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Abstract: The Pacific Walker circulation (PWC) significantly affects the global weather patterns, the
distribution of mean precipitation, and modulates the rate of global warming. In this study, we
review and compare 10 different indices measuring the strength of the PWC using data from the
ERA5 reanalyses for the period 1951–2020. We propose a revised velocity potential index, while we
also discuss two streamfunction indices. We show that the normalized PWC indices largely agree
on the annual-mean strength of the PWC, with the highest correlations observed between indices
that measure closely linked physical processes. The indices tend to disagree the most during the
periods of strong El Niño. Therefore, the trends in PWC strength vary depending on the chosen time
frame. While trends for 1981–2010 show PWC strengthening, trends for 1951–2020 are mostly neutral,
and the recent trends (2000–2020) show (insignificant) weakening of the PWC. The results hint at the
multidecadal variability in the PWC strength with a period of approximately 35 years, which would
result in continued weakening of the PWC in the coming decade.

Keywords: Pacific Walker circulation indices; Pacific Walker circulation trends; ENSO; ERA5; climate
change and variability; general circulation; stream function; velocity potential

1. Introduction

The Pacific Walker circulation (PWC) is the zonal part of the overturning tropical
Pacific circulation, driven by zonal pressure gradients and characterized by the ascending
motion in the warmer western Pacific to the east of around 150◦ E, and descending motion
in the cooler eastern Pacific to the west of around 90◦ W [1,2]. The circulation cell is com-
pleted by the upper-tropospheric equatorial westerlies and lower-tropospheric equatorial
easterlies. The strength of the PWC is determined by the magnitude of the horizontal and
vertical motion involved.

The strength of PWC is closely linked to the Pacific ocean circulation through the
Bjerknes feedback [3]. As such, the PWC has a major impact on the global climate. It affects
precipitation distribution in the tropics, e.g., [4], and in extratropics through atmospheric
teleconnections. It is coupled to the mean-sea level in the tropical Pacific, e.g., [5,6], and im-
pacts ocean heat uptake, e.g., [7–9], carbon uptake and carbon outgassing [10], and the
rate of climate-change-induced warming in tropics and extratropics, particularly in win-
ter when the atmospheric heat-transporting stationary/transient eddies are stronger [11].
Therefore, a thorough understanding, description and accurate prediction of PWC is of
great importance to society.

Several metrics have been used in the literature to describe the strength and temporal
changes of the PWC. These metrics have been applied to various observational and reanal-
ysis datasets over different time periods. For instance, Sohn and Park [12] related the PWC
strength to the magnitude of horizontal water vapor transport in the lower return branch
of the PWC. Using satellite data (from microwave imagers and infrared sounders) and
reanalyses, they reported a PWC strengthening in the 1979–2007 period. Sohn et al. [13]
reached similar conclusions for the 1979–2008 period using purely observational datasets
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and different metrics including sea-surface-temperature (SST) and sea-level-pressure (SLP)
differences across the equatorial Pacific. Kociuba and Power [14] applied an identical SLP
index and observed significant strengthening of the PWC during the 1980–2012 period.
Other studies identified PWC strengthening using satellite-based observations of precipita-
tion [15] and vertical water vapor transport in the ascending branch of the circulation [16].
A strengthening of the PWC in recent decades was also suggested by Chen et al. [17], Luo
et al. [18], Meng et al. [19], L’Heureux et al. [20], Bayr et al. [21], Sandeep et al. [22], Chung
et al. [23], Zhao and Allen [24], as well as by Falster et al. [25] using the isotopic analysis of
δ18O. The strengthening of the PWC led to increased zonal sea-surface temperature (SST)
gradients in the equatorial Pacific [2,26] and enhanced upwelling of the cold deep-ocean
water in the Eastern Pacific, causing the so-called global warming hiatus in the 2000s and
early 2010s [8,11,27].

On the other hand, a number of studies have reported a weakening trend of the
PWC, particularly studies based on historical simulations using coupled climate models,
as well as observation-based studies that used time frames, starting before 1960 and ending
in 2000–2020. For example, Kociuba and Power [14] reported that any trend starting
before 1951 and ending in 2012 was negative. Bellomo and Clement [28] related the
vertical velocity in the PWC’s ascending branch to observed cloud cover and argued for
a weakening PWC trend during the 1954–2008 period, consistent with the projections
of PWC weakening by climate models due to anthropogenic climate change [21,29–34].
PWC weakening between 1950 and 2009 has also been suggested by Tokinaga et al. [35],
who analyzed the SLP gradient over the tropical Pacific derived from the atmospheric
general circulation model (AGCM) experiments forced by SSTs from the International
Comprehensive Ocean–Atmosphere Data Set (ICOADS, [36]), which was applied instead
of the more commonly used HadISST1 data [37]. Deser et al. [38] used evidence on the
trends of marine cloudiness, precipitation, SLP, and SST gradients in the equatorial Pacific
to conclude on 20th century PWC weakening. Similar conclusions for this time frame were
reached also by Power and Kociuba [39] and DiNezio et al. [40], further supported by the
isotopic analysis of corals in the tropical Pacific [41].

