1 is symmetric
about the equator77. There are positive water vapor anomalies in
the tropical lower stratosphere in the regions 30°S–30°N, 0°–180°E
and 30°S–30°N, 120°W–0° (Fig. 2a). Note that the amplitude of
water vapor anomalies over 60°E–180° is much larger than over
60°W–0°. As the TTL over the western Pacific Ocean is the main
channel through which water vapor enters the stratosphere19,84,
the amplitude of the water vapor anomalies at 60°E–180° is large.
Negative water vapor anomalies are found between 180° and 120°
W. The temperature of the tropopause is known to be the main
factor controlling tropical SWV through dehydration11,12,17–19,21–24.
The correlation coefficient between PC_WV1 and the time series
of tropical cold point tropopause temperature (CPT) is 0.70,
significant at the 95% confidence level (Fig. 2c).
An EOF analysis of CPT changes within 30°S–30°N for the period

1980–2017 is performed on MERRA-2 data. The temporal first and
second principal components of CPT variations are hereafter
referred to as PC_T1 and PC_T2, respectively. It is interesting that
the correlation coefficient between PC_WV1 and the combination
of the first two principal components (PC_T1+ PC_T2) based on
the combination of the variances is 0.89 (Fig. 3a), which is
significant at the 95% confidence level. After analyzing the range
of uncertainty in the correlation coefficients, it is found that 0.89 is
significantly higher than that between PC_WV1 and the time
series of tropical CPT (0.70; Fig. 2c). The correlation coefficient
between (PC_T1+ PC_T2) and the tropical LSWV time series is
0.84, significant at the 95% confidence level (Fig. 3b). Figure 3c–f
shows scatter plots of LSWV anomalies versus (PC_T1+ PC_T2)
variations in all four seasons. The correlation coefficients between

Fig. 1 The time series of water vapor anomalies at 85 hPa from
different data. Monthly mean time series of water vapor anomalies
at 85 hPa (water vapor anomalies at 85 hPa are an average over
100–70 hPa, here and in later figures) in the tropics (30°S–30°N). For
SWOOSH data (1984–2017; blue line), MERRA-2 reanalysis data
(1980–2017; red line), and WACCM4 data (1955–2005; black line).
Anomalies are obtained by removing the annual cycle and linear
trend from the original data. Asterisks indicate that the correlation
coefficient (R) is significant at the 95% confidence level.
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LSWV anomalies and (PC_T1+ PC_T2) variations in winter, spring,
summer, and autumn are 0.86, 0.84, 0.89, and 0.90, respectively.
Randel and Jensen11 have shown that the correlation coefficients
between LSWV and tropopause temperature are high only in
winter and spring (r= 0.89), and are low in summer and autumn
(r= 0.39). Our results better explain the LSWV variations with CPT.
Individual components of the CPT change (like the first and
second modes), rather than the total CPT change, have a greater
impact on LSWV variations. This suggests that using only the first
and second modes of CPT changes may aid investigations of the
relationship between CPT and LSWV.
What are the factors affecting the first and second modes of

CPT changes? Figure 4a and c shows the first and second spatial
modes from the EOF analysis of CPT variability (EOF_T1 and
EOF_T2). The EOF_T1 accounts for 32.7% of the variance. The

pattern of EOF_T1 (Fig. 4a) is similar to the CPT anomalies caused
by the canonical ENSO, because convection anomalies during
canonical ENSO events influence Rossby wave divergence and
tropical upwelling anomalies that further influence the tropopause
temperature in the tropics18,19,47–50,85. The time series of PC_T1
and the NINO3.4 index (Fig. 4b) reveals a high correlation (r=
0.79). This implies that the canonical ENSO may influences the CPT
and thus modulates the LSWV. EOF_T2 accounts for 19.7% of the
variance and has positive temperature anomalies in the region
30°S–30°N and 120°E–120°W (Fig. 4c). Ding and Fu77 found that
SST warming in the tropical central Pacific cools the TTL by
enhancing the equatorial-wave-induced upward motion near the
tropopause, which consequently reduces the amount of water
vapor entering the stratosphere. The pattern evident in Fig. 4c is
similar to those of Figs 5, 7, and 8 of Ding and Fu77. Thus, there is a

