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Abstract Thirty years (1993-2022) of concurrent satellite and in-situ observations show a long-term
strengthening of the equatorial Pacific upper-ocean circulation. Enhanced southeasterly and cross-equatorial
winds have caused an annual mean, basin-wide acceleration of the equatorial westward near-surface currents by
~20% and an acceleration of poleward flow north (south) of the equator by ~60% (~20%). Additional moored
velocity data reveal a deepening of the Equatorial Undercurrent (EUC) core at 170°W and significant shoaling at
140°W and 110°W, but no significant changes in EUC core velocity. The strongest subsurface zonal velocity
trends are observed above the EUC core in the central to eastern Pacific and occur before and after the seasonal
maximum of EUC core velocity, causing enhanced upper-ocean vertical current shear. Consistent with trends of
the 20°C isotherm depth along the equatorial Pacific, a significant basin-wide steepening of the equatorial
thermocline is observed. Both the accelerating equatorial current system and the enhanced thermocline slope are
consistent with an observed steepening of the zonal sea surface height gradient due to increased wind-driven
westward mass transport at the surface. During February-March, both surface and subsurface currents along the
equator show eastward velocity trends, in contrast to westward near-surface current trends during the remainder
of the year. The trend reversal is attributed to both a long-term shift in equatorial Kelvin wave activity and to the
impact of strong interannual variability due to El Nifio Southern Oscillation and other modes of natural
variability on decadal to multidecadal time scales.

Plain Language Summary Thirty years (1993-2022) of temporally overlapping satellite and in-situ
observations reveal a long-term strengthening of the equatorial Pacific circulation in the upper 200 m. Both the
west-east (zonal) and south-north (meridional) surface atmospheric winds typically observed in the tropical
Pacific intensified. As a result, westward near-surface currents in the central equatorial Pacific accelerated by
~20%, while poleward currents accelerated by ~60% (~20%) north (south) of the equator. The strongest trends
in zonal velocity are observed above the core of the Equatorial Undercurrent. While the subsurface current in the
central and eastern Pacific shoaled by 12 m, it deepened in the western Pacific by 6 m, which aligns with trends
of the 20°C isotherm depth. Both the accelerating equatorial currents and the steeper thermocline slope are
consistent with a steepening west-east slope of sea surface height due to increased westward water mass
transport. Our results show that a shift in equatorial wave activity and strong interannual variability cause
eastward velocity anomalies in the observed surface and subsurface current trends during February-March.
Between 1993 and 2022, long-term equatorial circulation trends persist, but these trends are modified by natural
events at both interannual timescales such as El Nifio and La Nifia events, and longer timescales.

1. Introduction

Climate variability in the tropical Pacific Ocean plays a crucial role in the global climate system and significantly
influences fluctuations in global surface air temperature (Capotondi et al., 2023; McPhaden et al., 2006). While
global mean sea surface temperature (SST) and upper-ocean heat content continue to rise due to increasing
external radiative forcing (Cheng et al., 2024; von Schuckmann et al., 2020; Trenberth et al., 2014), parts of the
tropical South Pacific (180°W—80°W, 20°S—0°S) have experienced a remarkable cooling trend of more than
—0.5°C over the past 3 decades (Figure 1; see also Latif et al., 2023), resembling a La Nifia-like cooling pattern
(Kosaka & Xie, 2013) which most state-of-the-art climate models fail to represent accurately (An et al., 2012; Fu
et al., 2024; Latif et al., 2023). Previous studies have identified the tropical South Pacific cooling as one of the
main drivers of the global warming hiatus observed at the beginning of the 21st century (Kosaka & Xie, 2013).
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Figure 1. Satellite-based SST trend between 1993 and 2022 from OI-SST (version 2.1). Red color shading indicates a positive
warming trend. Blue color shading indicates cooling. Speckled regions indicate significant SST trends at 95% confidence.

However, the contributions to tropical South Pacific cooling from external forcing and modes of internal vari-
ability such as the Interdecadal Pacific Oscillation (IPO) (Latif et al., 1997; Power et al., 1999, 2021), Pacific
Decadal Oscillation (PDO) (Mantua et al., 1997; Zhang et al., 1997), and North Pacific Gyre Oscillation (NPGO)
(Bond et al., 2003; Capotondi & Qiu, 2023; Di Lorenzo et al., 2008) are still under debate (Heede &
Fedorov, 2023).

Both the IPO and PDO are dominated by variations on time scales longer than 10 years. The IPO is defined as the
difference between SST anomalies averaged over the equatorial Pacific and the average of SST anomalies over
the northwestern and southwestern Pacific (Henley et al., 2015). In its positive phase, the IPO is characterized by
an anomalously warm tropical Pacific and anomalously cold northern and southern Pacific, while tropical Pacific
SST is below normal in its negative phase (Power et al., 1999). The PDO is defined as the leading principal
component of North Pacific (poleward of 20°N) monthly SST variability (Mantua et al., 1997). The tropical
Pacific SST signature of the PDO is similar to that of the [IPO (Newman et al., 2016), as both modes are associated
with cool (warm) anomalies in the tropical Pacific during their negative (positive) phase. The IPO and PDO are
strongly affected by El Nifio Southern Oscillation (ENSO)-induced variability at interannual timescales, by
circulation changes at longer timescales (Capotondi et al., 2023), and by stochastic atmospheric forcing (Newman
et al., 2016). Both the IPO and PDO have mostly been in a negative phase since the beginning of the 21st century
(England et al., 2014; Newman et al., 2016). Using climate model simulations, Meehl et al. (2013) argue that
tropical cooling during negative phases of the IPO can offset externally forced warming of the tropics, leading to
an overall warming hiatus period. Recently, the tropical South Pacific cooling over the past three decades has been
attributed to the ongoing negative phase of the PDO, which is associated with increased latent heat loss by the
ocean due to an acceleration of the tropical Pacific atmospheric circulation (Latif et al., 2023).