However, the above examples have led to some conflicting conclusions about the
trends of PWC strength. The time series of PWC reflect a combination of a forced response
to increasing greenhouse gas concentrations and internal climate variability, i.e., inter-
annual variability (El Niño-Southern Oscillation (ENSO)) and decadal-to-multidecadal
climate variability. This makes direct intercomparison of studies difficult, even for largely
overlapping time frames. While a strengthening trend of the PWC after 1979 has been
firmly established and was shown to be a combination of external anthropogenic forcing
and interdecadal Pacific oscillation (IPO) [33,39], its projection for the near future is less
clear due to possible opposing interplay of these factors [2,33]. Therefore, it is essential to
systematically compare the PWC indices used in the literature and test the sensitivity of
the derived trends to the analyzed time frame. This can be achieved by evaluating indices
in the same reliable dataset, where different Earth-system components are fully coupled
and which accurately verifies against various sets of observations.

With this goal in mind, we carry out such a comparison for the first time by performing a
systematic inter-comparison of ten PWC indices used in the literature, using the latest generation
of the European reanalyses, ERA5 [42], which meets the aforementioned requirements.

The definitions of indices and dataset descriptions are provided in Section 2. The time
series of PWC indices, their correlations, and the sensitivity of the derived trends to different
periods are compared in Section 3. Conclusions and discussions are given in Section 4.

2. Pacific Walker Circulation Indices and Datasets

In this section, we present ten indices that are considered suitable given their recent
applications and understanding of the tropical east-west circulation. Figure 1 illustrates the
diversity of PWC indices in terms of physical fields and regions used for their evaluation.
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Figure 1. Illustration of definitions of PWC indices. Plotted fields show average El niño state for
each particular index and are meant to be just for illustrative purposes. Red shadings correspond to
positive values and blue to negative. Black boxes represent areas for averaging and/or integration
(Ve and Lτ). For further explanation of definitions, see Section 2.1. (a) Anomalies in mean sea
level pressure (contours every 0.25 hPa). Black points represent locations of Tahiti and Darwin.
(b) Anomalies in mean sea level pressure (contours every 0.2 hPa). (c) Field of maximal deviation (in
absolute value) of velocity potential from its zonal mean at 150 hPa (contours every 1.5× 106 s−1) and
vectors of corresponding divergent wind. Black box represents the area inside which the maximal
deviation of velocity potential is taken at every time step in order to compute the index. (d) Anomalies
of ω at 500 hPa (contours every 0.015 Pa/s). (e) SST anomalies (contours every 0.2 K). (f) Vectors
of effective wind for water vapor transport and magnitude of its zonal component (contours every
0.4 m/s). (g) Mass stream function from total wind (contours every 3× 1011 kg/s) and zonal wind
(line contours every 4 m/s, negative values dashed), from 1000 to 100 hPa. (h) Zonal wind stress
(contours every 0.025 N/m2). (i) Specific humidity at 200 hPa (contours every 0.01 g/kg). (j) vectors
of average surface wind and zonal wind speed (contours every 2 m/s).
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2.1. Definitions of Indices

The following indices of Pacific Walker circulation are compared:

1. Point-based Southern oscillation index (SOI) from Troup [43]. The index is defined as
the anomaly in the mean sea-level pressure difference between the Tahiti and Darwin
stations (Figure 1a). The data are standardized for each month of the year using
1950–2021 as a base period. The closest model gridpoints are used for evaluation
when computing the SOI from the reanalysis data (see Supplementary Information
Figure S1 for justification).

2. Area-averaged Southern oscillation index ∆SLP from Vecchi et al. [31]. This index
is defined as the difference between anomalies in mean sea-level pressure over the
eastern and western equatorial Pacific (Figure 1b). The anomalies are calculated
by averaging over two boxes, both extending from 5◦ S to 5◦ N in the meridional
directions, and in the zonal direction from 80◦ E to 160◦ E (western Pacific box) and
from 80◦ W to 160◦ W (eastern Pacific box). This index has widely been used due to
the availability of long-term historical data on sea-level pressure.

3. Velocity potential index from Tanaka et al. [44]. The index is computed for 2D circulation
at a single vertical level (typically pressure p level) by solving the Poisson equation:

∇ ·Vp = −∇2χp. (1)

The index was originally defined by Tanaka et al. [44] as the yearly average of the
maximum deviation of velocity potential from its zonal mean over the equatorial
Pacific at 200 hPa level, between 25◦ S and 25◦ N, and 80◦ E and 80◦ W (named
χ200). Here, the yearly averaging was applied as a 12-month running mean. As the
maximum divergent outflow from a convective area over the Maritime continent is
higher up in the troposphere (see Figure 2) and varies year-to-year, we constructed a
data-adaptive index χmax that takes the maximal deviation of velocity potential from
its zonal mean over the equatorial Pacific inside the box between 25◦ S and 25◦ N,
and 80◦ E and 80◦ W, and 250 and 100 hPa at each time step as shown in Figure 1c.
The justification of the index revision is described in Section 3.