Fig. 2 The first spatial mode of the EOF analysis of LSWV variations. The first spatial mode of the EOF analysis of LSWV variations is
EOF_WV1 and the temporal mode is PC_WV1. LSWV variations are at 85 hPa for the period 1980–2017 using MERRA-2 data covering 30°S–30°
N. LSWV variations were obtained by removing the annual cycle and linear trend from the original time series at each grid cell. The square-
root of the cosine of latitude was used for the weighting function in the EOF analysis. a EOF_WV1. The value in the upper right corner is the
explained variance of the mode. b PC_WV1 (black line) and the time series of water vapor anomalies averaged at 85 hPa in the tropics
(30°S–30°N; WV; red line). c PC_WV1 (black line) and the time series of CPT anomalies averaged in the tropics (30°S–30°N; CPT; red line). The
values in the upper right corner in b and c are the correlation coefficients.
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Fig. 3 LSWV anomalies versus the tropopause temperature variability. EOF analysis of CPT variability for the period 1980–2017 using
MERRA-2 data covering 30°S–30°N. The first, second and third spatial modes from the EOF analysis of CPT variability are EOF_T1, EOF_T2, and
EOF_T3, respectively. The first, second, and third temporal modes are PC_T1, PC_T2, and PC_T3, respectively. a PC_WV1 (black line) and
(PC_T1+ PC_T2; red line). PC_WV1 is the first temporal mode of LSWV variations as defined in Fig. 2. b Time series of average water vapor
anomalies in the tropics (30°S–30°N) at 85 hPa (black line) and (PC_T1+ PC_T2; red line). Scatter plots of water vapor anomalies at 85 hPa
versus (PC_T1+ PC_T2) in NH c winter, d spring, e summer, and f autumn. The values in the upper right corner are the correlation coefficients.
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good correlation between PC_T2 and SST in the tropical central
Pacific (Fig. 4d). Figure 4d agrees with Fig. 6 of Ding and Fu77.
The above analysis shows that the first and second modes of

CPT can explain the first mode of tropical LSWV variations (or
average tropical LSWV). Figure 4e shows the combination
of EOF_T1 and EOF_T2. The combined temperature anomalies in
the tropics have two positive centers in the regions 0–180°E and
120°W–0°, corresponding closely to the structure of EOF_WV1
(Fig. 2a). This further indicates a joint effect of the first and second
modes of CPT on LSWV variations. Note that although the variance
of EOF_T1 is larger than that of EOF_T2, EOF_T1 (Fig. 4a) has a
dipole structure with positive and negative centers, whereas
EOF_T2 has only positive anomalies (Fig. 4c). Therefore, EOF_T2
makes a greater net contribution to SWV variations than does
EOF_T1. This is why Ding and Fu77 found that the warming of the
central Pacific Ocean resulted in a cooling of the tropopause,
which is the main cause of drying in the stratosphere.

Factors influencing residual modes of tropical LSWV changes
We next analyze the changes of residual LSWV and related
controlling factors. Note that for this we do not directly analyze
the second and higher modes from the above EOF analysis of
LSWV variations (Fig. 2). We first remove the first mode [PC_WV1,
which is related to (PC_T1+ PC_T2)] from the LSWV variations by
regression. Then, we apply EOF analysis to the residual LSWV
variations and investigate the first leading mode of this residual
LSWV. This method helps to analyze the key factors without the
effects from interference factors. The first mode of the residual
LSWV variations (EOF_R_WV1) accounts for 49.2% of the variance

of the residual variations (Fig. 5a). It has a tripolar structure—i.e.,
positive water vapor anomalies in the regions 0°–90°E and 0°–150°
W, and negative anomalies at 90°E–150°W. Figure 5b shows the
first temporal mode of residual LSWV variations (PC_R_WV1) and
the EMI (the definition of EMI please sees “Data and model”
section) for the period 1980–2017. The correlation coefficient
between PC_R_WV1 and EMI is 0.51, significant at the 95%
confidence level (Fig. 5b). This suggests that the first mode of
residual LSWV variations may be related to ENSO Modoki events.
Figure 5c shows the composite CPT anomalies according to the
EMI. There are positive temperature anomalies in the regions
0°–120°W and 60°E–120°E, and negative anomalies at 120°E–120°
W (Fig. 5c). This agrees with the results of Xie et al.50. However, the
locations of the negative centers in Fig. 5c are not the same as in
Fig. 5a suggesting that the CPT anomalies related to ENSO Modoki
events may not be the main cause of the first mode of residual
LSWV variations.
As pointed out by previous studies (e.g., Rosenlof83), the

variations of water vapor in the lower stratosphere are affected by
tropopause temperature as well as by the strength of vertical
transport—i.e., stronger upwelling transports more water vapor
into the stratosphere. We use the vertical velocity anomalies in the
tropopause to represent the strength of vertical transport in this
study. The vertical velocity variations are highly correlated with
the EMI in the region 30°S–30°N and 120°E–150°W (Fig. 5d, r=
0.58), where water vapor anomalies reach their maxima in Fig. 5a.
Figure 5e shows the composite water vapor anomalies at 85 hPa
may be related to the vertical velocity variations. Similar to Fig. 5a,
there is a tripolar structure—i.e., positive water vapor anomalies in