Analysis of model output and reanalysis data suggests that wind-driven changes in tropical ocean dynamics, such
as enhanced shallow overturning cells and equatorial upwelling, also contributed to cooling near the equator
(England et al., 2014). The shallow overturning cells are comprised of two partially overlapping overturning cells:
(a) the tropical cells confined to 2-5° off the equator (Perez et al., 2010) and (b) the subtropical cells which are
typically estimated at 9°-10° off the equator (McPhaden & Zhang, 2002; Schott et al., 2004). England
etal. (2014) examined tropical Pacific SST trends and concluded that much of the global warming hiatus observed
during 1992-2011 was due to intensified trade winds over the tropical Pacific that led to accelerated poleward
surface divergence, off-equatorial downwelling, equatorward convergence in the thermocline, and equatorial
upwelling (i.e., an intensification of the shallow overturning cells). However, since the end of the global warming
hiatus period in 2013, global SST has resumed its long-term increase, despite the apparent ongoing acceleration of
tropical Pacific winds (Heede & Fedorov, 2023; Latif et al., 2023). Possibly, increasing external forcing (Storto &
Yang, 2024) has begun to exceed the cooling effect that the tropical South Pacific exerts on global SST, or natural
variability outside of the tropical Pacific is causing stronger warming which offsets the Pacific cooling effect.
After the 2015/16 EI Niflo, global mean surface temperature anomalies plateaued again for several years until
2023, though at a higher level (0.9°C-1.0°C, with respect to 1951-1980) than during the global warming hiatus
(0.6°C-0.7°C, with respect to 1951-1980) at the beginning of the 21st century (GISTEMP Team, 2024; Lenssen
et al., 2019).
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Large-scale and long-term changes in SST due to natural modes of variability like the IPO and PDO drive changes
in atmospheric winds and ocean currents, with potential feedbacks between these variables (M. Wang
et al., 2024). However, the role of ocean currents in the large-scale redistribution of heat in the tropical Pacific,
and their long-term variability and trends, have been less studied due to sparse surface and subsurface obser-
vations both in space and time. Strong, large-scale ocean currents in the tropics drive horizontal temperature
advection, equatorial upwelling, and vertical and horizontal current shear leading to shear-driven mixing in re-
gions of strong currents. An improved understanding of decadal changes in ocean currents will lead to an
improved understanding of the role of ocean dynamics in SST and ocean heat content variability on long time
scales.

While satellite observations have provided valuable long-term records of SST and sea surface height (SSH)
necessary to assess decadal climate variability and trends, observing and understanding changes in tropical ocean
dynamics have been challenging due to the scarcity of in-situ current velocity observations and challenges of
inferring surface velocities from satellite altimetry near the equator. Long-term records of subsurface currents are
only available at a subset of the equatorial moored surface buoys from the Tropical Atmosphere Ocean (TAO) array
(McPhaden et al., 2010, 2023). Using parts of these data, Amaya et al. (2015) showed that the core of the Pacific
Equatorial Undercurrent (EUC) at the mooring sites accelerated on average by about 7 cm s~' decade™" between
1990 and 2009. However, obtaining direct observations of changes to the large-scale spatial patterns of surface and
subsurface currents in the tropics has remained elusive. In addition, short time series are strongly influenced by
interannual variability due to ENSO. For instance, Meinen et al. (2001) estimated vertical velocities in the
equatorial Pacific from temperature and wind data between 1993 and 1999, but that time period was too short to
infer long-term upwelling trends as the record was strongly impacted by the 1997/98 El Nifio event. Hence, an-
alyses of longer time series are needed to assess long-term variability and trends with more confidence. Recently,
Hu et al. (2020) used a set of six different reanalysis products to show that the global mean circulation's kinetic
energy increased between the early 1990s to early 2010s. In particular, the tropical oceans showed a pronounced
increase in kinetic energy, which was partly attributed to natural variability associated with the negative PDO phase
during that time period. However, model projections suggest that the global acceleration of upper ocean currents
will continue beyond the time scale of natural decadal variability due to increased vertical stratification associated
with anthropogenic warming, indicating a positive current response to external forcing (Peng et al., 2022).

In this study, we examine 30 year (1993-2022) trends of the equatorial Pacific upper-ocean circulation using a
synthesis product of drifter observations, reanalysis winds, and satellite altimetry (Lumpkin & Garzoli, 2011) as
well as moored velocity and temperature observations along the equator from the TAO array. The synthesis
product allows for a detailed examination of trends in near-surface tropical currents, as well as their spatial
coherence and variability across time scales. Such analysis has previously been limited to studies using model
output or reanalysis products. Consequently, this study aims to serve as an important benchmark to validate model
simulations and reanalysis products used to study tropical Pacific SST trends. By examining the observed spatial
and temporal patterns of long-term trends in upper-ocean currents over the past three decades, we provide
observational evidence for a significant wind-driven acceleration of equatorial Pacific near-surface and sub-
surface currents and examine the seasonal dependence of those trends. These circulation changes have occurred
with and partially in response to a substantial steepening of the equatorial Pacific thermocline. Potential impacts
of a steeper thermocline for ENSO variability will also be discussed.

2. Materials and Methods

2.1. Satellite and Reanalysis Data

Wind stress is derived from the ECMWF ERAS horizontal wind speeds at 10 m provided on a 0.25° horizontal
grid and at 1 hr intervals from January 1940 to present (Hersbach et al., 2020). The horizontal wind speed vector

uyo 1s converted to horizontal wind stress 7 via a bulk formula:

T =p, CplUio |l

where p,, is the density of air (1.22 kg m™>),and ¢ p a dimensionless drag coefficient (0.0013) that has been used in
previous studies of tropical ocean circulation (e.g., Kopte et al., 2018; Tuchen et al., 2019, 2020). Monthly
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precipitation data are provided by the Global Precipitation Climatology Project (GPCP version 3.2) on a 0.5°
horizontal grid from January 1983 to present (Huffman et al., 2022). Daily SSH data (version vDT2021) are
provided by the Copernicus Marine Environment Monitoring Service from January 1993 to June 2023 at 0.25°
horizontal resolution (Copernicus, 2023). Daily SST data from the NOAA Optimally Interpolated SST data set
(OI-SST version 2.1) are available from September 1981 to present at 0.25° horizontal resolution (Huang
et al., 2021).

