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Abstract: The tropical Pacific Walker circulation (PWC) is fundamentally important to global
atmospheric circulation, and changes in it have a vital influence on the weather and climate systems.
A novel three-pattern decomposition of a global atmospheric circulation (3P-DGAC) method, which
can be used to investigate atmospheric circulations including the PWC, was proposed in our previous
study. Therefore, the present study aims to examine the capability of this 3P-DGAC method to
acquire interdecadal variations in the PWC and its connection to inhomogeneous air temperature
changes in the period from 1961-2012. Our findings reveal that interdecadal variations in the PWC,
i.e., weakening (strengthening) between the periods 1961-1974 and 1979-1997 (1979-1997 and
1999-2012), can be observed using the zonal stream function (ZSF) derived from the 3P-DGAC
method. Enhancement of the PWC is also associated with the strengthening and weakening of zonal
circulations in the tropical Indian Ocean (IOC) and Atlantic (AOC), respectively, and vice versa,
implying a connection between these zonal overturning circulations in the tropics. The interdecadal
variations in the zonal circulations correspond well to inhomogeneous air temperature changes, i.e.,
an enhancement of the PWC is associated with a warming (cooling) of the air temperature from 1000
to 300 hPa in the western (mid-eastern) Pacific Ocean and a cooling (warming) of the air temperature
in the tropopause in the western (mid-eastern) Pacific Ocean. Furthermore, a novel index for the PWC
intensity based on air temperature is defined, and the capability of the novel index in representing
the PWC intensity is evaluated. This novel index is potentially important for the prediction of the
PWC by using dynamic equations derived from the 3P-DGAC method.

Keywords: 3P-DGAC method; Walker circulation; interdecadal variations; inhomogeneous air
temperature changes; novel index

1. Introduction

The tropical Pacific Walker circulation (PWC) is a thermally-direct circulation driven by convection
over the warmer western Pacific and Maritime Continent and descending motion over the cooler
eastern Pacific [1]. The PWC is a prominent and important component of global atmospheric circulation,
since changes in it have a vital influence on precipitation and temperature patterns over tropical and
subtropical regions; thus, the PWC plays an important role in influencing the mean state and variability
of global weather and climate systems [2-7].

Because of the critical weather and climate implications of the PWC, numerous studies have
shown great interest in variations in the PWC during recent decades. Based on widely-used reanalysis
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data and observations, several studies have demonstrated a weakening trend of the PWC during the
20th century [8-15]. However, many other studies have claimed that the PWC has strengthened during
recent decades [7,16-20]. Figure 1 (see also Figure 1 in reference [15] or Figure 3 in reference [21])
shows that obvious interdecadal variations in the PWC can be observed from 1961-2012, i.e., there is
a weakening of the PWC between the periods 1961-1974 and 1977-1997, and a strengthening of the
PWC between the periods 1977-1997 and 1999-2012. Discrepancies in PWC intensity changes among
different studies may be caused by the different time periods selected by those studies [15,21].
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Figure 1. Time series of the normalized annual mean sea level pressure (SLP) gradient over the tropical
Pacific (black line), defined as the mean SLP over the region (5° S-5° N, 80° W-160° W) minus the mean
SLP over the region (5° S-5° N, 80° E-160° E) derived from the HadSLPr dataset [22] for 1961-2012.
The red line represents the 5-year running mean of the SLP gradient.

In addition, the influencing factors of changes in the PWC intensity have been widely investigated.
For example, Sohn et al. [18] reported that the intensification of the PWC since 1979 is caused by the
increased occurrence of the central Pacific El Nifio over recent decades. Other studies have revealed
that the transition of the Interdecadal Pacific Oscillation (IPO) phase from positive to negative (resulting
in an enhanced sea surface temperature (55T) gradient between the eastern and western Pacific) in
the late 1990s is one possible cause of the recent intensification of the PWC [7,17,21,23,24]. On the
other hand, Tokinaga et al. [13] simulated a slowdown of the PWC during 1950-2009 by using an
atmospheric-only model and concluded that the El Nifio-like SST changes (thus a weakened SST
gradient between the eastern and western Pacific) can result in a weakened PWC. Bayr et al. noted
that the PWC has weakened and shifted eastward with global warming [25]. However, Hu et al. [26]
suggested that changes in the air temperature gradient are critical to PWC variations. In addition,
Bayr and Dommenget [27] reported that changes in the tropospheric temperature are more strongly
correlated than changes in SST with changes in sea level pressure (SLP). Thus, it is important to
investigate the connections between interdecadal variations in the PWC intensity and air temperature
gradient changes (i.e., inhomogeneous air temperature changes; inhomogeneous air temperature is
defined as the air temperature minus the global zonal mean of the air temperature; detailed definition
of the “inhomogeneous” concept is provided in the Supplementary Materials).