4. Vertical velocity index from Wang [45] (named ω500). The index is calculated as the
difference in average vertical pressure velocity anomalies between the eastern and
western equatorial Pacific at 500 hPa (Figure 1d). The eastern Pacific is defined as
an area between 120◦ W and 160◦ W, and from 5◦ S to 5◦ N. The western Pacific is
defined between 120◦ E and 160◦ E, and from 5◦ S to 5◦ N.

5. The sea-surface temperature (SST) index is defined as the east-west difference in the
SST, the same way as the ∆SLP index, but for the SST data (Figure 1e). The east-
west SST gradient in the equatorial Pacific is strongly coupled to PWC through the
Bjerknes feedback, and thus the SST data are often used as a proxy for the PWC
strength [19,35,38,46].

6. Effective wind for the water vapor transport index following Sohn and Park [12].
The boundary layer easterlies in the lower return branch of the Walker circulation
transport the water vapor from the eastern to the western Pacific to provide additional
fuel for condensation heating, which maintains the Walker circulation. An increase
or decrease in water vapor flux normalized by the total amount of vapor in the
atmospheric column is regarded as the strengthening or weakening of circulation,
respectively. The effective wind is defined as

Ve =
N

∑
i=1

PW(i)
TPW

VD(i), (2)

where PW(i) is precipitable water in a layer between the i-th and i + 1-th vertical
levels, TPW is the total precipitable water in a column, and VD(i) is divergent wind
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at the i-th vertical level. The summation goes from the ground level upwards, in our
case from 1000 hPa to 850 hPa (Figure 1f).

Precipitable water PW(i) is calculated as

PW(i) =
1

ρwg

∫ pi+1

pi

q(p)dp, (3)

where ρw is the water density, g is the gravity acceleration, q(p) is specific humidity,
and pi and pi+1 are boundaries of specific layer (pi+1 < pi). Total precipitable water
is calculated in the same way, but the integration is done from ps (surface pressure) to
the top of the atmosphere (p ≈ 0). As we are interested in Walker circulation, we only
used the zonal component of the divergent wind (uD) and defined the index Ve as an
average value of effective zonal wind for water vapor transport in the tropical Pacific
region from 120◦ E to 120◦ W, and from 5◦ S to 5◦ N, as demonstrated in Figure 1f.

7. Stream function index, based on the mass stream function:

ψ(p) =
2πa

g

∫ p

0
u dp, (4)

where a is the radius of the Earth, g is the gravity acceleration, and u is the zonal wind
component averaged between 5◦ S and 5◦ N. We define the index (named ψ500) as the
maximal stream function at 500 hPa between 90◦ E and 80◦ W (Figure 1g). Originally,
this index was defined using the zonal component of divergent wind [21,47,48]. In
order to be able to align the index with other indices (which also include signals from
other circulations), we opted for the zonal component of the total wind instead of its
divergent part (their difference is shown in Figure 3).

8. Zonally integrated (across the Pacific basin) wind stress Lτ following Clarke and
Lebedev [49]. The index is defined as

Lτ =
∫ L

0
τxdx, (5)

where τx is meridionally averaged zonal wind stress. Zonal integration is performed
between 124◦ E and 90◦ W (Figure 1h). In the meridional direction, we chose to
average between 5◦ S and 5◦ N to be consistent with other indices. Following Clarke
and Lebedev [49], we computed wind stress as

τx = ρacD|V|u, (6)

where ρa is the air density (with a constant value of 1.2 kg/m3 as in
Clarke and Lebedev [49]), cD is the drag coefficient (1.5 × 10−3), and V is the hori-
zontal surface wind vector at 10 m elevation (V = (u, v)).

9. Upper-tropospheric specific humidity (denoted Q200). The deep convection in the
ascending branch of the PWC transports the water vapor into the upper troposphere.
Therefore, a change in the upper-tropospheric humidity may indicate a change in
the circulation strength [13]. To eliminate the increase in specific humidity (a general
increase in humidity due to global atmospheric warming), we formulated the index
as the difference in upper tropospheric humidity at the top of the ascending and
descending branches of Walker circulation. The Q200 PWC index is then defined as
the difference in average specific humidity between two boxes over the eastern and
western Pacific at 200 hPa (Figure 1i). We used the same horizontal boxes for specific
humidity as those used for ω500.

10. Average surface zonal winds over the central equatorial Pacific (denoted Uave), af-
ter Chung et al. [23]. The index is applied by averaging 10 m wind over an area from
6◦ S to 6◦ N and from 180◦ to 150◦ W (Figure 1j).
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Figure 2. Maximal absolute value of χ (in s−1) between 25◦ S and 25◦ N, in the upper troposphere
over equatorial Pacific, averaged over 1951–2020.
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Figure 3. Vertical cross-section of the zonal wind (colors, in m/s) and the mass stream function
(contours), averaged over the period 1950–2021 and over an area from 5◦ S to 5◦ N; (a) for total wind
(contours every 2 × 1011 kg/s) and (b) for divergent wind (contours every 0.4 × 1011 kg/s).