2.2. Current Velocity Data

Global, daily maps of near-surface current velocities are provided by a synthesis of surface drifter velocities,
Ekman velocities from reanalysis winds, and geostrophic velocities from satellite altimetry (Lumpkin & Gar-
zoli, 2011; Perez et al., 2019; Tuchen, Perez, et al., 2022, 2024). The dataset, covering the time period from 1993
to 2022, is available on a 0.25° horizontal grid. Though this synthesis product underestimates high-frequency
velocity fluctuations near the equator (Tuchen, Perez, et al., 2022, 2024), it remains a powerful tool for study-
ing slowly varying changes in the zonal and meridional background flow in the tropics as shown by comparisons
with buoy observations and reanalysis products (Tuchen, Perez, et al., 2022). In addition, we analyze in-situ
observations of upper-ocean currents by Acoustic Doppler Current Profilers (ADCP) installed at a subset of
the equatorial moored surface buoys of the TAO array. These observations are part of the Global Tropical Moored
Buoy Array (GTMBA; McPhaden et al., 2010, 2023). Daily mean ADCP velocity data are available at 10 m
vertical resolution from three sites: 0°, 170°W between May 1988 and January 2020 at depths between 20 and
250 m; 0°, 140°W between May 1990 and March 2022 at depths between 20 and 200 m; and 0°, 110°W between
May 1991 and July 2020 at depths between 20 and 200 m. In addition, TAO moorings provide the long-term
subsurface temperature measurements which are used to estimate the depth of the 20°C isotherm at a total of
nine equatorial mooring sites (156°E, 165°E, 180°, 170°W, 155°W, 140°W, 125°W, 110°W, 95°W). The 20°C
isotherm depth is a well-known proxy for the depth of the thermocline in the tropics.

2.3. Data Preparation, and Trend Calculation and Significance

In a first step, the individual daily time series are averaged into monthly mean time series. This helps to reduce
computational costs and acts as a simple low-pass filter. To ensure consistency, all time series are limited to the
30 year time period of 1993-2022, even though some individual time series extend beyond this period. ADCP
data at 0°, 170°W have one 3 year data gap from July 2006 to June 2009. ADCP data at 0°, 140°W have three 7—
13 months data gaps: from September 1995 to September 1996, March 2014 to September 2014, and from April
2016 to January 2017. ADCP data at 0°, 110°W, exhibit two 1-2 years data gaps: from November 2006 to
December 2008, and from July 2010 to August 2011. To facilitate linear trend calculations, these gaps were filled
with climatological values. All linear trends and 95% confidence intervals are calculated using linear regression
analysis of the monthly mean time series at each grid point (following the method described in Brandt
et al., 2021). The linear trends presented in the analysis have been converted to decadal trend values (e.g., unit/
decade). Uncertainty ranges of linear trend estimates are derived from the same 95% confidence intervals.

3. Global Tropical Wind, Precipitation and Sea Surface Height Trends

Tropical Pacific winds are characterized by the seasonal variation and meridional migration of the southeasterly
trade winds (Figures 2b and 2d). The decadal trends in global tropical wind stress during 1993-2022 indicate a
significant intensification of the southeasterly trade winds in the tropical Pacific (Figure 2a). The most notable
increases in tropical Pacific zonal wind stress occur between 10°S and 2°N and between 170°E and 100°W
(Figures 2a—2c), while the strongest increases in meridional wind stress are observed between 1°N and 6°N and
6°S and 1°N (Figures 2a-2d and 2e). Enhanced cross-equatorial (northward) wind stress has been found to
modulate ENSO variability (Hu & Fedorov, 2018). There is also a weakening of the northeasterly trade winds
north of 10°N (Figure 2a). Trends in wind stress exhibit a pronounced seasonal dependence, with the highest
increases in zonal wind stress occurring from March to May and in July and September, while meridional wind
stress trends peak from May to December north of the equator. Our results further indicate increased cross-
equatorial wind stress that leads to increased convergence of air north of the equator along the mean location
of the Pacific Intertropical Convergence Zone (ITCZ; 170°E—100°W, 5°N—10°N; Figures 3a and 3b). As a
consequence, precipitation within the Pacific ITCZ has increased by 9% (Figures 2a and 3e-3f), while precipi-
tation in the tropical South Pacific has decreased by 35% (Figures 2a and 3e, 3h), consistent with the pattern of
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Figure 2. (a) Decadal trends of zonal wind stress (t,, color shading) and horizontal wind stress (t, arrows) and precipitation (color contours) in the tropics between 1993

and 2022. The +0.25 mm day ™" decade™

! contour lines are indicated with negative trends in red and positive trends in green. Speckled regions indicate significant T,

trends at 95% confidence. (b) Decadal trend of t, (color shading) and climatological T, (color contours) as a function of month and zonally averaged for the central
tropical Pacific Ocean region (170°E—100°W) indicated in (a). Blue contour lines indicate negative climatological T, and red contour lines indicate positive
climatological t, (in N m~?). (c) Zonally averaged (170°E—100°W) annual mean t, (black line; N m~?) and annual mean decadal trend (red and blue bars;

N m~2 decade™"). (d) Same as (b) but for meridional wind stress, Ty (e) Same as (c) but for meridional wind stress, Ty Gray dots in (b) and (d) indicate significant trends
at 95% confidence. The same color bar is used for the panels (a), (b), and (d).

tropical Pacific precipitation trends shown by Adler et al. (2017). Precipitation has also increased near the
Maritime Continent, consistent with the increase in western Pacific trade winds and surface convergence
(Figures 2a and 3a, 3e). The spatial distribution of precipitation trends in the tropical Pacific and over the
Maritime Continent is also in general agreement with SST trends (Figure 1) in these regions: increased precip-
itation over warming waters and reduced precipitation over cooling waters. However, reduced precipitation is also
observed west of the westernmost extent of the SST cooling pattern (Figure 1; black contour line), between 180°
and 175°W, where increased horizontal divergence of wind stress appears to be the main cause of reduction,
possibly connected to a southwestward shift of the South Pacific Convergence Zone (Figure 3a). In general,
increased wind stress convergence corresponds to more precipitation due to increased convection mainly in the
tropics. However, this relation does not seem to hold in the region just south of the equator where we observe
increased wind stress convergence and reduced rainfall, or in the southeastern Pacific Ocean where mean rainfall
is close to zero and no rainfall response is expected due to changes in wind stress convergence. In these regions, it
is likely that other factors are important and more complex dynamics are probably at play. The reduction in
precipitation in the tropical South Pacific is particularly remarkable from a global tropical perspective as neither
the Indian nor the Atlantic Ocean has experienced comparable trends in precipitation.