Recently, to obtain a unified description of the atmospheric circulation from a global perspective,
and to uncover the mechanism of complicated interactions between circulations in the mid-high
and low latitudes, a novel three-pattern decomposition of global atmospheric circulation (3P-DGAC)
method was proposed [26,28-34]. Hu et al. [26,31,32] suggested that the tropical overturning circulation
consists of a pair of orthogonal overturning circulations (i.e., the meridional and zonal circulations).
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Correspondingly, the vertical velocity has two components: the vertical velocities of the meridional
and zonal circulations (Figure 2), i.e., w = wy + wy, where w, wy, and wy represent the total
vertical velocity, the vertical velocity of the meridional circulation, and the vertical velocity of
the zonal circulation, respectively. Figure 2 shows that when analyzing the meridional circulation
(zonal circulation), the vertical velocity of the meridional circulation (zonal circulation) should be
used, and the vertical velocity of the zonal circulation (meridional circulation) is considered as the
deviation when the total vertical velocity is used. Thus, there may be biases in previous studies
that used the total vertical velocity to investigate meridional and zonal circulations. In addition,
studies on zonal circulation are more impacted by this problem than studies on meridional circulation
because the magnitude of the vertical velocity of zonal circulation is smaller than that of meridional
circulation (Figure 2b,c). Because meridional and zonal circulations can be effectively separated from
tropical atmospheric circulation (Figure 2) using the 3P-DGAC method, this method is appropriate for
analyzing variations in the PWC. Thus, it is necessary to investigate whether interdecadal variations in
the PWC can be acquired by the novel 3P-DGAC method.

In this study, the capability of the novel 3P-DGAC method to acquire the interdecadal variations
of the PWC from 1961-2012 and its connection to inhomogeneous air temperature changes were
investigated. The remainder of this paper is organized as follows. The data and methods used are
presented in Section 2. The capability of the novel 3P-DGAC method to acquire the interdecadal
variations in the PWC from 1961-2012 is described in Section 3. The connections between the
interdecadal variations in the PWC intensity and changes in the air temperature gradient are studied in
Section 4. A novel index for the PWC intensity based on air temperature is defined, and the potential
importance of this index for the prediction of the PWC is proposed in Section 5. Finally, a summary is
given in Section 6.
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Figure 2. Mean state (1961-2012) of the annual mean (a) vertical velocity, (b) vertical velocity of the
meridional circulation, and (c) vertical velocity of the zonal circulation at 500 hPa using the JRA-55
reanalysis dataset [35]. The vertical velocities have been multiplied by —1, and positive (negative)

values represent rising (sinking) motion. The unit for vertical velocity is Pa s~!.
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2. Data and Methods

2.1. Data

The data used in this study include monthly mean horizontal winds, vertical velocity, precipitation,
SST, and SLP. The horizontal winds, vertical velocity, and SLP are derived from the Japanese 55-year
Reanalysis Projects (JRA-55) [35], and have a 1.5° x 1.5° horizontal resolution. The precipitation
data are obtained from the National Oceanic and Atmospheric Administration (NOAA) Precipitation
Reconstruction Dataset (PREC) [36] and have a horizontal resolution of 2.5° x 2.5°. The SST data are
derived from the NOAA Extended Reconstructed SST version 5 dataset at a 2.0° latitude-longitude
grid resolution [37].

To be consistent with each other, all datasets used in this study are interpolated to a 2.5° x 2.5°
horizontal resolution and 17 commonly used pressure levels (i.e., 1000, 925, 850, 700, 600, 500, 400, 300,
250, 200, 150, 100, 70, 50, 30, 20, and 10 hPa) are chosen for the spatial three-dimensional (3D) variables.
For better comparison with previous studies [7,15,21], the time period analyzed in this study is from
1961 to 2012, and we focus on the interdecadal variations in the PWC intensity and its connection to
inhomogeneous air temperature changes among three periods: 1961-1974, 1977-1997, and 1999-2012.

