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Abstract The recent intensification of trade winds over the tropical Pacific is the strongest ever
observed in the past hundred years. This strengthening trend is of great interest in recent research, but
the causes are still unclear. Using two relatively long-term surface wind data sets, the present research
shows that there is an overall strengthening trend of the trades in the western equatorial Pacific and an
overall weakening trend in the eastern equatorial Pacific. This long-term trend pattern can be primarily
attributed to the cold tongue mode (CTM) rather than to the impact of El Nifio-Southern Oscillation
(ENSO), El Niflo Modoki, or Interdecadal Pacific Oscillation (IPO). The CTM, the second empirical
orthogonal function mode of the sea surface temperature anomalies (SSTA) in the tropical Pacific,
represents a strong long-term trend of tropical Pacific background state under global warming. According
to the Gill-Matsuno theory, the easterly winds over the western equatorial Pacific are induced by the
equatorial Pacific cooling and warming SSTA associated with the CTM, while the westerly winds over the
eastern equatorial Pacific is primarily due to the eastern equatorial Pacific cooling SSTA associated with
the CTM. Ultimately, an alternative explanation of past and future changes of the trades is expected to lead
to improved understanding of the global climatic impacts of the enhanced trades in tropical Pacific under
global warming.

1. Introduction

The trade winds over the tropical Pacific play an important role in global climate change. For example, the
trade winds modulate the El Nifio—Southern Oscillation (ENSO) cycle via the Bjerknes feedback (e.g.,
Battisti & Hirst, 1989, Bjerknes, 1969, Jin, 1997a, 1997b, Ren & Jin, 2013, Suarez & Schopf, 1988, Zheng
et al., 2014, 2016); enhanced trade winds transport and converge moisture into the Eastern Hemisphere
monsoon regions, which leads to increased global monsoon precipitation (Wang et al., 2012); and the trade
winds play an important role in the Asian-Australian monsoon system (e.g., Li et al., 2011; Li & Zhang, 2008;
Yang et al., 2017; Yang et al., 2017), American monsoon system (e.g., Vera et al., 2006), and ENSO diversity
(e.g., Chen et al., 2015, Lian et al., 2014). Recently, Boisséson et al. (2014) showed that the strengthening of
trade winds over the Pacific is a robust feature in several observational data sets as well as in reanalyses
based on full and limited sets of observations. Particularly, the recent intensification of trade winds is the
strongest ever observed in the past hundred years (e.g., Takahashi & Watanabe, 2016). There is a widespread
view that the strengthening trade winds are associated with various interesting phenomena such as the glo-
bal warming hiatus (e.g., Kosaka & Xie, 2013; Trenberth & Fasullo, 2013) and increased ocean heat uptake
(e.g., Balmaseda et al., 2013, England et al., 2014). Therefore, understanding of the strengthening of the trade
winds is of great importance for understanding air-sea interaction in the tropical Pacific, ENSO diversity, the
global monsoon, and global warming. However, the causes of the strengthening trade winds are still unclear
(e.g., Takahashi & Watanabe, 2016).

Recent studies have suggested that the strengthening trade winds may be explained by the natural internal
variability in the Pacific, such as the El Nifio Modoki (EM; e.g., Sohn et al., 2013), the Interdecadal Pacific
Oscillation (IPO; e.g., Dong & Zhou, 2014, England et al., 2014, Ma & Zhou, 2016), and the centennial-scale
variability (e.g., Giese & Ray, 2011; Ray & Giese, 2012). The EM (Ashok et al., 2007), also referred to the date-
line El Nifio (Larkin & Harrison, 2005), Central Pacific El Nifio (Kao & Yu, 2009), or warm pool El Nifio
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(Kug et al., 2009), has become increasingly common in the past three decades (e.g., Ashok et al., 2007; Ding
etal., 2015; Ding et al., 2015; Feng & Li, 2011; Feng & Li, 2013; Kao & Yu, 2009; Karnauskas, 2013; Kug et al.,
2009; Ren et al., 2013; Ren & Jin, 2011; Takahashi et al., 2011; Zhang et al., 2011; Zhang et al., 2013, 2014).
The EM is characterized by maximum sea surface temperature anomaly (SSTA) in the central equatorial
Pacific, while the maximum SSTA in a conventional El Nifio is located in the eastern equatorial Pacific.
McPhaden et al. (2011) argued that the asymmetric spatial structures of these two different El Nifio events
could modulate the tropical Pacific mean state and thus explain the recent cooling SSTA in the eastern tro-
pical Pacific. Furthermore, Sohn et al. (2013) pointed out that the recent more frequent occurrences of EM
events intensified the Walker circulation and thus enhanced trade winds over the equatorial Pacific.
Meanwhile, England et al. (2014) suggested that the recent IPO variability may have enhanced the trade
winds over the tropical Pacific. In addition, Giese and Ray (2011) and Ray and Giese (2012) argued a centen-
nial modulation in the strength of El Nifio from late nineteenth century to late twentieth century. This indi-
cates that the centennial-scale variability may contribute to the trades trend, because the zonal SST gradient
over the tropical Pacific are crucial in determining Walker circulation or trades trend (e.g., Meng et al., 2012,
Sandeep et al., 2014).