RIGHTS LI N K

5 of 20

sdNy) SUORIPUOD PUE SWIB L 3 89S *[Z0Z/0T/TE] U0 ARIqIT2UNUO AB|IM * 805WWOD JO ewiredsq BeoN - usyon L dijiud Zueid AQ ErETZ0O(YZ0Z/620T OT/10p/wod A3 Areiqjeutjuo sandnBe//sdny wo.y papeojumoq ‘TT *¥20Z ‘T62669TC

- Royim

35UBD 1T SUOWILLID BAIES1D 3[gedt|dde au Ag pausenob afe s9pILe YO ‘SN JO S3|NJ 10§ ARiqiT utjuQ A3|IM U0


https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2024JC021343&mode=

Aru | .
M\\I Journal of Geophysical Research: Oceans 10.1029/20241C021343

ADVANCING EARTH
AND SPACE SCIENCES

V, - trend (1993-2022)
; B4

3

15°5 N o g

30°S

l
120°W

I I L |
-0.4 -0.2 0 0.2 0.4 0.6 0.8 1
2 A -3
c) (Nm™“ deg™’ decade™’) d) . x10
0.01 4 10
0.005
0 T
1-0.005 +— —|——— — 71— | 7
-15 -0.01 -4
\996 9/000 @066 @0‘\0 @0\6 rLQ{LQ \996 9/000 «?/006 @0\0 @0‘\6 Q/Q(LQ \996 rLQQQ @006 9/0\0 @0\6 @0?'0

0 0 W 0
RS L S I NP REE L I N NP P o o o0 N O

Figure 3. (a) Decadal trend of horizontal wind stress divergence (V,, - 7) in the tropics. Three regions are indicated, in the tropical North Pacific (170°E—100°W,
5°N—10°N; black box), equatorial Pacific (170°E—100°W, 2°S—5°N; red box), and in the tropical South Pacific (170°E—120°W, 15°S—2°S; green box). Speckled
regions indicate significant V,, - 7 trends at 95% confidence. Monthly time series of V,, - Taveraged in the (b) tropical North Pacific, (c) equatorial Pacific, and (d) tropical
South Pacific. (e) Decadal trend of precipitation in the tropics. Note the color map is flipped for this panel. The black contour in (e) represents the climatological

5 mm day ™" isoline. Speckled regions indicate significant precipitation trends at 95% confidence. The same three regions as in (a) are depicted. Monthly time series of
precipitation averaged in the (f) tropical North Pacific, (g) equatorial Pacific, and (h) tropical South Pacific. In (b)—(d) and (f)—(h), the linear trends (thick lines), 95%
confidence interval (thin solid lines), and the 95% prediction interval (dashed lines) are indicated.
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Winds in the tropical Pacific have unique trends with magnitudes that are not observed in the Indian or Atlantic
Ocean (Figure 2a). In the western equatorial Indian Ocean, both zonal and meridional wind stress display elevated
trends that weaken the seasonal cycle of wind stress in this region, though the trends are not nearly as strong as
those in the Pacific (Figures Sla-b in Supporting Information S1). Normally, the Indian Ocean experiences a
pronounced seasonal cycle with maximum wind stress during boreal summer during the Southwest Monsoon and
upwelling off the coast of Somalia (Schott & McCreary, 2001). However, the observed reduction of the seasonal
cycle suggests a weakening of both features (Figures S1a-b in Supporting Information S1). Increased easterlies in
the tropical Pacific have been shown to contribute to a general strengthening of the zonal atmospheric circulation
in the tropics, that is, the Walker Circulation (Heede & Fedorov, 2023). As a consequence, enhanced convection
over the Maritime Continent is likely related to both enhanced subsidence and westerly wind trends in the western
Indian Ocean.

In the southeastern Atlantic Ocean, wind stress is generally southeasterly, that is, parallel to the coastline. This
wind pattern causes seasonal coastal upwelling off Angola and Namibia, particularly in late boreal summer (e.g.,
Brandt et al., 2023). Wind stress trends in this region reveal strengthening of the zonal and meridional components
(Figure 2a), especially during the upwelling season (Figures Slc-d in Supporting Information S1). Servain
et al. (2014) document a similar strengthening of the Atlantic trade winds from different data sets over the period
1964-2012. These findings suggest a possible intensification of the seasonal upwelling in the southeastern
Atlantic Ocean. The observed wind stress trends in the Atlantic Ocean are consistent with stronger warming in the
North Atlantic Ocean compared to the South Atlantic (Latif et al., 2023), which causes an anomalous meridional
pressure gradient that leads to southerly wind stress trends (Figure 2a).

Intensifying Pacific trade winds are increasing the transfer of momentum from the atmosphere to the upper ocean,
enhancing the westward transport of water masses in the tropics and affecting the large-scale pattern of sea surface
height (SSH). Between 1993 and 2022, SSH in the global tropics (30°S—30°N) rose by approximately
0.03 m decade™" (Figure 4a). However, sea level rise in the western and eastern tropical Pacific is zonally
asymmetric: SSH trends in the western tropical Pacific are about twice as large as the global tropical mean sea
level rise, while SSH trends in the eastern Pacific are close to zero. This strong zonal asymmetry can be seen
clearly when the global tropical annual mean SSH trend is removed (Figure 4b; see also Timmermann
et al., 2010). When subtracting SSH averaged in the eastern equatorial Pacific (170°W—85°W, 3°S—3°N) from
SSH averaged in the western equatorial Pacific (150°E—170°W, 3°S—3°N), a significant trend in the zonal SSH
difference is found (Figure 4c). The time series also shows two pronounced dips in the zonal SSH difference
during the strong 1997/98 and 2015/16 El Nifio events. In 1997/98, the sign of the zonal SSH gradient even
reversed, indicating a reversal of the zonal surface currents along the equator. The steepening trend in the zonal
SSH gradient is particularly prominent from September to January (not shown). From a dynamical standpoint, a
steeper SSH slope along the equatorial Pacific can be expected to induce a response in the equatorial zonal current
system, which will be examined in the upcoming section.

4. Tropical Pacific Near-Surface and Subsurface Current Trends

In a next step, we analyze the response of the upper-ocean circulation in the equatorial Pacific to increased zonal
and meridional wind stress. To gain a comprehensive understanding, we will use (a) the drifter-wind-altimetry
synthesis, which provides a spatial and near-surface perspective, and (b) moored velocity data at three equato-
rial sites (170°W, 140°W, and 110°W) which allows for a discrete and subsurface perspective.