2.2. 3P-DGAC Method

In this section, we provide a brief introduction of the 3P-DGAC method. To solve the unit
inconsistency in the calculation of the 3D vorticity vector in the pressure coordinates, the spherical
o-coordinate system is introduced in the 3P-DGAC [26,31,32], i.e.,

sl
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. w p
7 o= N 7 g = N 7 1
P, P, )
where a is the earth’s radius, p is the pressure, and P; = 1000 hPa is the pressure at the earth’s surface
Here, (u/,v',0) and (u,v,w) denote the three velocity components in the spherical o-coordinate
—

system and spherical p-coordinate system, respectively. Thus, the 3D velocity field V'’ in the spherical
o-coordinate system is

—
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where A represents the longitude, 6 is the colatitude and p is the atmospheric pressure. The continuity
equation can be written as follows:
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- = —
Equation (5) allows the components Vy, V};, and V}, to be represented by the stream functions

R(A,0,0), H(A,0,0),and W(A, 0, 0), respectively, as follows:
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Because the three-pattern circulations (horizontal, meridional and zonal circulations) exist in
both the low and mid-high latitudes, the global atmospheric circulation can be expressed as the
superposition of the horizontal, meridional, and zonal circulations, that is

— — — —

V=V + iy + Vg )

The components of Equation (7) can be written as follows:
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Equations (7) and (8) are each known as the three-pattern decomposition of the global atmospheric
circulation. In fact, according to Equations (5) and (8), the decomposition of global atmospheric
circulation is based on continuity Equation (3).

In contrast to the traditional two-dimensional decomposition of the atmospheric motion into

vortex and divergent parts [38], the continuity Equation (5) cannot ensure the uniqueness of the stream
- = —

functions R(A, 6,0), H(A,6,0), and W(A, 6, 0) because the three-pattern circulations Vi, Vj;, and V,
have three spatial dimensions [26,31,32]. The following restrict condition is needed to pick up the
correct decomposition (Theorems 1 and 2 in [32]):

1 8ﬂ+ 1 8(Wsin9)+67Ri
sinf dA  sinf 20 dr

0 )

Equation (9) guarantees both the uniqueness of the stream functions R, H, and W and the physical
rationality of the 3P-DGAC.
By combining Equations (8) and (9), the following equations are obtained:
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where A3 = sin%Q % + ﬁ a% (sin 9%) + % represents the 3D Laplacian in the spherical o-coordinates
and{ = gy % — L a(”,aseine) denotes the vertical vorticity of the entire atmospheric layer. The stream

—
functions R, H, and W can be derived from Equations (10)-(12). The global atmospheric circulation V’
- = =

is then decomposed into the three-pattern circulations Vy, Vy,;, and V},, using Equation (6).

In this paper, the zonal velocity uy, vertical velocity wy, and zonal stream function (ZSF)
ZSF = | r? uw dp (p represents pressure) of the zonal circulation in the spherical p-coordinates are used.
More details on the 3P-DGAC method can be obtained in [26,31-33].
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2.3. Definition of the PWC Intensity

In this study, two kinds of PWC intensity indices are used.

(1) The first PWC intensity index is the SLP gradient between the equatorial eastern and western
Pacific [8,9], which is defined as the difference of the area-averaged SLP between the Tahiti region
(5° S-5° N, 80° W-160° W) and the Darwin region (5° S-5° N, 80° E-160° E).

(2) The second PWC intensity index is based on the ZSF of the zonal circulation derived from
the 3P-DGAC method [26,31,32]. In this study, the inhomogeneous part of the ZSF (i.e., ZSF minus
the global zonal mean of ZSF; detailed definition of the “inhomogeneous” concept is provided in
the Supplementary Materials) is used to represent the equatorial zonal circulations (i.e., the zonal
circulations in the Pacific (PWC), the Indian Ocean (IOC), and the Atlantic (AOC)), with positive values
indicating clockwise circulation and negative values indicating anticlockwise circulation (Figure 3).
Figure 3b shows that the ascending (descending) branch of the PWC is located at approximately 160° E
(90° W), similar to the results of other studies [7,11,25]. Thus, the regionally averaged inhomogeneous
part of the ZSF over the region (5° S-5° N, 120° W-160° W, 300-600 hPa) is defined as another PWC
intensity index.
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Figure 3. (a) Mean state (1961-2012) of the annual mean meridionally-averaged zonal stream function
(ZSF) (10~° s~ 1) between 5° S and 5° N using the JRA-55 reanalysis dataset [35]. (b) Inhomogeneous
part of (a) ((a) minus the global zonal mean of (a)).

3. Capability of the Novel 3P-DGAC Method to Acquire Interdecadal Variations in the PWC

3.1. Response of the PWC to El Nifio-Southern Oscillation (ENSO) Events

As mentioned previously, the meridional and zonal circulations can be effectively separated from
the tropical atmospheric circulation (Figure 2), and the main characteristics of the PWC, IOC, and AOC
can be well documented using the 3P-DGAC method (Figure 3); thus, the 3P-DGAC method is fairly
appropriate for analyzing variations in the PWC. Furthermore, it is well known that the intensity of
the PWC is closely related to ENSO events; thus, the 3P-DGAC-derived response of the PWC to ENSO
events is first evaluated in this section.