Although there is uncertainty at the beginning of the century due to the lower observational density in the
earlier part of the record (e.g., Compo et al., 2011), the strengthening trend of Pacific Walker circulation or
trades since 1950 is a robust feature in multiple data sets (e.g., L'Heureux et al., 2013) and its associated
increasing trend of zonal SST gradient over the equatorial Pacific since 1900 has also been found in multiple
observational data sets (e.g., Cane et al., 1997, Li et al., 2017, Solomon & Newman, 2012). Particularly, many
studies have reported that the intensification of the tropical Pacific trade winds over the past two decades is
the strongest in the past century (e.g., Boisséson et al., 2014; England et al., 2014; L'Heureux et al., 2013;
Takahashi & Watanabe, 2016). These results suggested that natural internal variability alone may not
explain the strengthening trade winds.

Some studies have also emphasized the important role of external forcing in the strengthening of trade winds
in the tropical Pacific (e.g., L'Heureux et al., 2013; Li & Ren, 2012; Zhang & Karnauskas, 2016). For example,
L'Heureux et al. (2013) found a strengthened Walker circulation using 10 different sea level pressure data
sets. They further pointed out that the intensification of the Walker circulation is associated with the La
Nifna-like pattern of the long-term trend of tropical Pacific SSTA, with greater cooling SSTA in the eastern
tropical Pacific than in the west. Although there are large discrepancies between the various estimates of
long-term change in the tropical Pacific under global warming (e.g., Collins et al., 2010, Vecchi et al.,
2008), many observations have confirmed that the long-term trend of tropical Pacific SSTA is characterized
by cooling in the eastern equatorial Pacific and warming elsewhere in the tropical Pacific (i.e., a La Nifia-like
pattern; e.g., Cane et al., 1997, Coats & Karnauskas, 2017, Compo & Sardeshmukh, 2010, Funk & Hoell,
2015, Karnauskas et al., 2009, Li et al., 2015, Li et al., 2017, Solomon & Newman, 2012, Zhang et al.,
2010). Furthermore, the accelerating equatorial undercurrent, accelerating subtropical cells in the tropical
Pacific, and the subsurface cooling in the eastern equatorial Pacific associated with the La Nina-like pattern
have also been found in multiple observational data sets (e.g., Drenkard & Karnauskas, 2014, Li et al., 2017,
Yang et al., 2014). In particular, the La Nifia-like pattern in the tropical Pacific is dominated by ocean dyna-
mical process, whereby vigorous upwelling of cold water in the eastern equatorial region causes the slower
warming in the eastern Pacific than in the western Pacific (e.g., Cane et al., 1997; Clement et al., 1996;
DiNezio et al., 2009; Karnauskas et al., 2009; Li et al., 2015, 2017; Seager & Murtugudde, 1997; Sun & Liu,
1996; Zhang et al., 2010).

The above studies (e.g., Dong & Zhou, 2014; England et al., 2014; L'Heureux et al., 2013; Li & Ren, 2012; Ma
& Zhou, 2016; Sohn et al., 2013; Zhang & Karnauskas, 2016) suggested that natural internal variability and
global warming can both contribute to the long-term trend of the trade winds. However, it is not yet clear
which plays the major role. And, whether the long-term trend of the trade winds along the equatorial
Pacific is strengthening uniformly is still pending. Therefore, the primary objective of the present study is
to analyze the long-term trend of tropical Pacific trade winds and to understand the fundamental drivers
of this long-term trend. Efforts are made to address the following specific questions: What is the long-term
trend of trade winds over the tropical Pacific? What are the causes of the trends, if they exist? These questions
are discussed in section 3. Section 2 briefly introduces the observational data sets and methods. Conclusions
and a discussion are presented in section 4.
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2. Data, Indices, and Methodology
2.1. Data