The tropical Pacific Ocean clearly has the most pronounced near-surface velocity trends (Figure 5a), although
trends are also observed in the tropical Atlantic and Indian Ocean. In the equatorial Pacific, the major westward
near-surface currents are the northern South Equatorial Current (nSEC) between 1°S and 2°N and the central
South Equatorial Current (cSEC) between 6°S and 2°S, while the North Equatorial Countercurrent (NECC) flows
eastward between 5°N and 8°N (Figure 5b). All three current bands have experienced a long-term acceleration
from 1993 to 2022 (Figures 5a—5c¢). In particular, the equatorial Pacific (170°E—100°W, 2°S—2°N) near-surface
westward flow, primarily associated with the nSEC, has increased by 19% + 15% (Figures 5a—5c and 5f). Mean
meridional velocity near the equator is dominated by Ekman divergence, which comprises northward velocities
north of the equator and southward velocities south of the equator (contours in Figure 5d and black line in
Figure 5e). We find a significant amplification of this flow pattern (color shading in Figure 5d) that is strongest
north of the equator (Figures 5d—5e, 5g). With the trend toward more southerly winds near the equator (Figure 2e),
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Figure 4. (a) Decadal trend of SSH in the tropics. The black isoline indicates the global tropical (30°S—30°N) annual mean
SSH trend (0.03 m decade™). At 99.3% of all grid points, SSH trends are significant at 95% confidence. (b) Same as (a) but
with the global tropical annual mean SSH trend removed. (c) Monthly SSH difference between the western (W; 150°E—170°
W, 3°S—3°N) and eastern (E; 170°W—85°W, 3°S—3°N) equatorial Pacific regions indicated in (a). The thin curve represents
the monthly time series, while the thick curve shows a 25 month running mean. The linear trend (thick solid line), 95%
confidence interval (thin solid lines and gray shading), and the 95% prediction interval (dashed lines) are indicated.

an upwind shift of the center of meridional velocity divergence is observed (Figure 5e) as expected from early
work by Cromwell (1953). The observed meridional velocity trends are 57% = 17% north of the equator
(Figure 5g; red curve), and 20% + 10% south of the equator (Figure 5g; blue curve). Such trends are expected to
drive increased divergence of near-surface currents and enhanced shallow overturning circulations (e.g.,
enhanced equatorial upwelling, off-equatorial downwelling, and subsurface equatorward flow).

The observed interhemispheric differences in meridional and zonal velocity trends can be attributed to the spatial
pattern of wind stress changes in the tropical Pacific. The trend toward stronger poleward flow north of the
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Figure 5. (a) Decadal trend of near-surface zonal velocity (u) in the tropics. Blue colors indicate negative velocity trends,
while red colors indicate positive velocity trends. The tropical Pacific region (170°E—100°W, 10°S—10°N) is marked by the
black box. The locations of long-term equatorial ADCP moorings as part of the TAO array at 170°W, 140°W, and 110°W are
indicated by yellow diamonds. Speckled regions indicate significant zonal velocity trends at 95% confidence. (b) Decadal
trend of near-surface zonal velocity (color shading) and mean zonal velocity (color contours) as a function of month and
zonally averaged for the central tropical Pacific Ocean region (170°E—100°W) indicated in (a). Blue contour lines indicate
mean westward velocity and red contour lines indicate mean eastward velocity (in m s~'). (c) Zonally averaged
(170°E—100°W) annual mean zonal velocity (black line; m s™!) and annual mean decadal trend (red and blue bars;

ms™! decade_l). (d) Same as (b) but for meridional velocity, v. Blue contour lines indicate mean southward velocity and red
contour lines indicate mean northward velocity. Gray dots in (b) and (d) indicate significant trends at 95% confidence.

(e) Same as (c) but for meridional velocity, v. (f) Monthly time series (thin curve), filtered time series (25 month running-
mean; thick curve) and linear trend (thick line) of zonal velocity in the equatorial Pacific (170°E—100°W, 2°S—2°N). The
thin lines and the shading in (f) indicate the 95% confidence band. The decadal means of zonal velocity (red dots) for 1993—
2002, 2003-2012, and 2013-2022 are indicated. (g) Monthly time series (thin curves), filtered time series (25 month
running-mean; thick curves) and linear trends (thick lines) of meridional velocity between 170°E—100°W, 5°S—0° (blue)
and 170°E—100°W, 0°—5°N (red). Meridional velocity south of the equator (blue) has been inverted (positive southward) for
better comparison of poleward flow. The thin lines and the shadings in (g) indicate the 95% confidence bands.

equator is due to the combined impact of intensified southerly winds near the equator, leading to increased
poleward flow, and intensified easterlies, leading to northward flow north of the equator where the Coriolis force
causes deflection. South of the equator, the observed zonal wind stress changes lead to increased southward flow
that exceeds the northward flow contribution driven directly by increased southerly cross-equatorial winds.
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Overall, the observed trends in the upper-ocean circulation agree well with the expected dynamic response to the
observed wind stress changes.

In contrast to meridional velocity trends which are consistently enhancing the mean state throughout the year,
zonal velocity trends near the equator display a seasonal sign reversal, with eastward velocity trends that signify a
deceleration of westward currents during February and March, and accelerating westward currents during the
remainder of the year (Figure 5b). Potential reasons for this trend reversal will be discussed in Section 5. Despite
the seasonal reversal, the long-term annual mean strengthening of zonal and meridional velocity in the equatorial
Pacific is ongoing, but modulated at interannual to decadal time scales (Figures 5f and 5g). In particular, velocity
data during the most recent decade from 2013 to 2022, which was not included in England et al. (2014), are
dominated by the strong El Nifio event in 2015/2016 and the triple-dip La Nifia event from 2020 to 2023 (Li
et al., 2023), leading to an extremely strong decadal acceleration in zonal and meridional velocity (Figures 5f
and 5g).