Fig. 4 Canonical ENSO events and SST in the tropical central Pacific controlling tropopause temperature changes. a EOF_T1; b PC_T1
(black line) and the NINO3.4 index (red line); c EOF_T2; d Spatial pattern of correlation coefficients between PC_T2 and SST; and e EOF_T1+
EOF_T2. Please refer to the caption of Fig. 3 for descriptions of EOF_T1, EOF_T2, PC_T1, and PC_T2.
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the regions 90°E–150°E and 0°–150°W, and negative anomalies at
150°E–150°W (Fig. 5e). The locations of negative centers in Fig. 5e
are in good agreement with those of Fig. 5a, implying that the first
mode of residual LSWV variations may be related to vertical
velocity anomalies associated with ENSO Modoki events.
We next analyze the changes of residual LSWV after removing

both PC_WV1 and PC_R_WV1 from LSWV changes by regression.
The first spatial mode of residual LSWV changes is EOF_RR_WV1,
which accounts for 49.6% of the variance and has a symmetric
banded structure across the equator (Fig. 6a)—i.e., negative water
vapor anomalies in 15°S–15°N and positive anomalies in 15°S–30°S
and 15°N–30°N. The first temporal mode of these residual LSWV
changes (PC_RR_WV1) is significantly correlated with the third
mode of CPT changes (Fig. 6b, PC_T3, r= 0.68). This suggests that
the third mode of CPT variations also affects the SWV changes.
The spatial structure of the third mode of CPT changes (EOF_T3,
accounting for 7.8% of the variance, Fig. 6c) is consistent with
EOF_RR_WV1 (Fig. 6a), which also has a symmetric banded
structure across the equator. It is well known that the QBO can
affect tropopause temperature. The PC_T3 has a quasi-2-year cycle

(Fig. 6b) and the correlation coefficient between the QBO index
and PC_T3 is 0.65 (Fig. 6d). EOF_T3 also has symmetric positive
and negative phases (Fig. 6c). Thus, the net impact of the third
mode of CPT, which is related to the QBO, on the SWV is weak. As
EOF_WV1, EOF_R_WV1, and EOF_RR_WV1 explain nearly 80% of
the variance (47.0% for EOF_WV1, (49.2% of 16.9%) of EOF_R_WV1
and (49.6% of 5.5%) of EOF_RR_WV1) of tropical SWV variation, the
changes of other modes of residual LSWV will not be analyzed
further.

Supported by simulation
The SWV variations from version 4 of the Whole Atmosphere
Community Climate Model (WACCM4) data are consistent with
those from SWOOSH data during the overlapping time period
(Fig. 1). Thus, the WACCM4 data for the longer period (1955–2005)
are used to perform the same analysis to confirm the results of
MERRA-2. Figure 7 shows the characteristics of water vapor
variations of the corresponding leading modes within 30°S–30°N
at 85 hPa based on WACCM4 data for 1955–2005 and possible
drivers. Using the same methods as for MERRA-2 data, we

Fig. 5 The impact of ENSO Modoki on the LSWV variations by vertical transport. EOF analysis of residual LSWV variations at 85 hPa for the
period 1980–2017 using MERRA-2 data covering 30°S–30°N. The spatial mode of the first EOF mode is EOF_R_WV1 and its temporal mode is
PC_R_WV1. Residual LSWV variations are obtained by removing PC_WV1 from LSWV variations by regression. a EOF_R_WV1; b PC_R_WV1
(black line) and the EMI (red line); c Composite CPT anomalies from MERRA-2 data between positive and negative ENSO Modoki events for the
period of 1980–2017 based on the EMI; d 150 hPa vertical velocity variations (ω (omega), black line) and the EMI (red line); ω (omega)
variations are averaged in the region 30°S–30°N and 120°E–150°W; and e Composite 85 hPa water vapor anomalies from MERRA-2 data
between positive and negative ω (omega) events for 1980–2017 based on the ω (omega) variations in d. A positive (negative) standard
deviation of EMI and ω (omega) variations is used as a threshold to select positive (negative) events. Details of selected events are not shown.
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obtained EOF_WV1 (Fig. 7a), EOF_R_WV1 (Fig. 7c), and
EOF_RR_WV1 (Fig. 7e) from WACCM4 data. Their spatial structures
are similar to those from MERRA-2 (Figs 2a, 5a, and 6a). The
explained variances of EOF_WV1, EOF_R_WV1, and EOF_RR_WV1
from WACCM4 data are 75.3%, 76.1%, and 69.3%, somewhat larger
than in Figs 2a, 5a, and 6a. The correlation coefficient between
PC_WV1 and (PC_T1+ PC_T2) is 0.58, significant at the 95%
confidence level (Fig. 7b). The correlation coefficient between
PC_R_WV1 and EMI reaches 0.44 (Fig. 7d). PC_RR_WV1 is also
correlated with the third mode of tropopause temperature
changes (PC_T3, r= 0.36). Results of the simulation support the
conclusions reached using MERRA-2 data.