We used two relatively long-record surface wind data sets to investigate the long-term trend of the tropical
Pacific trade winds. The first is the European Centre for Medium-Range Weather Forecasts (ECMWF)'s
atmospheric reanalysis of the 20th Century (ERA20C), and the second is the Twentieth Century
Reanalysis Version 2 (20CR2). Furthermore, previous studies have showed that the trade winds of the
ERA20C and 20CR2 data sets are highly consistent with those of the ERA-Interim data sets (e.g.,
Boisséson et al., 2014, England et al., 2014). The ERA20C data set with 1.0° X 1.0° horizontal resolution
covers the period 1900-2010 (Poli et al., 2016). Its observations assimilated include surface pressure from
the International Surface Pressure Databank-Version 3.2.6 and ICOADS Version 2.5.1 and surface wind over
the oceans from ICOADS Version 2.5.1. The 20CR2 data set with 2.0° X 2.0° horizontal resolution covers the
period 1871-2012 (Compo et al., 2011). This data set is a comprehensive global atmospheric circulation data
set and contains a synoptic-observation-based estimate of global tropospheric variability. In this study, the
overlapping period (i.e., 1900-2010) of the ERA20C and 20CR2 data sets is used to study the long-term trend
of the tropical Pacific trade winds. In addition, the monthly SST data set used in this study is the UK Met
Office Hadley Centre Sea Ice and SST version 1 (HadISST1), whose horizontal resolution is 1.0° x 1.0°
(Rayner et al., 2003). Also used is the fourth UK Met Office Hadley Centre and Climatic Research Unit
Global Land and Sea Surface Temperature Data Set (HadCRUT4) on a 5° x 5° grid (Morice et al., 2012).
Note that the mean seasonal cycle of all data sets from 1961 to 1990 has been removed.

2.2. Indices

The monthly Nifio 3 index (5°S-5°N, 150°W-90°W), the EM index (hereafter EMI), and the IPO index are
used in this study. Following Ashok et al. (2007), the EMI is defined as follows:

EMI = [SSTA].—0.5[SSTA],—0.5[SSTA], 1)

where square brackets with a subscript represent the area-mean SSTA over the central Pacific region
(C: 10°S-10°N, 165°E-140°W), eastern Pacific region (E: 15°S-5°N, 110°-70°W), and western Pacific region
(W: 10°S-20°N, 125-145°E).

Following Henley et al. (2015), the tripole index for the IPO is based on the difference between the SSTA
averaged over the central equatorial Pacific and the average of the SSTA in the northwest and southwest
Pacific. The tripole index is defined as follows:

[SSTA], + [SSTA],

TPI = [SSTA],— 5

)
where square brackets with a subscript represent the area-mean SSTA over region 1 (25°S-45°N,
140°E-145°W), region 2 (10°S-10°N, 170°E-90°W), and region 3 (W: 50°S-15°N, 150°E-160°W).

2.3. Methodology

Several statistical methods were used in this study. The primary method is trend analysis. Trends were
calculated as the Theil-Sen median slope (Sen, 1968; Theil, 1950) and tested for statistical significance using
the Mann-Kendall test. Note that the Theil-Sen trend estimation method is insensitive to outliers and is
measured by the median of slopes between all pairs. The Theil-Sen trend was determined by the following
equation:

trend = Median (xi_xj ) ,
(3)

Vj<i, 15j<i<N
where trend is the Theil-Sen trend, x; and x; are one data pair, and N is the sample size.

Correlation and regression methods were also used in this study. The statistical significance of the correla-
tion between two autocorrelated time series was calculated using the two-tailed Student's ¢ test and the
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Figure 1. Trends of the tropical Pacific zonal wind anomalies (in m/s per 100 years) from 1900 to 2010 in (a) 20CR2 and
(b) ERA20C. Stippled regions indicate statistical significance at the 99% confidence level. The two areas are the western
equatorial Pacific (WEP; 5°S-5°N, 120°E-170°W) and the eastern equatorial Pacific (EEP; 5°S-5°N, 150-80°W).

effective number (N°) of degrees of freedom (Bretherton et al., 1999). For this study, N was determined by
the following approximation (e.g., Li et al., 2012; Li et al., 2013; Xie et al., 2016, 2017):

1 1 2NN-j
— v+ 2 o (Dovy 4
Neff N+Nj§1 N pXX(J)pYY(.])’ ( )
where N is the sample size and pxx and pyy are the autocorrelations of two sampled time series, X and Y,
respectively, at time lag j.