The long-term intensification of zonal near-surface currents and the steepening of the zonal SSH gradient along
the equator must be balanced by intensified eastward currents near the depth of the thermocline (e.g., Yu &
McPhaden, 1999b). To investigate the response of the equatorial Pacific subsurface circulation to the trends in
winds and SSH at the surface, we analyze moored velocity data at 0°, 170°W, 0°, 140°W, and 0°, 110°W (lo-
cations indicated by the yellow diamonds in Figure 5a). Equatorial zonal velocity in the upper 250 m is dominated
by the eastward Pacific Equatorial Undercurrent (EUC) and its seasonal intensification and shoaling (red contours
in Figures 6a—6c). The EUC core velocity is defined as the maximum eastward velocity between depths of 20—
200 m. The EUC peaks at 170°W in May—June at around 140 m, at 140°W in May at 100 m, and at 110°W in
April-May at 70 m (Figures 6a—6¢). Maximum velocities range from 0.8 m s~ at 170°W to 1.3 m s~' and
1.4ms™" at 110°W and 140°W, respectively. Zonal velocity trends in the upper 250 m are generally dominated by
eastward trends in the upper 50-100 m and westward trends below (color shading in Figures 6a—6c,g-i). Zonal
velocity trends in the western equatorial Pacific at 170°W are modest but are considerably more pronounced in the
central (140°W) and eastern (110°W) Pacific. At 140°W and 110°W, eastward trends are strongest during
January-March and July-December (Figures 6e and 6f) and generally above the annual mean EUC core depth
(Figures 6h and 6i). During April-June, when the EUC is normally at its maximum velocity, westward trends act
to reduce the seasonal peak of the EUC. The seasonality of the trends in EUC velocity and core depth (depth of
maximum eastward velocity) shows that months with weaker velocities and deeper EUC core also have the
strongest trends, resulting in reductions in the amplitudes of the seasonal cycles of EUC velocity and core depth
(Figures 6d—-6f). We observe increased eastward EUC core velocities at 170°W in January, at 140°W in February,
and at 110°W in March (black solid lines in Figures 6d—6f), potentially resembling the subsurface signature of
eastward propagating low-baroclinic mode Kelvin waves that will be discussed in Section 5. These trends are in
alignment with near-surface zonal velocity trends from the drifter-wind-altimetry synthesis at these discrete
mooring locations (black dashed lines in Figures 6d-6f), indicating a mutual near-surface and subsurface
response to wave propagation.

As a consequence of the strengthening of both the upper EUC and the westward near-surface current, vertical
shear of zonal velocity increased in the upper 50 m and decreased below the core of the EUC at the central and
eastern equatorial Pacific mooring sites (Figures 7b and 7c¢). If the increased upper-ocean vertical shear over-
comes the local stratification, it is a likely source for vertical mixing (W. Wang & McPhaden, 1999, 2001) and
enhanced baroclinic instability driving enhanced generation of tropical instability waves (Masina et al., 1999; von
Schuckmann et al., 2008), which have an impact on the mixed layer heat budget (Baturin & Niiler, 1997; Bryden
& Brady, 1989; Maillard et al., 2022; Xue et al., 2020). This is in alignment with the recently reported multi-
decadal intensification of Pacific tropical instability waves since the 1990s (M. Wang et al., 2024).

Overall, the Pacific EUC core shows a long-term increase of approximately 0.006 m s~' decade™ (+2% + 10%
with respect to the mean EUC core velocity) at 170°W and about 0.02 m s~ decade™! (+6% + 7%) at 140°W, and
a long-term decrease of —0.004 m s~! decade™ (=1% + 10%) at 110°W (Figures 6d—6f and 8a—8c). These EUC
core velocity trends are not significant at 95% confidence and somewhat smaller than the estimate of approxi-
mately 0.07 m s~ decade™" between 180° and 160°W by Amaya et al. (2015) who examined the time period
1990-2009. However, upper ocean zonal velocity trends (Figures 6a—6¢, 6g—61) are considerably stronger and
significant at 95% confidence above the mean core depth of the EUC at all mooring sites, and as large as
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Figure 6. (a) Upper-ocean zonal velocity trends at 0°, 170°W (color shading). Gray dots indicate significant trends at 95% confidence. The red and blue contour lines
indicate the climatological zonal velocity (in m s7h. (b) Same as (a) but at 0°, 140°W. (c) Same as (a) but at 0°, 110°W. (d) Climatological Equatorial Undercurrent
(EUC) core velocity (red curve), trend (black curve), and near-surface zonal velocity trend from the drifter-wind-altimetry product (dashed gray curve) at 0°, 170°W.
(e) Same as (d) but at 0°, 140°W. (f) Same as (d) but at 0°, 110°W. The shadings in (d)—(f) indicate the 95% confidence interval (gray) and the standard error (red).
(g) Vertical mean profile of zonal velocity (black curve) and zonal velocity annual mean trend (colored bars) at 0°, 170°W. Red colors indicate increased eastward
velocity and blue colors indicate increased westward velocity. (h) Same as (g) but at 0°, 140°W. (i) Same as (g) but at 0°, 110°W.

0.2-0.3 m s~" decade™" at 140°W and 110°W. The seasonal vertical migration of the EUC places its core just
below the maximum zonal velocity trends (Figures 6a—6¢, 62—61).

Besides a pure strengthening and weakening of the upper and lower EUC, respectively, the vertical movement of

the EUC needs to be examined as a cause for the observed upper-ocean velocity trends. Between 1993 and 2022,
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Figure 7. Upper-ocean vertical shear of zonal velocity (du/dz) trend (color shading) and du/dz mean (color contours;
ms™! m_l) as a function of month at (a) 0°, 170°W, (b) 0°, 140°W, and (c) 0°, 110°W. Gray dots indicate significant trends at
95% confidence.

the core of the EUC deepened in the western equatorial Pacific (+6 £ 11 m at 170°W; from 140 to 146 m), while it
significantly shoaled in the central equatorial Pacific (=12 = 8 m at 140°W; from 109 to 97 m) and eastern
equatorial Pacific (—12 £ 7 m at 110°W; from 78 to 66 m) (Figures 8d—8f). This trend pattern describes a basin-
wide steepening of the equatorial Pacific thermocline as previously described in McPhaden et al. (2011) and Hu
et al. (2013). While long-term, upper-ocean velocity data are only available at 170°W, 140°W, and 110°W,
subsurface temperature data have been measured at these three moorings (Figures 8g—8i) and at six additional
mooring locations along the equator (156°E, 165°W, 180°, 155°W, 125°W, 95°W; Figure 9) for the last 3 to
4 decades. For consistency, here only temperature data between 1993 and 2022 is considered. Trends in the 20°C
isotherm depth at all nine locations paint a consistent picture of a deepening thermocline in the western equatorial
Pacific and a shoaling thermocline in the eastern equatorial Pacific (Figure 9). Significant deepening is observed
at 156°E, 165°E, 180°, and 170°W, while significant shoaling is observed at 95°W. Interestingly, the EUC core at
140°W was located below the thermocline at the beginning of the time series, but has since migrated above the
thermocline during the examined time period. The fulcrum of EUC core depth (between 170°W and 140°W) is
located further west than the fulcrum of the 20°C isotherm depth (between 140°W and 125°W).