Figure 4 displays the composites of the zonal circulations along the equator (5° S-5° N) for ENSO
events based on the Oceanic Nifio Index (ONI), which is defined as the three-month running mean
of SST anomalies in the Nifio 3.4 region (5° 5-5° N, 120° W-170° W). These composites include all
months with an ONI value larger than 0.5 K for El Nifio events and with an ONI value less than
—0.5 K for La Nifia events. Figure 4 shows that the PWC becomes significantly weaker and shifts
significantly eastward during El Nifio events, and the opposite is approximately true during La Nifia
events, although the strength and width anomalies are asymmetric. In addition, accompanied by
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changes in the PWC, the IOC and AOC demonstrate significant changes during ENSO events, i.e., the
IOC weakens (strengthens) during El Nifio (La Nifia) events, while the AOC strengthens (weakens)
during El Nifio (La Nifia) events (Figure 4c,d).
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Figure 4. Composite of the zonal circulations along the equator (5° S-5° N) in JRA-55 reanalysis
dataset [35] for (a) El Nifio and (b) La Nifia based on the ONI (5° S-5° N, 120° W-170° W). (c) Contours:
mean state (1961-2012) of the zonal circulations; shading: difference between El Nifio-La Nifia; (d) same
as (c) but for the mean state of the zonal circulations (contours) and difference between La Nifia—EIl
Nifio (shading). The composites which are statistically significant at the 5% confidence level are dotted
in purple. Diff.: means minus in math.

3.2. Interdecadal Variations of the PWC

As proposed previously, discrepancies in the changes in the PWC intensity among different studies
may be caused by the different time periods selected in these studies. In addition, according to the
changes in the SLP gradient between the eastern and western Pacific (Figure 1), obvious interdecadal
variations of the SLP gradient can be observed during 1961-2012; thus, we separate the time period
1961-2012 into three parts, i.e., 1961-1974, 1977-1997, and 1999-2012.

Figure 5 displays the differences in the tropical zonal circulations between the time periods
1961-1974 and 1977-1997 and 1977-1997 and 1999-2012. Figure 5 shows that the PWC weakens and
shifts eastward between 1961-1974 and 1977-1997 and strengthens and shifts westward between
1977-1997 and 1999-2012. Meanwhile, the IOC (AOC) weakens (strengthens) between the first pair of
periods, while the IOC (AOC) strengthens (weakens) between the second pair of periods. In addition,
because the PWC has an obvious seasonal cycle [7,39,40], this seasonality and its corresponding changes
should be examined; thus, we further examine whether the zonal circulation changes shown in Figure 5
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depend on the month. Figure 6 shows that the IOC, PWC, and AOC exhibit approximately identical
changes, as shown in Figure 5, although there are minor changes in different months. For example,
the greatest weakening trend of the PWC occurs in boreal autumn during the first pair of periods,
while the largest strengthening trend appears in spring during the second pair of periods (Figure 6).
Thus, the robust weakening (strengthening) and eastward (westward) shifting of the PWC between
the first (second) pair of periods are not seasonally dependent. In general, the capability of the novel

3P-DGAC method to acquire interdecadal variations in the PWC has been confirmed.
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Figure 5. Contours in (a) and (b): mean state (1961-2012) of the annual mean zonal circulations
along the equator (5° S-5° N); shading: differences in the annual mean zonal circulations between
(a) the periods 1961-1974 and 1977-1997 and (b) the periods 1977-1997 and 1999-2012. The changes
statistically significant at the 5% confidence level are dotted in purple.
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Figure 6. Contours in (a) and (b): mean state (1961-2012) of the monthly mean of vertically averaged
zonal circulations along the equator (5° S-5° N); shading: differences in the monthly mean of vertically
averaged zonal circulations between (a) the periods 1961-1974 and 1977-1997 and (b) the periods
1977-1997 and 1999-2012. The composites which are statistically significant at the 5% confidence level
are dotted in purple.
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3.3. Interdecadal Variations of the Precipitation, Zonal Winds at 1000 hPa, SST, and SLP in the Low Latitudes