3. Results
3.1. Long-Term Trend of the Tropical Pacific Trades

What is the long-term trend of trade winds over the tropical Pacific? Figure 1 shows the long-term trend of
the tropical Pacific zonal wind anomalies based on two different data sets (i.e., 20CR2 and ERA20C). In spite
of some differences, these two data sets exhibit similar long-term trend patterns of trade winds (Figure 1).
That is, there is an overall strengthening trend of trades in the western equatorial Pacific and overall weak-
ening trend in the eastern equatorial Pacific. Note that the trend distribution of these two data sets during
the presatellite/postsatellite era (not shown) is consistent with that of their covering period (Figure 1).
This is an interesting trend pattern (Figure 1), because previous studies emphasized the strengthening trades
over the whole equatorial Pacific (e.g., England et al., 2014).

To reveal more clearly the long-term trends, the zonal wind anomalies averaged over the western equatorial
Pacific (WEP; 5°S-5°N, 120°E-170°W) and over the eastern equatorial Pacific (EEP; 5°S-5°N, 150°W-80°W)
are also investigated. Figure 2 shows the time series of zonal wind anomalies averaged over the WEP (here-
after Uwgp) and EEP (Uggp) for the 20CR2 and ERA20C data sets. There is strong correlation between the
two data sets for raw Uwgp time series (correlation coefficient r about 0.75) but relatively low correlation for
raw Uggp time series (r about 0.62; Figures 2a and 2b). Note that the uncertainty associated with the rela-
tively sparse observations over the early part of the analysis period may reduce the correlation
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Table 1

Figure 2. Time series of zonal wind anomaly averages (m/s) over (a) the western equatorial Pacific (WEP) and (b) eastern
equatorial Pacific (EEP) for the 20CR2 (red line) and ERA20C (blue) data sets. (c and d) As in (a) and (b) but for the 7-year
Gaussian low-pass filtered data.

coefficients. Based on the two-tailed Student's ¢ test and the N°T of degrees of freedom defined in
equation (4), these two correlation coefficients are statistically significant at the 95% level. Furthermore,
these two data sets show an overall strengthening trend of trades in the western equatorial Pacific and an
overall weakening trend in the eastern equatorial Pacific (Table 1). In addition, the trends are all
statistically significant at the 99% level using the nonparametric Mann-Kendall test (Table 1).

Although there is lower correlation between the two data sets for 7-year Gaussian low-pass-filtered Uggp
time series (about 0.69) than Uwgp time series (about 0.83), these correlation coefficients are all significant
at the 95% confidence level. The result is consistent with that of raw time series. In particular, the trends of
the low-pass filtered time series of Uwgp and Uggp are almost the same as those of the raw trends and they
are all significant at the 99% level (Table 1). Overall, the long-term trend of the trade winds in the equatorial
Pacific is inhomogeneous, with a strengthening trend in the western equatorial Pacific and a weakening
trend in the eastern equatorial Pacific. These interesting results motivate us to study the causes of this
long-term trend of the trades.

3.2. Contribution of ENSO and EM to the Long-Term Trend of the Trades

The tropical Pacific manifests the most important natural climate mode, the El Nifio/Southern Oscillation
(ENSO). Previous studies have pointed out that its warm (El Nifio) phase is stronger and more frequent than
its cold (La Nifia) phase (e.g., An & Jin, 2004; Jin et al., 2003; Timmermann et al., 1999; Trenberth, 1997;
Trenberth & Hoar, 1996). This suggests that ENSO may modulate the long-term trend of the trade winds.
Meanwhile, Compo and Sardeshmukh (2010) emphasized that ENSO
can be considered as a noise for the long-term trend of global SSTA, and

The 100-Year Trends of the Equatorial Pacific Zonal Wind Anomalies (m/s)
for the Raw and 7-Year Gaussian Low-Pass Filtered Time Series of Two
Areas: the Western Equatorial Pacific (WEP; 5°S-5°N, 120°E-170°W) and
the Eastern Equatorial Pacific (EEP; 5°S-5°N, 150-80°W)*

7-year Gaussian low-pass

Original time series filter time series
Data Set WEP EEP WEP EEP
20CR2 —1.40 0.50 —1.40 0.60
ERA-20C —0.60 0.90 —0.60 0.90

4All values are statistically significant at the 99% level (nonparametric
Mann-Kendall test).

that it probably hinders our understanding of the long-term trend in the
tropical Pacific. Based on these points, we want to study whether ENSO
can affect the trend of the Pacific trades. To further clarify the possible
impact of ENSO, the ENSO signal is first removed and trend analysis is
then performed over the tropical Pacific. Specifically, to remove the
ENSO signal, the zonal wind anomalies regressed onto the monthly
Nifio 3 index and the result is then subtracted from the total zonal wind
anomalies. Note that it is a challenge to completely remove the variations
related to a specific variable from the climate records because of ambigu-
ities arising from nonlinear influences. Although linear regression is one
of the most common approaches used to remove the variations associated
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Figure 3. Same as Figure 1 but after removal of the (a and b) El Nifio-Southern Oscillation (ENSO) signal and (c and d) El
Nifio Modoki (EM) signal.

with a specific variable, it only excludes linear components and may not completely exclude the signal in the
presence of nonlinear effects (e.g., Zheng et al., 2015; Zheng et al., 2015; Zheng et al., 2017).