DISCUSSION
We investigated factors affecting LSWV variations from 1980 to
2017 using MERRA-2 reanalysis data and from 1955 to 2005 with
WACCM4 simulation data, and identified mechanisms affecting
water vapor in the lower stratosphere. The most important direct
factors affecting the first mode of LSWV changes from 1980 to
2017 are the first and second modes of CPT changes, and the
corresponding indirect drivers are the canonical ENSO (EP ENSO)
activity and the variations of SST in the central Pacific Ocean. The
second most important direct process affecting LSWV changes
from 1980 to 2017 may be related to the change in vertical
velocity near the tropopause, and the corresponding indirect
driver is ENSO Modoki (CP ENSO) activity. The third mode of CPT
changes also have a direct influence on water vapor changes in
the lower stratosphere, and this direct factor is related to the QBO.
Results suggest that the canonical ENSO, SST in the central Pacific
Ocean, and the QBO can affect the CPT and thus influence the
LSWV. However, ENSO Modoki influences the LSWV may be
related to vertical velocity near the tropopause.
Here we discuss why the two types of ENSO affect SWV through

different mechanisms. ENSO events can influence tropopause
temperature and vertical velocity. The main mode of tropopause

temperature variations is related to changes in equatorial
planetary waves including tropical Rossby and Kelvin waves in
response to ENSO23,39,86. ENSO influences the deep convection
that further affects vertical velocity near the tropopause87. Xie
et al.50 showed that the tropopause temperature responses to the
canonical ENSO are stronger than those to ENSO Modoki.
However, Xie et al.88 showed that the impact of ENSO Modoki
events on deep convection is stronger than that of the canonical
ENSO. This may explain why the canonical ENSO influences SWV
via tropopause temperature but ENSO Modoki influences SWV via
vertical transport.
Another issue worth discussing is that ENSO Modoki influences

the variations of the SST in the central Pacific Ocean, it is hard to
separate the effects of SST anomalies in the central Pacific Ocean
and ENSO Modoki events on stratosphere. Note that the index of
SST in the central Pacific is somewhat different from the EMI, and
the pattern of SST anomalies in the central Pacific is also different
from that of ENSO Modoki. Ding and Fu77 showed that SST in the
central Pacific Ocean influences upwelling due to the modulation
of wave activity, which further influences tropopause temperature
and water vapor. However, Xie et al.88 found that ENSO Modoki
influences deep convection and further affects water vapor. This
may be the different pathways or mechanisms by which the two
linked patterns of the Central Pacific Ocean SST anomalies
affecting the stratosphere. But it is indeed a more complex issue
that needs further discussion and study in future work.

METHODS
Linear regression analysis
Linear regression analysis is on the basis of the assumption that the
controlling factors are orthogonal to each other, and directly subtracting
the signal obtained by the regression from raw time series can remove the
signal in the LSWV variations. Removing other signals from the LSWV
variations by regression, it reduces the influences from other signals when
investigating the main signal in the LSWV variations. This method helps to
analyze the key factors without the effects from interference factors.