Along with changes in the PWC, the precipitation, zonal winds at 1000 hPa, SST, and SLP in the
low latitudes have obvious interdecadal variations. Figure 7 shows that, from 1961-1974 to 1977-1997,
the SST significantly increases (decreases) in the eastern (western) Pacific; thus, an abnormal SST
gradient from the eastern to western Pacific forms. The changes in the SST result in a significantly
weakened SLP gradient between the eastern and western Pacific (Figure 7c), which leads to significantly
weakened easterly winds at 1000 hPa in the tropical Pacific regions and a consequently significantly
weakened PWC (Figure 7a). The weakening of the PWC generates weakened rising (sinking) motions
over the western (central and eastern) Pacific, leading to a significant decrease (increase) in precipitation
over the western (central and eastern) Pacific (Figure 7a). Meanwhile, an abnormal SST gradient from
the Indian Ocean to the western Pacific (from the eastern Pacific to the Atlantic) forms, which results
in a significantly weakened (strengthened) SLP gradient and significantly weakened (strengthened)
westerly (easterly) winds at 1000 hPa in the tropical Indian Ocean (Atlantic) regions. The weakening of
the IOC generates weakened rising (sinking) motions over the eastern (western) Indian Ocean, leading
to a significant decrease (increase) in precipitation over the eastern (western) Indian Ocean, while the
strengthening of the AOC generates strengthened rising (sinking) motions over the western (eastern)
Atlantic, leading to a significant increase (decrease) of precipitation over the western (eastern) Atlantic.
From 1977-1997 to 1999-2012, the changes in the precipitation, zonal winds at 1000 hPa, SST, and SLP
in the low latitudes are opposite to those between the first pair of periods (Figure 7b,d).
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Figure 7. Differences in the precipitation (shading in (a); mm d1), zonal winds of zonal circulation at
1000 hPa (vectors in (a); m s~ 1), sea surface temperature (SST) (shading in (c); K), and SLP (contours
in (c); hPa) at low latitudes (30° S-30° N) between the periods 1961-1974 and 1977-1997. (b,d) are
the same as (a,c) but show the differences between the periods 1977-1997 and 1999-2012. The vectors
(contours) are plotted only for regions with zonal wind (SLP) changes that are statistically significant at
the 5% confidence level. The changes in precipitation and SST that are statistically significant at the 5%
confidence level are dotted in purple. The black solid (dashed) lines represent the positive (negative)
changes in the SLP. The arrows shown in the top right corner of (a) and (b) are the reference vectors.

4. Connections between the Interdecadal Variations in the PWC Intensity and the Air
Temperature Gradient Changes

The spatial pattern of the zonal circulation composites shown in Figure 4c,d is similar to the
differences in the zonal circulations shown in Figure 5a,b. The spatial correlation coefficient is 0.7
between Figures 4 and 5 and 0.89 between Figures 4 and 5. The similarities between the responses



Atmosphere 2018, 9, 469 10 of 17

of the IOC, PWC, and AOC to ENSO events and the interdecadal variations in the three zonal
circulations imply that they may have similar physical mechanisms. In addition, previous studies
have suggested that changes in the air temperature gradient are critical to PWC variations [25-27].
For example, Bayr and Dommenget [27] noted that changes in the tropospheric temperature are
more strongly correlated with changes in the SLP than changes in the SST. Thus, the connections
between the interdecadal variations in the PWC intensity and the air temperature gradient changes
(i.e., inhomogeneous air temperature changes) are investigated.