2.2. Comparison of Distinct PWC Indices

The ten PWC indices can be grouped into two categories: (a) the direct circulation
indices (χmax, ψ500, Lτ , Uave, Ve and ω500) that directly measure the velocity of the flow or
associated flow function in any of the PWC branches, and (b) the indirect indices of the
PWC magnitude derived from the atmospheric mass field or the lower boundary (Q200, SOI,
∆SLP and SST). The Q200 index measures PWC strength through the convective humidity-
influx in the upper troposphere, whereas the SST index measures the PWC strength through
coupled ocean–atmosphere interactions.

All indices described here are influenced also by other parts of the tropical general
circulation, i.e., by the Hadley and Monsoon circulations [50–52]; however, the partitioning
of dynamic field between different parts of the global circulation, e.g., [53–55], is beyond
the scope of this study. The anthropogenic warming of the atmosphere and ocean, and in-
creasing tropospheric water vapor directly affect the thermodynamic indices of PWC.
For example, the increasing amount of water vapor in the tropical atmosphere increases the
horizontal water vapor transport [30] and results in upper-tropospheric moistening [56],
despite the reduced convective mass flux in the ascent regions [30,57].

The indices of PWC, described in the previous section, cannot be directly compared,
as most of them attain physical units (∆SOI, χ, ω500, SST, Ve, ψ, Lτ , Q200, Uave), whereas SOI
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is dimensionless by definition, and they can also span over different orders of magnitude.
To make the indices comparable, we normalize them as in Equation (7):

xn(t) =
x(t)− x

σx
, (7)

where xn(t) is the normalized index at time t, x(t) is the index value at time t, x is the mean
value of the index within the analyzed time frame and σx is the standard deviation of the
index within the analyzed time frame.

The indices require different amounts of data for their evaluation. SOI is calculated
from pressure measured at two particular locations and can thus be affected by the local
microclimate, especially when computed directly from the station measurements. On the
contrary, the indices from area-averaged data (∆SLP, ω500, SST, Ve, Lτ , Q200, Uave) should
better represent the changes of large-scale circulation. Some of the indices require only
one basic variable and are easily calculated (e.g., SOI, ∆SLP, SST, Q200, Uave), while oth-
ers require derived products (e.g., ψ500, χmax, Lτ , Ve) and/or more complex calculation
(e.g., ψ500, Ve). It is, therefore, logical that, historically, the choice of the PWC index was
influenced by the availability of data and computational resources.

2.3. Data

A dataset based on fully coupled atmosphere–ocean modeling, that is verified with
observations, is required to intercompare a range of PWC indices. The latest ERA5 reanal-
ysis, covering the period 1950–2021 [42,58,59], fulfills this requirement. The indices are
derived from the pressure vertical velocity ω, the zonal and meridional winds and specific
humidity, all provided on a regular latitude-longitude grid with 1◦ horizontal resolution
and 27 vertical pressure levels from 100 to 1000 hPa. Sea surface temperature (SST) data
and the mean-sea-level pressure (MSLP) data are used at the same horizontal grid [60,61].
Monthly means are computed from either daily 00 UTC data for horizontal winds or daily
means for other variables. The mixed use of 00 UTC and daily mean data is justified by
comparison of both datasets for the ω index at 500 hPa; however, the choice of 00 UTC or
daily mean data has a negligible impact on the indices (see Figure S2).

We consider ERA5 to be sufficient for the analysis for several reasons. Simmons [62]
showed that ERA5 verifies well with upper-tropospheric wind measurements in the tropics,
with mean departure between observations and background or first-guess in data assimilation
(i.e., short-range forecasts) for upper-tropospheric zonal winds being less than 1 m/s from the
late 1990s onward. In addition, the supplemental material includes our verification of PWC
indices based on surface winds in ERA5 and the independent wave- and anemometer-based
sea surface wind product WASWind, [63] showing their close correspondence (Figure S3).
The ERA5-derived SST indices also agree well with indices derived from HadISST data ([37];
see Figure S4 for comparison). The same applies to the SOI index based on ERA5 data,
which has been verified against the index derived from raw station data. Similarly, the ∆SLP
index computed from ERA5 data accurately verifies against the index derived from HadSLP2
data [64] (for verification of both indices against observational datasets, see Figure S1).

In this study, the raw indices are computed for the 1950–2021 period. However,
applying the 12-month running mean to the raw index values, as was done for the χ
index, shortens its time series for six months at each end of the time frame. Therefore, we
performed the comparison of indices for the 1951–2020 period.

The data analysis was performed using the following set of statistical tools. The spec-
tral analysis was conducted on normalized monthly mean data using discrete Fourier
transform. The spectral transform coefficients were then used to compute the power
spectral density of time series of indices.