Figures 3a and 3b show the long-term trend of trade winds without the ENSO signal over the tropical Pacific.
Qualitatively, the long-term trend of trade winds without the ENSO signal (Figures 3a and 3b) is similar to
that of the raw trade winds (Figures 1a and 1b) in the two data sets. Namely, there is an overall strengthening
trend of trades in the western equatorial Pacific and overall weakening trend in the eastern equatorial
Pacific. To reveal the impacts of ENSO on the long-term trend of trade winds more clearly, in the following
the long-term trends of the raw Uwgp and Uggp are quantitatively compared with those of Uwgp and Uggp
with the ENSO signal removed. As shown in Figure 6, the long-term trends of Uwgp and Uggp without the
ENSO signal are roughly consistent with those of the raw Uwgp and Uggp. Note that the above results asso-
ciated with removal of ENSO signal by using Nifio 3 index (Figures 3a and 3b and 6) are consistent with that
by using Nifio 3.4 index (not shown). This suggests that ENSO is not the main driver of the long-term trend of
trade winds.

Having shown that ENSO with the most prominent interannual variability does not affect the long-term
trend of trade winds over the tropical Pacific, another interannual phenomenon (i.e., EM) is investigated.
Figures 3c and 3d show the long-term trend of trade winds without the EM signal over the tropical
Pacific. On the whole, Figures 3c and 3d show strengthening of the trade winds over the western equatorial
Pacific and weakening of the trade winds over the eastern equatorial Pacific. This is similar to the raw trends
(Figures 1a and 1b) and the trends without the ENSO signal (Figures 3a and 3b). However, the trends with-
out the EM signal are weaker than the raw trends in the equatorial Pacific (Figure 6), suggesting that EM has
some effect on the long-term trend of trade winds in the equatorial Pacific. This may be related to the mod-
ulation of the tropical Pacific mean state by the greater occurrence of EM events (e.g., McPhaden et al.,
2011). However, much debate remains about the relationship and interaction between the recent higher
occurrence of EM events and the tropical Pacific mean state under global warming (e.g., Lemmon &
Karnauskas, 2018, Li et al., 2017, McPhaden et al., 2011, Yeh et al., 2009).

3.3. Contribution of IPO and Global Warming to the Long-Term Trend of Trades

Aside from the interannual variability, IPO and global warming may also contribute to the long-term trend
of trade winds in the equatorial Pacific. The first focus is the impacts of IPO on the long-term trend of trades.
Figures 4a and 4b show the long-term trend of trade winds without the IPO signal in the tropical Pacific. This
long-term trend pattern (Figures 4a and 4b) is similar to the raw trend pattern (Figures 1a and 1b) in the two
data sets. Interestingly, the trends without the IPO signal are also weaker than the raw trends in the

LI ET AL.

2631



'AND SPACE SCiENCE

Journal of Geophysical Research: Oceans 10.1029/20181C014603

Figure 4. Same as Figure 1 but after removal of the (a and b) Interdecadal Pacific Oscillation (IPO) signal and (c and d)
cold tongue mode (CTM) signal.

equatorial Pacific (Figure 6). This means that the IPO may contribute to the long-term trend of trade winds
in the equatorial Pacific, which is consistent with other studies (e.g., Dong & Zhou, 2014). However, the IPO
can explain only a part of the long-term trend of trades in the equatorial Pacific. In particular for the eastern
equatorial Pacific, the long-term trend of Uggp without the IPO signal is roughly close to, although weaker,
than that of the raw Uggp in the two data sets (Figures 6b and 6d).