Figure 8 displays the differences in the zonal circulations (contours) and the inhomogeneous air
temperature (shading) along the equator between ENSO events and between different time periods.
It can be observed from Figure 8 that an inhomogeneous air temperature change is related to more
rising where it is relatively warm and more sinking where it is relatively cold. Figure 8a,b shows that
the composites of the zonal circulations related to ENSO coincide quite well with the inhomogeneous
air temperature composites. This is apparent because abnormal rising motion occurs where the air
temperature change is positive, and abnormal sinking occurs where the air temperature change is
negative. Furthermore, Figure 8 shows that the inhomogeneous air temperature and zonal circulation
composites between first (second) pair of periods are similar to those between El Nifio and La
Niria (La Nifa and El Nifo), although the magnitudes of the composites for different time periods
(Figure 8c,d) are evidently smaller than those for ENSO events (Figure 8a,b).
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Figure 8. Differences in the zonal circulation (contours; 107 s~!) and inhomogeneous air temperature
(shading; K) along the equator (5° S-5° N) between (a) El Nifio and La Nifia, (b) La Nifia and El Nifio,
(c) the periods 1961-1974 and 1977-1997, and (d) the periods 1977-1997 and 1999-2012. The composites
of zonal circulation and inhomogeneous air temperature which are both statistically significant at the
5% confidence level are dotted in purple.
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Furthermore, Figure 9 displays 3D inhomogeneous air temperature differences between the
periods 1961-1974 and 1977-1997 and between the periods 1977-1997 and 1999-2012 for the 1000, 850,
500, 300, and 100 hPa layers. For the composites of the inhomogeneous air temperature differences
between the first pair of periods (Figure 9a), air temperature warming occurs from the low troposphere
to middle-high troposphere (i.e., 1000-300 hPa) over the central and eastern Pacific regions. However,
the differences in the inhomogeneous air temperature in the tropopause (i.e., 100 hPa) are opposite
to those in the 1000-300 hPa pressure levels. The differences in the western Pacific are opposite
to those in the central and eastern Pacific. Thus, these differences result in a secondary circulation
with ascending movement in the warmer eastern Pacific regions, easterly movement in the upper
troposphere, descending movement in the cooler western Pacific regions, and westerly movement
in the lower troposphere. Because the direction of the secondary circulation, which is related to
inhomogeneous air temperature changes, is contrary to the mean state of the PWC, the PWC should
weaken between the first pair of periods. For the composites of the inhomogeneous air temperature
differences between the second pair of periods (Figure 9b), the pattern is approximately the reverse of
the corresponding pattern between the first pair of periods, namely, the inhomogeneous air temperature
differences may lead to a secondary circulation with ascending movement in the western Pacific
regions, westerly movement in the upper troposphere, descending movement in the eastern Pacific
regions, and easterly movement in the lower troposphere. Thus, because the direction of the secondary
circulation between the second pair of periods is the same as the mean state of the PWC, the PWC
should strengthen. It is important to note that, for the second pair of periods, differences in the
inhomogeneous air temperature over the tropical Atlantic and the eastern Pacific also result in a
secondary circulation with ascending motion in the Atlantic and descending motion in the eastern
Pacific, which amplify the intensification of the PWC [19]. Similarly, the warming of the Indian Ocean
also contributes to the strengthening of the PWC, since warming can lead to abnormal rising motion in
the warming pool region. In general, interdecadal variations in the PWC intensity are closely connected
with air temperature gradient changes.
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Figure 9. Differences in the inhomogeneous air temperature (K) at low latitudes (30° S-30° N) between
(a) the periods 1961-1974 and 1977-1997 and (b) the periods 1977-1997 and 1999-2012 for layers 1000,
850, 500, 300, and 100 hPa.
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5. Novel Index for the PWC Intensity Based on Air Temperature

As proposed previously, interdecadal variations in the PWC intensity are closely connected with
air temperature gradient changes; thus, a novel index for the PWC intensity based on air temperature
has been defined as follows:

Tindex = TW1000 hea + TW500 hpa + TE100 hea — (TE1000 hea + TE500 hea + TW100 hpa) (13)

where T is air temperature, TW represents the mean air temperature over the region (5° S-5° N,
80° W-160° W), TE is the mean air temperature over the region (5° S-5° N, 80° E-160° E), and the
subscripts indicate different pressure levels.

To evaluate the capability of the novel index in representing the PWC intensity, the time series of
the normalized annual mean tropical PWC intensity indices based on the SLP, air temperature, and ZSF
are plotted (Figure 10). Figure 10 shows that the time series of these three indices are quite similar,
and the correlation coefficient between the PWC intensity index based on the air temperature and the
PWC intensity index based on the SLP (ZSF) is 0.93 (0.78). In addition, Figure 11 shows that when the
Tindex is positive, an abnormal SST gradient from the western to eastern Pacific occurs, which results
in a significantly strengthened SLP gradient between the eastern and western Pacific, significantly
strengthened easterly winds at 1000 hPa in the tropical Pacific regions, and thus, a significantly
strengthened PWC. The strengthening of the PWC generates strengthened rising (sinking) motions
over the western (central and eastern) Pacific, leading to a significant increase (decrease) in precipitation
over the western (central and eastern) Pacific. Thus, we conclude that changes in the PWC intensity
can be well represented by using the novel index of the PWC intensity based on air temperature.

normalized annual PWC index

——SLP
air temperature
— ZSF

N
]

U
N
1

normalized annual PWC index
o
1

-3 e REREEEELE ERSERERLL [ZTFTTE ey RIEEELLEE Ys
1960 1970 1980 1990 2000 2010
year

Figure 10. Time series (1961-2012) of the normalized annual mean tropical Pacific Walker circulation
(PWC) intensity indices based on the SLP (defined as the mean SLP over the region (5° S-5° N,
80° W-160° W) minus the mean SLP over the region (5° S-5° N, 80° E-160° E); black line),
air temperature (defined as in Equation (13); blue line), and ZSF (defined as the mean value of
the inhomogeneous ZSF over the region (5° 5-5° N, 120° W-160° W, 300-600 hPa); red line).
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Figure 11. Spatial pattern of the regressed (a) SST (K), (b) SLP (hPa), (c) zonal winds of the zonal
circulation at 1000 hPa (m s~1), and (d) precipitation (mm d-1 against the normalized PWC intensity
index based on the air temperature for the period 1961-2012. The regression coefficients statistically
significant at the 5% confidence level are dotted in black.