The correlation analysis was carried out by computing the Pearson correlation coeffi-
cient, which measures how the time series of two PWC indices (linearly) co-vary over time.
We computed the Pearson correlation coefficients for time series of annual-mean index
values. The null hypothesis of no correlation (r = 0) was tested at the 0.05 significance level.
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The correlation analysis was performed using the pearsonr method from scipy.stats
library [65]. Lead–lag relationships between the indices’ time series were not explored, as
the indices are expected to reflect the realization of the same process.

The linear trends of PWC indices were computed as linear regression on time series
of normalized annual-mean indices, using the linregress method from scipy.stats
library [65]. Their statistical significance was tested with the modified, trend free, pre-
whitening Mann–Kendall test from the Pymannkendall package [66,67].

3. Results

In this section, we present an analysis of the temporal evolution of the ten indices,
including two revised indices. We also calculate the correlation coefficients between various
indices. This is followed by an evaluation of trends and sensitivity analysis of the trends
based on the period used for computation.

3.1. Time-Series of PWC Indices and Their Correlations

The time series of the normalized annual-mean PWC indices shown in Figure 4a
demonstrate relatively good agreement in the evolution and relative strength of PWC
during most of the period since 1950. Most of the indices spot strong El Niños in, for
example, 1972, 1982/83, 1987, 1992, 1997/98, and 2015. The two indices that deviate most
from the others are the stream function index based on the divergent zonal wind at 500 hPa
and velocity potential at 200 hPa. Their poor agreement with other indices motivated their
reformulation as described in the previous section and discussed further below.
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Figure 4. (a) Time series of annual-mean PWC strength in ERA5 reanalysis between 1950 and 2021
for different PWC indices described in Section 2.1 as shown in the legend. (b) Correlations between
annual means of different PWC indices. Statistically significant (at 95 % confidence level) correlation
coefficients are written in the respective fields. The SST, Ve, Lτ and Uave indices are multiplied by
(−1) for easier comparison with other indices. The χ200 and ψdiv

500 are shown dashed in (a), as they are
replaced by better-defined equivalent indices and not used in the continuation.
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For a more detailed view on the agreement of indices during El Niño/La Niña periods,
monthly data should be examined (Figure 5). Generally, there is no clear link between the
spread of indices and El Niño/La Niña periods, except for the three strongest El Niños
in 1982/83, 1997/98 and 2015, when the spread clearly increased. The spread is also
persistently higher in the 1950–1960 period, likely due to insufficient data coverage and the
associated uncertainty in the ERA5 dataset prior to 1960.

By comparing the index values during El Niños and their mean climatological values
(Figure S9), we find that some indices are more susceptible to interannual ENSO variability
than others: during the strongest El Niños, ψ500, Lτ , and the SOI index show relatively
smaller deviations from their respective mean index values than other indices. On the other
hand, the Q, ω500 and Uave indices show larger deviations from their respective mean.
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Spectral analysis of monthly data (Figure 6) confirms that most of the indices have
a strong signal in a 3.5-year period and 5-year period, representing the ENSO variability.
Note that the SST index peaks at both periods among all PWC indices. Another smoothed
spectral peak is observed at periods between 10 and 15 years in the SST and χ indices,
which could be associated with the internal Pacific climate variability [68,69], whereas
the sharp spectral peak at a 11-year period in other PWC indices may be associated with
the 11-year solar cycle. However, different studies on the possible connection between
Walker circulation and solar activity gave mixed conclusions [70–73]. To conclude, the large
deviations of index values associated with the strong El Niños require caution when
performing trend analysis. Whenever estimating long-term trends or inspecting the time
series for multidecadal variability, one needs to (a) filter the ENSO variability from time
series of indices as in, for example, [20], or (b) choose such a time interval that the strong El
Niños do not occur at the beginning or the end of PWC time series, or (c) inspect the PWC
strength over multiple time intervals in order not to skew the analysis (see also Section 3.3).
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The different indices that describe various aspects of PWC have varying correlations
(Figure 4b). Correlations between indices derived from physically linked processes are
generally high. For example, the pair of indices with the highest correlation coefficient
(r = 0.95) is Uave and Lτ , which both describe surface easterlies. The ω index has a
very high correlation (r = 0.94) with the Q-index, as the amount of upper tropospheric
humidity is directly related to the magnitude of vertical water vapor transport through
convective mass flux. Similarly, the ∆SLP index has a very high correlation (r = 0.92 to 0.93)
with the zonal surface wind index Uave, the surface wind stress index Lτ , and the zonal
boundary-layer moisture transport (represented by the effective wind Ve). This is expected,
as the pressure difference (expressed by SOI, ∆SLP) over the Pacific drives the near-surface
equatorial easterlies. The more significant the pressure difference, the stronger the easterlies
(Uave), the wind stress (Lτ), and the water vapor transport (Ve). The result confirms that the
normalization in the Ve index definition by the total water vapor successfully eliminates
the global warming signal, which increases the global lower tropospheric moisture content
through Clausius–Clapeyron scaling [30].