Fig. 6 The impact of QBO on the LSWV variations. EOF analysis of residual LSWV variations at 85 hPa for the period 1980–2017 using MERRA-
2 data covering 30°S–30°N. The spatial mode of the first EOF mode is EOF_RR_WV1 and the temporal mode is PC_RR_WV1. The residual LSWV
variations used here are obtained by removing PC_WV1 and PC_R_WV1 from LSWV variations by regression. a EOF_RR_WV1; b PC_RR_WV1
(black line) and PC_T3 (red line); c EOF_T3; and d 50 hPa QBO index (inverted for ease of comparison) (black line) and PC_T3 (red line). PC_T3 is
defined in the caption of Fig. 3.
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Data
Monthly water vapor data are taken from the Stratospheric Water and
Ozone Satellite Homogenized (SWOOSH) dataset, which is a merged record
of stratospheric ozone and water vapor measurements taken by a number
of limb sounding and solar occultation satellites over the period from 1984
to 2018. Its primary product is a monthly mean zonal-mean gridded dataset
(2.5° from 89°S to 89°N) containing ozone and water vapor data from the
SAGE-II/III, UARS HALOE, UARS MLS, and Aura MLS instruments. The vertical
pressure range of the water vapor data is 316–1 hPa (31 levels). For more
information, see Davis et al.89. Another monthly water vapor data over the
period from 1980 to 2017 are taken from the state-of-the-art atmospheric
reanalysis, the MERRA-2, which was developed by the NASA Global
Modeling and Assimilation Office (GMAO) and is described in Gelaro et al.90.
The underlying atmospheric general circulation model (AGCM) is the GEOS-
5 atmospheric model including the dynamical core. Its horizontal grid is a
cubed sphere, with an approximate grid spacing of 0.5° in latitude and
0.625° in longitude, with 72 hybrid-eta levels from the surface to 0.01 hPa.
Other meteorological values come from MERRA-2.

Indices introduction
Following Dessler et al.24, the QBO index used in this work is normalized
zonal-mean zonal wind along the equator at 50 hPa. The easterly QBO
phase (EQBO) is defined as the deseasonalised monthly zonal-mean zonal
wind ≤−2m s−1, and the westly QBO phase (WQBO) is defined as the
deseasonalised monthly zonal-mean zonal wind ≥2m s−1 91. The monthly
NINO3.4 and Modoki indices (hereafter EMI) are used to represent monthly
characteristics of canonical ENSO events and ENSO Modoki events,

respectively. The NINO3.4 index is defined as the area-mean SSTA over
the region (5°N–5°S, 120°W–170°W).
The EMI was defined as follows (Ashok et al.92):

EMI ¼ SSTA½ �C�0:5 ´ SSTA½ �E�0:5 ´ SSTA½ �W (1)

Terms in the formula represent the area-mean SSTA. [SSTA]C is the mean
over the central Pacific region (10°S–10°N, 165°E–140°W), [SSTA]E is over
the eastern Pacific region (15°S–5°N, 110°W–70°W), and [SSTA]W is over the
western Pacific region (10°S–20°N, 125°E–145°E). SST data are obtained
from the Met Office Hadley Center SST (HADSST) dataset.

WACCM4
WACCM4 is part of the Community Earth System Model (CESM) framework
developed by the National Center for Atmos93. In this study, we use version
CESM1.0.6. WACCM4 also encompasses the Community Atmospheric Model
version 4 (CAM4), and as such includes all of its physical parameterizations94.
This improved version of WACCM uses a coupled system made up of four
components, namely atmosphere, ocean95, land, and sea ice96. WACCM4
uses a finite-volume dynamical core, with 66 vertical levels extending from
the ground to 5.1 × 10−6 hPa (~145 km geometric altitude), and a vertical
resolution of 1.1–1.4 km in the tropical tropopause layer and the lower
stratosphere (located below a height of 30 km). The simulations presented in
this paper are performed at a horizontal resolution of 1.9° × 2.5°, and include
interactive tropospheric and stratospheric chemistry97. More details about
WACCM4 are available in Marsh et al.98. To obtained a longer period data of
water vapor, a historical run from 1955 to 2005 is performed used WACCM4.
SST based on the HadISST dataset; surface emissions obtained from the

Fig. 7 EOF analysis of LSWV variations from WACCM4 data. a, b As in Figs 2a and 3a, c, d as in Fig. 5a, b, and e, f as in Fig. 6a, b, but for
results of the EOF analysis and correlation obtained from WACCM4 water vapor. The WACCM4 water vapor covering 30°S–30°N at 85 hPa for
the period of 1955–2005.

J. Lu et al.

8

npj Climate and Atmospheric Science (2020)    35 Published in partnership with CECCR at King Abdulaziz University



RCP45 emissions scenario developed by CMIP5; spectrally resolved solar
variability; volcanic aerosols (from the SPARC CCMVal REF-B2 scenario
recommendations); for this kind of experiment, the QBO is forced like ENSO
forcing, ENSO would be set by SST and QBO is set by zonal wind.
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