The novel index provides a new opportunity for the prediction of the PWC by using dynamical
equations derived from the 3P-DGAC method [26]. Furthermore, Hu et al. [26] proposed that
inhomogeneous air temperature change can lead not only to changes in the PWC, but also to changes
in the baroclinicity of the horizontal circulation. In other words, the influences of inhomogeneous
air temperature changes on changes in the PWC and the baroclinicity of the horizontal circulation
can be effectively separated using the 3P-DGAC method; thus, the influence of inhomogeneous air
temperature changes on changes in the PWC can be more correctly described. In future studies, we will

quantitatively investigate the influences of the inhomogeneous air temperature gradient on changes in
the PWC.

6. Summary

Recently, to obtain a unified description of atmospheric circulation from a global perspective, a
novel 3P-DGAC method was proposed. In this study, we aim to determine whether the novel 3P-DGAC
method can acquire the interdecadal variations in the PWC during 1961-2012 and the connection of
these variations to inhomogeneous air temperature changes.

Our results show that the PWC with ascending motion over the western Pacific and descending
motion over the eastern Pacific can be generally represented by using the ZSF derived from the
3P-DGAC method. Furthermore, we analyze interdecadal changes in the PWC during three time
periods, i.e., 1961-1974, 1979-1997, and 1999-2012, using the 3P-DGAC method. The PWC weakens
in the first pair of time periods and strengthens in the second pair, corresponding to the climate
shift in approximately 1976 /77 [41,42] and recent interdecadal changes since the late 1990s [42—45].
With changes in the PWC, the precipitation, SLP, SST, and zonal winds at 1000 hPa also exhibit
evident interdecadal changes. Therefore, we conclude that the interdecadal variations in the PWC over
1961-2012 can be well documented by the 3P-DGAC method.

In the above analysis, we find that the three main tropical zonal circulations are coupled with each
other. Specifically, similar to the PWC, two other zonal circulations, i.e., the IOC in the Indian Ocean
and the AOC in the Atlantic, also have interdecadal changes. In the first (second) pair of periods,
the IOC generally weakens (strengthens), and the AOC generally strengthens (weakens).

We further investigate the changes in inhomogeneous air temperature from the low troposphere
to the tropopause, and conclude that the interdecadal variations in the PWC intensity are closely
connected with the air temperature gradient changes. Furthermore, a novel index for the PWC
intensity based on air temperature is defined, and the capability of the novel index in representing
the PWC intensity is evaluated. The novel index provides a new opportunity for PWC predictions
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by using dynamical equations derived from the 3P-DGAC method [26]. However, we cannot confirm
that the interdecadal variations in the PWC intensity are caused by the changes in inhomogeneous air
temperature although they are closely related, and much more efforts are needed in order to study
the relationship between the two, since SST, convection, tropospheric temperature, and atmospheric
circulations are coupled in the system.

It should be mentioned that by using the mass stream function (MSF; the definition of MSF is
presented in the Supplementary Materials) derived from the method proposed by Schwendike et al. [40,
46] (a brief introduction of the method is provided in the Supplementary Materials), the interdecadal
variations in the PWC and its connection to inhomogeneous air temperature changes can also be
obtained (Figures S3-57). It can be observed that Figures S3-S5 are similar to Figures 5, 6 and §,
although the differences in the PWC between the periods 1961-1974 and 1977-1997 shown in Figure 8c
match better with the inhomogeneous air temperature changes than those shown in Figure Sbc.
In addition, Figure S6 shows that the time series of the PWC intensity based on the SLP, air temperature,
and MSF are quite similar, and the correlation coefficient between the PWC intensity index based
on the MSF and the PWC intensity index based on the SLP (air temperature) is 0.68 (0.56), which is
smaller than the correlation coefficient between the PWC intensity index based on the ZSF and the
PWC intensity index based on the SLP (0.86) and that based on air temperature (0.79). Although the
results based on the ZSF display better performance in representing the changes in PWC than those
based on the MSF in this paper, we cannot conclude that the 3P-DGAC method is better than the
method proposed by Schwendike et al. [40,46] in representing the PWC, and much more investigation
are needed in order to study the difference and similarity between the two methods.