The correlations are somewhat lower between indices derived from distinct processes,
for example, surface wind and upper-tropospheric humidity (r = 0.83). Moderate cor-
relations are observed between ω, and SST and ∆SLP indices with r = 0.71 and 0.76,
respectively. This suggests that the convective mass flux over the Maritime continent is
controlled not only by the zonal SST gradient or associated SLP gradient, but also by the
local meridional gradients in the western Pacific [50], as well as static stability and radia-
tive cooling [30,57]. This is further supported by a rather moderate correlation (r = 0.56)
between the SST and ψ indices.

The original χ200 index [44] and stream-function index ψdiv
500 [21,47] (both indicated

with dashed line in Figure 4a) stand out from the rest and do not capture the strongest
El Niños. After the year 2000, the χ200-index also significantly exceeds the values of
other indices. The velocity potential index is highly susceptible to the choice of upper-
tropospheric pressure level (Figure 7), which is related to the strong vertical profile of the
divergent outflow (Figure 2). The peak divergent outflow also occurs at different pressure
levels year to year. Therefore, an index defined at some predetermined pressure level
can miss the peak velocity potential in certain years. To alleviate it, we constructed a
data-adaptive index, which takes the maximum of monthly mean χ at any level within
the box area (defined in Section 2.1). This index correlates almost perfectly with the χ150
index (r = 0.98), meaning that the original velocity potential index (χ200) was applied too
low in the troposphere. Our reformulated index χmax verifies much better with other PWC
indices (Figure 4b), and thus we suggest the reader to use the latter.

The stream-function index that is computed from the total zonal wind instead of the
zonal divergent wind (as the original index is computed) also verifies better with the other
PWC indices. The original index deviates from other PWC indices, particularly in the
pre-satellite era in the 1960s and 1970s (see Figures 4a and 8). Its correlations with other
indices are small, and the only statistically significant correlations for annual means are
with χ200, χmax and ψ500 indices (r between 0.3 and 0.4), as shown in Figure 4b. For this
reason and the reasons discussed in Section 2.1, we recommend the reader to use the revised
stream-function index that is derived from the total zonal wind.
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Figure 8. Time series of different variations of normalized ψ index from total zonal wind (annual
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averaged. Vertical pressure level stands for indices computed as maximal mass stream function at a
particular level, “All hPa” denotes index, computed as maximal stream function in the zonal-vertical
cross-section, and “Udiv” denotes index, computed from the divergent component of zonal wind.

3.2. Sensitivity Analysis of PWC Indices

The PWC indices are typically defined at fixed vertical levels, where the underlying
physical processes are the strongest on average. For example, the divergent outflow is
strongest in the upper troposphere at around 150 hPa level (Figure 2), and the stream
function has the largest amplitude at about the 500 hPa level. However, as the PWC
strength and position oscillate on a year-to-year basis, the intercomparison of PWC indices
may be skewed due to the displacement of maxima from the vertical levels on which indices
are computed, as discussed in the previous subsection using the example of the χ index.
To ensure that our results are not significantly affected by such displacements, we tested
the sensitivity of the indices to meaningful changes in the vertical level. We examined this
sensitivity for χ, ω, ψ, and Q indices (see Figures 7, 8, S2 and S5). As tropical processes
are mainly centered at the Inter-Tropical Convergence Zone (ITCZ), we also examined
how the indices, originally defined in a narrow equatorial belt (5◦ S and 5◦ N) change
when meridional borders of the areas considered are modified (e.g., 5◦ N and 20◦ N) to
better align with the average position of the ITCZ. This was applied to Ve, ψ, Lτ , and Q
indices (see Figures S6, 8, S7 and S5, respectively). In general, the indices are not very
sensitive to the vertical level or horizontal area used for calculation, as long as the chosen
level/area is similar to the level/area used in the original definition. This is supported
by high-correlation coefficients between different variations of each index (not shown).
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The only exception is the χ index, which varies significantly with the vertical level used for
computation, as already mentioned. Our sensitivity analysis confirms that the results on
the PWC changes presented in this paper are not meaningfully impacted by mild shifts of
vertical levels or meridional averaging.

3.3. Trends in PWC and Their Sensitivity to the WC

The PWC trends are analyzed using linear regression on time series of standardized
annual-mean PWC indices. Figure 9 shows trends that start from various years from
1951 to 2000, with the end year of the time period fixed to 2020. The majority of the
indices show neutral-to-negative trends for the starting years between 1951 and 1970,
indicating that PWC has remained steady or has slightly been weakening over the past
70 to 50 years, in line with the conclusions of Kociuba and Power [14] based on the ∆SLP
index. Exceptions to this rule include the velocity-potential index and the SST index,
which show the strengthening of PWC until the late 20th century. From 1980 to 2020, most
indices suggest PWC strengthening. However, only the χmax, ω500 and Lτ indices show
statistically significant strengthening at the 95% confidence level (see Table 1). Similar
conclusions apply also to the period between 1990 and 2020, where only five of the analyzed
indices show statistically significant trends. In the most recent two decades (2000–2020
period), the majority of the indices suggest PWC weakening, although the uncertainty is
relatively large.