In addition, previous studies have pointed out that global warming plays an important role in the long-term
trend of tropical Pacific SST through oceanic dynamical process and thus impacts the long-term trend of the
trades (e.g., Cane et al., 1997; Karnauskas et al., 2009; Zhang et al., 2010; Li et al., 2015, 2017; Lemmon &
Karnauskas, 2018). Zhang et al. (2010) performed empirical orthogonal function (EOF) analysis of SSTA
in the tropical Pacific using multiple SST data sets. The first two modes account for 41.5% and 11.7% of
the total variance, respectively (Figure 5). The first EOF mode represents the ENSO variability, with the
maximum SSTA in the eastern tropical Pacific. The second EOF mode is identified as a cold tongue mode
(hereafter CTM; Figure 5; Lemmon & Karnauskas, 2018; Li et al., 2013; Li et al., 2015, 2017; Zhang et al.,
2010). Note that the CTM is independent of the IPO, with completely different spatial and temporal charac-
teristics, as well as a different physical mechanism (Li et al., 2017). Although the increased occurrence of EM
event can produce a cooling in the eastern equatorial Pacific, its contribution to the CTM may not be domi-
nant. Because when we remove the EM signal and then perform EOF analysis over the tropical Pacific, the
obtained CTM (not shown) is essentially same as raw CTM (Figure 5). The CTM depicts a dipole relationship
of SSTA variability between the Pacific cold tongue region and elsewhere in the tropical Pacific (Li et al.,
2015, 2017; Li, Sun, & Jin, 2013; Zhang et al., 2010). The positive CTM is characterized by cold SSTA in
the Pacific cold tongue region and warm SSTA in the rest of the tropical Pacific. Furthermore, the normal-
ized principal component time series (NPC2) of the CTM exhibits a strong long-term trend (Figure 5).
Particularly, the ocean dynamical process makes a major contribution to the long-term trend of the CTM
in the tropical Pacific, where vigorous upwelling of cold water in the eastern equatorial region causes weaker
warming in the eastern Pacific than in the western Pacific (e.g., Cane et al., 1997; Clement et al., 1996;
Karnauskas et al., 2009; Lemmon & Karnauskas, 2018; Li et al., 2015, 2017; Seager & Murtugudde, 1997;
Sun & Liu, 1996; Zhang et al., 2010). Since the CTM represents well the long-term trend of the tropical
Pacific under global warming (Zhang et al., 2010; Li et al., 2015, 2017; Lemmon & Karnauskas, 2018), the
long-term trend of the trade winds is expected to be modified by the CTM.

Figures 4c and 4d show the long-term trend of trade winds without the CTM signal over the tropical Pacific,
which differs from the raw trend pattern (Figures 1a and 1b) in the two data sets. Compared with the raw
trend (Figures 1la and 1b), the primary difference is that the strengthening trend in the west and the
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Figure 5. Spatial patterns and corresponding normalized principal components (PCs) of the first two leading empirical
orthogonal function (EOF) modes of the tropical Pacific sea surface temperature (SST) anomalies for the HadISST1 data
set during 1900-2010.

Figure 6. Histograms of the area average values of trends (in m/s per 100 years) of the tropical Pacific zonal wind anoma-
lies over (a) the western equatorial Pacific (WEP) and (b) eastern equatorial Pacific (EEP) for raw (light red) data, and after
removing the El Nifilo-Southern Oscillation (ENSO) signal (pink), El Nifio Modoki (EM) signal (orange), Interdecadal
Pacific Oscillation (IPO) signal (green), and cold tongue mode (CTM) signal (blue) in the 20CR2 data set. (c and d) As in
(a) and (b) but for the ERA20C data set.
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Figure 7. Tropical Pacific zonal wind anomalies (m/s) in the (a) 20CR2 data set regressed upon the NPC2 time series over
1900-2010. Shading indicates the correlation coefficients exceed the 99% confidence level. (b) As in (a) but for the ERA20C
data set. The two green boxes are same as Figure 1.

weakening trend in the east are weak in the two data sets (Figures 4c and 4d). Especially for the EAR20C
data set, the trade winds in the western equatorial Pacific have a weakening trend (Figure 4d). These
results are also confirmed in Figure 6. As shown in Figure 6, the trends in the equatorial Pacific without
the CTM signal are the weakest of the raw trends and the trends after removal of the ENSO, EM, and IPO
signals. Note that if the global warming signal is represented by the HadCRUT4 global mean surface
temperature (e.g., Li et al., 2015, Zhang et al., 2010), the trends without the global warming signal are also
weaker than the raw trends and the trends with the ENSO, EM, and IPO signals removed (not shown). It
is suggested that the CTM under global warming is predominantly responsible for the long-term trend of
the trade winds in the equatorial Pacific. This begs a question: What is the mechanism for the impact of
the CTM on the long-term trend of the trades under global warming?