We conclude that the equatorial Pacific experienced a long-term acceleration of both near-surface and subsurface
currents between 1993 and 2022, in agreement with trends in zonal and meridional wind stress as well as sea
surface height. To further isolate the impact of wind stress changes on the observed trends in near-surface current
velocities, we analyze the Ekman component and the geostrophic component of the total velocity field separately
(Figure 10). The drifter-wind-altimetry synthesis product provides both the directly wind-driven (Ekman) ve-
locity component and the geostrophic velocity component fields separately as they are calculated individually
based on reanalysis winds and satellite altimetry, respectively, using spatially varying coefficients adjusted to
minimize the difference between total velocity fields and drogued drifter observations low-passed to remove tides
and inertial oscillations (see also Supporting Information of Tuchen, Perez, et al., 2022 for further details). In the
equatorial Pacific, both wind-induced zonal velocity changes (Figure 10a) and geostrophic zonal velocity changes
(Figure 10c) contribute to the observed increase of westward currents associated with the SEC, with the westward
geostrophic velocity trends maximum north of the equator and the westward Ekman velocity trends stronger south
of the equator. In the equatorial Pacific region (170°E—100°W, 2°S—2°N), westward Ekman velocity signifi-
cantly increased by 37% = 10%, while westward geostrophic velocity increased by 13% + 19%, showing a
stronger contribution of the wind-driven velocity component to the overall near-surface velocity trends. However,
changes in geostrophic velocity on the equator are mainly driven by changes in the zonal SSH gradient, which are
also influenced by wind changes and the redistribution of water masses. Therefore, geostrophic velocity changes
are expected to reflect wind changes as well. The strengthening of the NECC comes primarily from zonal
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Figure 8. (a) Pacific Equatorial Undercurrent (EUC) core velocity monthly time series (thin curve) and filtered (25 month
running-mean; thick curve) at 0°, 170°W. (b) Same as (a) but at 140°W. (c) Same as (a) but at 110°W. (d) Pacific EUC core
depth monthly time series (thin curve) and filtered (25 month running-mean; thick curve) at 0°, 170°W. (e) Same as (d) but at
140°W. (f) Same as (d) but at 110°W. (g) Depth of the 20°C isotherm time series (thin curve) and filtered (25 month running-
mean; thick curve) at 0°, 170°W. (h) Same as (g) but at 140°W. (i) Same as (g) but at 110°W. In all panels, the linear trend
(thick line), the 95% confidence interval (thin lines and shading), and the 95% prediction interval (dashed lines) are indicated.
Time periods with no data are filled by climatological values and indicated by color shaded rectangles.
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Figure 9. Pacific EUC core depth (red) and 20°C isotherm depth (blue) changes between 1993 and 2022. Shown are the start
(January 1993; light colors) and end points (December 2022; dark colors) of the linear trend lines from the monthly time
series at each equatorial mooring site.
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Figure 10. (a) Wind-driven (Ekman) zonal velocity trends in the tropics. Blue shadings (contours) indicate westward velocity
anomalies (mean westward velocity), while red shadings (contours) indicate eastward velocity anomalies (mean eastward
velocity). (b) Wind-driven (Ekman) meridional velocity trend in the tropics. Blue shadings (contours) indicate southward
velocity anomalies (mean southward velocity), while red shadings (contours) indicate northward velocity anomalies (mean
northward velocity). (c) Same as (a) but for geostrophic zonal velocity. (d) Same as (b) but for geostrophic meridional
velocity. The £0.05 m s~! contour lines are indicated in (a), (b) and (d). The +0.1 m s~' contour lines are indicated in (c).
Speckled regions indicate significant trends at 95% confidence.

geostrophic velocity changes, and secondarily from wind-driven geostrophic velocity changes (Figures 10a and
10c). Meridional velocity changes are primarily caused by wind-driven (Ekman) velocity changes (Figures 10b
and 10d). Mean meridional Ekman velocities describe the surface branches of the subtropical and tropical cells in
both the tropical Pacific and Atlantic (cf., Johnson, 2001; Perez et al., 2014; Schott et al., 2004; Tuchen
etal., 2019, 2020; Tuchen, Brandt, et al., 2022), but only meridional Ekman velocities near the equatorial Pacific
exhibit a significant intensification (Figure 10b): in the northern hemisphere (170°E—100°W, 0°~5°N) northward
Ekman velocity increased by 42% + 12%, while in the southern hemisphere (170°E—100°W, 5°S—0°) southward
Ekman velocity increased by 15% =+ 8%. Hence, we conclude that the near-equatorial buildup of meridional
velocity trends primarily reflects an acceleration of the tropical cells, while the subtropical cells remain largely
unaffected. This is in agreement with previous studies showing that the subtropical cells are unaffected by
equatorial winds and mainly respond to subtropical winds (e.g., Graffino et al., 2019).

5. Discussion and Conclusions

In this study, we present observational evidence for an ongoing (from 1993 to 2022) intensification of equatorial
Pacific winds and upper-ocean currents, as well as a steepening zonal sea surface height gradient and equatorial
thermocline. Additionally, we provide novel insights regarding the seasonality and interannual to decadal
modulation that are superimposed on the observed trends. The main new findings of this study are.

» Between 1993 and 2022, there was a sustained increase of tropical Pacific southeasterly trade winds, but this
increase is strongly modulated by interannual and decadal variations. While southerly winds intensification is
more pronounced north of the equator, easterly wind trends are stronger south of the equator. Although
increasing winds are observed throughout the year, the most pronounced trends are observed from boreal
autumn to winter.

o Multi-decadal intensification of equatorial Pacific near-surface currents is observed from a synthesis product
using drifter velocities, reanalysis winds, and satellite altimetry. Throughout the majority of the year, west-
ward near-surface currents exhibit a remarkable intensification of 19%, yet a distinct reduction was observed
during the months of February to March.

« Subsurface zonal velocities from mooring data displayed a substantial intensification in the central and eastern
Pacific. The Pacific EUC core became shallower in the central and eastern Pacific, while it deepened in the
western Pacific. However, most of the intensification occurs above the depth of the EUC core leading to
increased upper-ocean vertical shear.
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o The increases of equatorial Pacific near-surface and subsurface currents are in line with previous studies that
utilized in-situ and reanalysis data (Amaya et al., 2015; Drenkard & Karnauskas, 2014; M. Wang et al., 2024;
Yang et al., 2014). However, we find smaller trends for the Pacific EUC core velocity, likely because the
earlier studies predate strong interannual variations observed between 2011 and 2022 (e.g., Figures 10b and
10c) and because the strongest zonal velocity trends are observed above the depth of the EUC core and hence
not reflected in EUC core velocity trends. As a consequence of the shoaling EUC core and the intensifying
westward flow near the surface, the vertical shear of zonal velocity increased above the EUC core. This could
be associated with potentially intensified vertical mixing and upper-ocean cooling at the equator.