Table 1. Trends of normalized indices of annual-mean Pacific Walker circulation strength for different
periods shown in Figures 9 and 10. The values in parentheses denote the standard error of the trend
estimates. Stars denote a statistically significant trend at 95% confidence using the Mann–Kendall
test. SST, Ve, Lτ and Uave indices are multiplied by (−1) for easier comparison with other indices.
Units in columns denote linear trend (± 1 σ) in units yr−1.

PWC Index 1960–2020 1970–2020 1980–2020 1990–2020 2000–2020

χmax 0.009 (± 0.007) 0.013 (± 0.010) ∗ 0.041 (± 0.012) ∗ 0.050 (± 0.019) ∗ −0.007(± 0.026)
SOI 0.003 (± 0.007) −0.005 (± 0.009) 0.015 (± 0.011) 0.023 (± 0.017) −0.003 (± 0.031)

∆SLP −0.007 (± 0.007) −0.006 (± 0.010) 0.014 (± 0.013) 0.020 (± 0.019) −0.020 (± 0.030)
ω500 −0.003 (± 0.008) 0.003 (± 0.011) 0.027 (± 0.014) ∗ 0.045 (± 0.022) ∗ −0.017 (± 0.030)
ψ500 −0.010 (± 0.007) −0.012 (± 0.009) 0.007 (± 0.012) 0.022 (± 0.017) −0.003 (± 0.031)
−SST 0.006 (± 0.007) 0.007 (± 0.010) 0.019 (± 0.014) 0.026 (± 0.019) −0.014 (± 0.029)
−Ve −0.015 (± 0.007) −0.013 (± 0.010) 0.001 (± 0.013) 0.013 (± 0.020) −0.016 (± 0.032)
Q200 −0.001 (± 0.007) −0.001 (± 0.011) 0.024 (± 0.015) 0.046 (± 0.020) ∗ 0.006 (± 0.029)
−Lτ −0.002(± 0.007) 0.002 (± 0.010) 0.026 (± 0.013) ∗ 0.047 (± 0.020) ∗ −0.012 (± 0.031)
−Uave −0.007 (± 0.007) −0.005 (± 0.010) 0.021 (± 0.014) 0.041 (± 0.021) ∗ −0.016 (± 0.032)

The question that arises next is how the trends change when we vary both the start
year and the end year for the trend computation. This is illustrated in Figure 10. Three
distinct areas can be identified in the figure, although they are not equally clear for all ten
indices: (1) trends that start in the 1950s and end in the 1970s are mostly positive, indicating
an increase in PWC strength; (2) trends that start approximately between 1960 and 1980,
and end around 2010, are mostly negative and often statistically significant, suggesting a
weakening of PWC; (3) trends that start between around 1980 and mid-to-late 1990s are
again mostly positive, regardless of the end year. On the other hand, long-term trends that
start before the mid-1970s and end after 2010 are insignificant and have even different signs.
One can also notice semi-periodic white stripes, which are associated with the dominant
ENSO variability and can skew our analysis of the long-term trends if the time frame for
the trend evaluation is chosen arbitrarily.
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Figure 9. Trends of Pacific Walker circulation (PWC) strength as a function of the starting year of
the trend for different PWC indices. The end year of all linear trends is fixed to 2020. For example,
the year 1970 on the x-axis represents the PWC trend calculated for 1970–2020. PWC trends for
periods shorter than 20 years are not shown. Thick red lines represent the trend value, and the gray
areas represent the uncertainty (i.e., plus or minus one standard deviation) of the estimated trend.
SST, Ve, Lτ and Uave indices are multiplied by (−1) for easier comparison with other indices.

The right diagonal line in any plot in Figure 10 shows 20-year running trends with
start years from 1951 to 2000 (additionally plotted in Figure 11b). The variability of trends
along this diagonal for most indices (except for point-based SOI) hints at possible 35-year
multidecadal variability of the PWC: the early uptrend (red colours) is followed by approx-
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imately 16–20 years of downtrend (blue colors, start years 1963 to 1980), followed again
by 16–20 years of uptrend (start years 1980 to 1996) and turning into a downtrend again
(start year 1996). This hints at a multidecadal variability of the PWC with an approximately
35-year period which can also be seen in the 20-year running mean (Figure 11a). If so, blue
patches in the upper-right corners of Figure 10 that indicate a PWC weakening, together
with recent trends in Figure 9, suggest that a multidecadal trend reversal might be taking
place. Although further analysis with a longer dataset is needed to confirm that the trends
are associated with a multidecadal oscillation in PWC, our expectation of a weakened PWC
in the coming years agrees with Wu et al. [33], who reached their conclusion by coupling
the PWC with the interdecadal Pacific oscillation.
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Figure 10. Trends of Pacific Walker circulation (PWC) strength as a function of the starting year (x-
axis) and end year (y-axis) of the trend for different PWC indices, similar as in [23]. PWC trends for
periods shorter than 20 years are not shown. Crosses represent statistically significant trends at the 95%
confidence level. SST, Ve Lτ and Uave indices are multiplied by (−1) for easier comparison with other
indices. The checkered pattern is a result of ENSO variability. The first row in the matrix is a realization
of Figure 9. The bottom-left top-right diagonal (0-diagonal) effectively represents a 20-year running
trend, as in e.g., [20], whereas the k-diagonal represents a (20 + k)-year running trend.
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4. Discussion and Conclusions