3.4. Possible Mechanism Responsible for the Long-Term Trend of the Trades Under
Global Warming

Figure 7 shows the tropical Pacific zonal wind anomalies regressed upon the NPC2 time series of the CTM in
the two data sets. Interestingly, both regressed patterns correspond to strengthening trades in the western
equatorial Pacific and weakening trades in the eastern equatorial Pacific (Figure 7). This result is consistent
with the results of Zhang et al. (2010) and Li et al. (2015), who showed La Niiia-like patterns of atmospheric
wind anomalies associated with the positive CTM. Because the CTM has a strong long-term trend, it is sug-
gested that the long-term trend of the CTM could modify the long-term trend of the trade winds. This can be
partly explained by the Gill-Matsuno mechanism as a response of the atmosphere to equatorial thermal for-
cing (e.g., Gill, 1980, Matsuno, 1966). Based on the Gill-Matsuno mechanism, if the cooling SSTA associated
with the CTM appears in the eastern equatorial Pacific, the Rossby wave and Kelvin wave responses corre-
spond to the easterly and westerly winds, respectively. Similarly, when the warming SSTA related to the
CTM is set in the western equatorial Pacific, the Rossby wave and Kelvin wave responses correspond to
the westerly and easterly winds, respectively. This means that the strengthening trend of the trades in the
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Figure 8. (a) Distribution of the initial ideal heating source over the western equatorial Pacific and cooling source over the eastern equatorial Pacific for the Gill
model. (b) Zonal winds in the lower layer for the heating dipole shown in (a). (c and e) As in (a) and (d and {) as in (b) but for the heating source over the western
equatorial Pacific and cooling source over the eastern equatorial Pacific, respectively.

western equatorial Pacific and weakening trend in the eastern equatorial Pacific are all modified by the long-
term trend of the CTM through the Gill-Matsuno mechanism.

To confirm the role of SSTA trend associated with the CTM on long-term changes in the trades of the equa-
torial Pacific, a simple analytic model (i.e., the Gill model; e.g., Gill, 1980; Matsuno, 1966; Xing et al., 2014,
2016; Zhang et al., 2018) is used in the present study. Since the zonal SST gradient over the equatorial Pacific
is crucial in determining the trends of Walker circulation and trades (e.g., Meng et al., 2012, Sandeep et al.,
2014), the distribution of warming and cooling SSTA associated with the CTM over the equatorial Pacific is
expected to play an important role in the trades trend.

Figure 8a shows the distribution of the initial ideal heating source over the western equatorial Pacific and
cooling source over the eastern equatorial Pacific for the Gill model. Note that the zonal width of cooling
source is wider than that of heating source, but the intensity of cooling source is weaker than that of heating
source (Figure 8a). This is consistent with the equatorial Pacific SSTA associated with the positive CTM
(Figure 5). Analytical solutions to the forcing are given in Figure 8b. In addition to the westerly winds in
the equatorial Pacific west of 140°E, there are overall easterly winds in the western equatorial Pacific and
westerly winds in the eastern equatorial Pacific (Figure 8b). This result is consistent with the observational
long-term trend of the trades (Figure 1) and the trades related to the CTM (Figure 7), except for the observa-
tional strengthening trades in the equatorial Pacific west of 140°E (Figure 1), which may be associated with
tropical interbasin SST gradient (Zhang & Karnauskas, 2016) or other factors. Overall, these results men-
tioned above suggest that the heating dipole sources associated with the CTM play an important role in
the long-term trend of equatorial Pacific trades.

According to the Gill-Matsuno theory, the Rossby and Kelvin waves forced by the equatorial heating and
cooling sources give wind fields in Figure 8b. Thus, are the wind responses similar to the observational
trades trend (Figure 1) if only considering the isolated heating source or cooling source? To address this
question, we first take the isolated heating source in the western equatorial Pacific into consideration
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(Figure 8c), and the atmospheric responses of the wind fields to the heating source are displayed in Figure 8
d. It is clear that the Rossby and Kelvin waves forced by the equatorial hearing source give westerly winds
in the equatorial Pacific west of 140°E and easterly winds in the western equatorial Pacific (Figure 8d),
respectively. This indicates that the equatorial heating source associated with the CTM makes a contribu-
tion to the strengthening trend of the trades in the western equatorial Pacific. However, the lack of the
westerly winds in the eastern equatorial Pacific (Figure 8d) is not consistent with the observations
(Figure 1). This suggests that it is not enough to consider only the isolated heating source. Similarly, if
the isolated cooling source builds in the eastern equatorial Pacific (Figure 8e), one can be seen in
Figure 8f that the Rossby and Kelvin waves forced by the equatorial cooling source give easterly winds in
the western equatorial Pacific and westerly winds in the eastern equatorial Pacific. This result is also con-
sistent with the long-term trend of the trades (Figure 1) and the trades related to the CTM (Figure 7), indi-
cating that the isolated cooling source in the eastern equatorial Pacific plays an important role in the
long-term trend of Pacific trades. In short, the cooling source associated with the CTM contributes to the
strengthening trend of the trades in the western equatorial Pacific and weakening trend in the eastern
equatorial Pacific, and the heating source associated with the CTM only contributes to the strengthening
trades in the western equatorial Pacific. This indicates that the cooling and warming SSTA associated with
the CTM in the equatorial Pacific together induce the observational trends of Pacific trades (Figure 1)
through the Gill-Matsuno theory.