Compared with the MSF and the SLP contrast, there are advantages of the ZSF (or the 3P-DGAC
method) in the investigation of the PWC because the ZSF can be directly predicted, and theoretical
experiments can be conducted by using the dynamical equations derived from the 3P-DGAC
method [26]. It can be observed from the Supplementary Materials (see also in Hu et al. [26]) that the
new dynamical equations of the horizontal, meridional, and zonal circulations (Equations (510)—-(513))
can be obtained by combining the 3P-DGAC method and the primary equations. Equations (510)—(513)
can be used to diagnose and predict the variations of the horizontal, meridional, and zonal circulations
directly from the perspective of stream functions instead of the velocity field. Namely, by using
Equations (510)-(513), the PWC (i.e., zonal circulation) can be directly predicated (W is the stream
function of zonal circulation and W is the ZSF in this paper). Thus, the 3P-DGAC method may be
potentially useful and advantageous for the study of the PWC. The investigation of the PWC by using
the new dynamical equations is beyond the scope of this study and needs to be further investigated.

It can be observed from Equation (S11) that the inhomogeneous air temperature changes in
the zonal direction are connected with changes related to the horizontal, meridional, and zonal
circulations. In addition, the Equation (S15), which is the simplified equation of Equation (S11),
shows that the inhomogeneous air temperature change is mainly related to the changes of the PWC and
the baroclinicity of the horizontal circulation. This may be why the correlation coefficient between the
PWC intensity index based on the air temperature and the PWC intensity index based on the ZSF (SLP)
is high. Notably, it can be seen from Equation (515) that the inhomogeneous air temperature gradient
is related not only to changes in the PWC, but also to changes in the baroclinicity of the horizontal
circulation, and the quantitative relationship between the inhomogeneous air temperature gradient
and the PWC and baroclinicity will be investigated in the future. The dynamical Equations (510)—(513)
and the simplified dynamical Equations (514)—(517) are potentially important to our understanding of
the relationship between changes in the PWC strength and changes in the tropospheric air temperature
gradient, which may be helpful for the prediction of the PWC. Much more efforts are needed in
the future.
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Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4433/9/12/469 /51,
Figure S1: a Mean state (1961-2012) of the annual mean meridionally averaged air temperature (K) between 5° S
and 5° N using the JRA-55 reanalysis dataset. b homogeneous part of a (global zonal mean of a). ¢ inhomogeneous

part of a (a minus b), Figure S2: a Mean state (1961-2012) of the annual mean meridionally averaged ZSF (10¢s71)
between 5° S and 5° N using the JRA-55 reanalysis dataset. b homogeneous part of a (global zonal mean of a).
¢ inhomogeneous part of a (a minus b), Figure S3: Contours in a and b: mean state (1961-2012) of the annual
mean zonal circulations along the equator (5° S-5° N); shading: differences in the annual mean zonal circulations
between a the periods 1961-1974 and 1977-1997 and b the periods 1977-1997 and 1999-2012. The changes
statistically significant at the 5% confidence level are dotted in purple. The zonal circulations are represented

by the MSF (10 kg s~ 1) derived from the method developed by Schwendike et al. [1,2], Figure S4: Same as
Figure S3 but for the mean state (contours) of and differences (shading) in the monthly mean of vertically averaged
zonal circulations. The zonal circulations are represented by the MSF (10'! kg s~!) derived from the method
developed by Schwendike et al. [1,2], Figure S5: Differences in the zonal circulation (contours; 101 kg s‘l) and
inhomogeneous air temperature (shading; K) along the equator (5° S-5° N) between a El Nifio and La Nifa,
b La Nina and El Nifo, ¢ the periods 1961-1974 and 1977-1997, and d the periods 1977-1997 and 1999-2012.
The zonal circulations are represented by the MSF derived from the method developed by Schwendike et al. [1,2],
Figure S6: Time series (1961-2012) of the normalized annual mean tropical PWC intensity indices based on the
SLP (defined as the mean SLP over the region (5° 5-5° N, 80° W-160° W) minus the mean SLP over the region
(5° S-5° N, 80° E-160° E); black line), air temperature (defined as in Equation (13) in the main text; blue line), and
MSF (defined as the mean value of the MSF over the region (5° S-5° N, 140° W-180° W, 300-600 hPa); red line),
Figure S7: Spatial pattern of the regressed a SST (K), b SLP (hPa), ¢ zonal winds of the zonal circulation at 1000 hPa

(m s71), and d precipitation (mm d~!) against the normalized PWC intensity index based on the MSF for the
period 1961-2012. The regression coefficients statistically significant at the 5% confidence level are dotted in black.
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