The study reviewed and compared ten different indices of the Pacific Walker circula-
tion (PWC) strength over the 1951–2020 period using the ECMWF ERA5 reanalyses. We
demonstrated that the indices derived from ERA5 are equivalent to indices deduced from
the raw observation data. It was already shown before that ERA5 accurately verifies the
observations of upper-tropospheric zonal winds, zonal surface winds, sea-level pressure,
and sea-surface temperature (see Supplementary Information and [42,62]), which makes it
compelling to use in the studies of climate change and climate dynamics.

We showed that the sensitivity of indices to reasonable changes in the choice of
vertical level or horizontal averaging area is negligible. One exception is the velocity
potential index, which displays strong sensitivity to the choice of the vertical level at
which the index is computed. The χ index was originally defined at 200 hPa [44], but the
newest state-of-the-art datasets suggest that the maximum divergent outflow associated
with convection over the western Pacific is higher in the troposphere, at around 150 hPa.
Similarly, the original definition of the stream function index ψdiv

500 is based on divergent
wind [21,47] and, in comparison to other common PWC indices, misses an important part of
the zonal tropical circulation associated with the PWC. Therefore, in this study, we argued
to replace χ200 and ψdiv

500 indices with a data-adaptive χmax index, and a stream-function
index ψ500 derived from the total zonal wind, respectively.

We showed that the normalized PWC indices agree regarding the variation of annual-
mean PWC strength (see Figure 4a). The correlations are highest (r = 0.9 or more) between
the indices that describe closely linked processes, as could be expected. The discrepancies
among indices, i.e., their spread, are the largest during the strong El Niño events. The ENSO
variability dominates the PWC variability; therefore, we argue that the estimation of PWC
trends and long-term variability should ideally be based on ENSO-filtered time series.
Alternatively, indices that display lower sensitivity to ENSO could be used, such as ψ500,
Lτ , and SOI, or, a range of possible time periods should be considered to establish firm
conclusions on trends, as shown in Figures 9 and 10.

The sensitivity of trends to the applied time periods is often poorly explored in the
literature. Our study shows that different indices, different lengths of the applied interval,
and their start and end years, can greatly affect the trends and their significance. In the
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common climatological reference period 1981–2010, the majority of indices showed PWC
strengthening. On a longer time scale, i.e., 1951–2020, the trend is mostly neutral and
insignificant. Furthermore, the majority of indices suggest that the PWC might have been
weakening during the last two decades (2000–2020). A continuation of this trend implies a
reversal of the PWC into an El Niño-type state with decreased ocean heat uptake and more
rapid global warming. We suggest that the observed variability in the trends of the PWC
indices might be associated with the multidecadal variability of the PWC with a period of
about 35 years. Longer data series are needed to confirm this result.

The recent (1981–2010) PWC strengthening is unequivocally opposed to climate model
projections [74]. Whether the source of the discrepancy is multidecadal variability as seen
in Figure 10 [19,23,33], forced response [75,76] or biases in the coupled ocean–atmosphere
climate models [2,9,77–79], caution should be exercised for the detection and comparison
of PWC trends in the models and reanalyses. We speculate a shift toward the weakening of
the PWC. If realized, it will crucially impact the global distribution of precipitation in the
tropics and extratropics, the ocean heat uptake, e.g., [7], the sea-level rise and the rate of
global warming.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/atmos14020397/s1. The supplementary information includes: comparison of
Troup SOI computed from station data and derived from ERA5 data (Figure S1); comparison of
∆SLP indices from HadSLP2 data and derived from ERA5 (Figure S1); comparison of ω indices
computed at different vertical levels (Figure S2); comparison of ω indices computed from daily-mean
ERA5 data and 00 UTC data (Figure S2); comparison of Uave index from ERA5 and WASWind data
(Figure S3); comparison of SST index from ERA5 and HadISST data (Figure S4); comparison of Q
index, computed at different vertical levels and for various horizontal areas (Figure S5); comparison
of Ve index, computed on different horizontal areas (Figure S6); comparison of different variations of
Lτ index (Figures S7 and S8, which include references to [49,80]); comparison of monthly time series
of normalized indices and their multi-index mean (Figure S9).
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