Note that the Gill-Matsuno theory explains a part of the long-term trend of trades along the equatorial
Pacific, but not all. This is because the typical Gill pattern is generated as a result of the linear response of
the model atmosphere, whose basic state is assumed to be at rest (e.g., Guan et al., 2003). However, the real
atmosphere is complex with nonlinear physical processes. Probably for this reason, the dividing line between
easterly and westerly winds (Figure 8b) is farther east than in the observations (Figure 1) over the equatorial
Pacific. Despite the crudeness of this numerical simulation, which lacks the impacts of other factors on tro-
pical Pacific trades, the general similarity with observations lends support to the idea that the long-term
trend of SSTA associated with the CTM can give the strengthening trend of trades in the western equatorial
Pacific and weakening trend in the eastern equatorial Pacific.

4. Discussion and Conclusions

The long-term trend of trade winds in the tropical Pacific was investigated using two different data sets
(20CR2 and ERA20C). There is a strengthening trend of the trades in the western equatorial Pacific and a
weakening trend in the eastern equatorial Pacific (Figures 1 and 2). Note that several factors may influence
the long-term trend of trades along the equatorial Pacific. Of the two important interannual modes, ENSO
does not greatly affect the long-term trend of trade winds, while the EM has some impact on their long-term
trend. The more frequent occurrences of the EM under global warming may affect the long-term trend in the
Pacific trades (e.g., Sohn et al., 2013).

The interdecadal mode, the IPO, can only explain a part of the long-term trend of trades in the equatorial
Pacific, particularly for the eastern equatorial Pacific (Figure 6). The major part of the long-term trend of
the trades along the equatorial Pacific is contributed by the CTM. The long-term trend of tropical Pacific
SSTA associated with the CTM is induced by ocean dynamical feedback under the forcing of global warming.
According to the Gill-Matsuno mechanism, the equatorial Pacific cooling and warming SSTA associated
with the CTM together induce easterly winds over the western equatorial Pacific, while the eastern equator-
ial Pacific cooling SSTA associated with the CTM also induces westerly winds over the eastern equatorial
Pacific. Although there are some feedback between the CTM and trade winds, these feedback make a minor
contribution to the CTM in comparison with the ocean dynamical feedback under global warming (Li et al.,
2015). It is also noted that the tropical Pacific SST will tend to warm in the initial period of global warming,
which may induce a weakening Walker circulation through a response of different increasing rates for water
vapor and precipitation to global warming (Held & Soden, 2006; Vecchi et al., 2006). However, the strong
upwelling in the eastern equatorial Pacific could bring up colder waters to reverse the initial warming.
Therefore, the long-term change of tropical Pacific SSTA displays the CTM pattern under global warming
(Li et al., 2015, 2017), which contributes to the long-term trend of tropical Pacific trades. Overall, the
CTM plays a dominant role in the long-term trend of equatorial Pacific trades compared with ENSO, EM,
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and IPO. Except for these factors mentioned above, note that the centennial-scale variability (Giese & Ray,
2011; Ray & Giese, 2012) and tropical interbasin SST gradient (Zhang & Karnauskas, 2016) may also
contribute to the trades trend.

In addition, Wang et al. (2012) pointed out that the enhanced trades in the tropical Pacific might transport
and converge moisture into the Eastern Hemisphere monsoon regions, thereby leading to a wet-gets-wetter
and dry-gets-drier trend pattern in global precipitation. This suggests that the CTM may affect the long-term
trend of global precipitation through modifying the long-term trend of the trades. In future work, it is
intended to carry out further research into the impacts of the CTM on the long-term trend of global precipi-
tation under global warming, and this should give a clearer understanding of the physical mechanism
associated with the impacts of global warming on global precipitation.
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