¢ Subsurface temperature measurements from moorings provide evidence of a substantial steepening of the
equatorial Pacific thermocline. A shallower thermocline in the eastern equatorial Pacific is associated with a
decrease of ENSO amplitude in the eastern Pacific and a trend toward more frequent central Pacific El Nifios
than eastern Pacific El Nifios (e.g., Hu et al., 2013; McPhaden et al., 2011).

e Zonal velocity trends arise mainly from changes in the wind-driven velocity component, but changes in the
geostrophic velocity component contribute as well.

¢ Wind-driven changes dominate trends in meridional velocity associated with the poleward flow of the tropical
cells. In particular, near-equatorial poleward flow in the northern hemisphere has intensified significantly by
57%, while southern hemisphere poleward flow shows a modest increase of 20%. Meridional velocity trends
are confined to the equatorial region, ruling out the possibility that the observed trends are caused by an
acceleration of the subtropical cells. The increased meridional divergence over the past three decades implies
increased equatorial upwelling which will be examined in future research.

While zonal winds intensified consistently throughout the year, trends in the near-surface currents display a
distinct seasonality, with eastward velocity trends during February to March. The observed seasonality in zonal
velocity trends is consistent with findings from the analysis of Ocean Surface Current Analysis Real-time
(OSCAR) (ESR, 2009) data, ECMWF-ORASS reanalysis data (Copernicus, 2021) and AVISO geostrophic ve-
locities (Copernicus, 2023) (not shown). Local wind forcing can be ruled out as the main contributor to the
seasonality of the circulation trends, as zonal wind stress trends are consistently negative, tending to accelerate
westward currents near the equator throughout the year (Figure 2b). Instead, equatorial Pacific sea surface height
(SSH) holds the key to interpreting the seasonal velocity trends.

In general, enhanced zonal winds induce anomalous westward mass transport, leading to an increased zonal SSH
gradient (Figure 4). The steepening trend of the equatorial SSH slope is seasonally dependent and is substantially
less pronounced during February and March, when positive SSH trends expand far into the central and eastern
equatorial basin (Figure 11b). This eastward expansion resembles an eastward propagation of trends in SSH
anomalies from January to March. During boreal summer (July-September), mean negative wind stress curl north
of the equator near 180° intensified (Figure S2 in Supporting Information S1) which is a likely source of increased
Rossby wave activity. Rossby waves propagate westward and continue as coastally trapped waves along the
western boundary before reflecting eastward at the equator into Kelvin waves (Suarez & Schopf, 1988). We
remove the annual mean SSH trend for each longitude (Figure 11) and examine the anomalous SSH trends north
of the equator (3°N—8°N; Figure 11a) and near the equator (2°S—2°N; Figure 11b). It shows that the north
equatorial region is dominated by westward propagation of positive SSH trends with a phase speed of about
0.5 m s~ (Figure 11a), consistent with a first meridional mode equatorially trapped Rossby wave in the presence
of meridionally sheared equatorial flow (Chelton et al., 2003), which are seemingly reflected at the western
boundary into eastward propagating Kelvin waves with propagation speed of approximately 1.9 m s~
(Figure 11b). This latter speed is consistent with a combination of first and second baroclinic mode equatorial
Kelvin waves. These findings are also in alignment with Yu and McPhaden (1999a), who noted a boreal spring
reversal of the mean westward SEC in the eastern equatorial Pacific due to equatorial wave activity. However,
here we report on changing Kelvin wave activity that manifests as a 30 year trend seasonally phase-locked to
boreal winter/spring. The corresponding zonal velocity trend aligns with the observed SSH trend (Figure 11;
contour lines): positive SSH trend anomalies north of the equator are associated with westward velocity trends
(Figure 11a), while positive SSH trend anomalies at the equator are associated with eastward velocity trends
(Figure 11b).

To show that the equatorial trends are not caused by isolated extreme events at the beginning and/or toward the
end of the time series, we analyze equatorial SSH anomalies averaged during February and March for each year
from 1993 to 2022 (Figure S3a in Supporting Information S1). Equatorial downwelling (upwelling) Kelvin waves
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Figure 11. (a) Monthly SSH trend anomalies averaged between 3°N and 8°N. Note that the longitude axis is reversed showing
east to west. The green arrow indicates a best-fit westward propagation with a phase speed of about 0.5 m s™". (b) Monthly
SSH trend anomalies averaged between 2°S and 2°N. The solid black arrow indicates a best-fit eastward propagation with a
phase speed of about 1.9 m s~'. Contour lines in (a) and (b) show zonal velocity trends (in m s~ decade™"). The annual mean
SSH trend and the annual mean zonal velocity trend (3°N—8°N in (a), and 2°S—2°N in (b)) have been subtracted to yield
trend anomalies. Gray dots indicate significant SSH trend anomalies at 95% confidence.

are characterized by positive (negative) SSH anomalies as they deepen (shoal) the equatorial thermocline. In
particular, El Nifio (La Nifia) events are triggered by downwelling (upwelling) Kelvin waves. Hence, interannual
variability due to ENSO dominates equatorial SSH anomalies during February to March. Overall, positive SSH
anomalies (downwelling Kelvin waves) became stronger and more frequent between 1993 and 2022 (Figure S4 in
Supporting Information S1). The time series is dominated by negative SSH anomalies between 1998 and 2002
and by positive SSH anomalies between 2014 and 2022. In particular, 2014 and 2015 exhibit pronounced positive
SSH anomalies in the western equatorial Pacific that are exceeding the underlying long-term trend. Equatorial
zonal velocity anomalies averaged during February and March for each year correlate significantly (r > 0.6;
p < 0.05) with SSH anomalies in the western equatorial Pacific between 170°E to 170°W (Figure S3b in Sup-
porting Information S1). The time period 1993-2022 encompasses a major shift in the PDO from positive to
negative at the beginning of the 21st century (McPhaden & Zhang, 2002, 2004). We repeat the calculations for
Figure 11 but exclude the years 1997-2002 (Figure S5 in Supporting Information S1) and find that our results
hold: increased off-equatorial and equatorial wave propagation is occurring during February and March. We
conclude that the seasonal reversal of zonal near-surface velocity trends during February and March is most likely
due to a combination of (a) a multidecadal trend toward more frequent, positive SSH anomalies and (b) inter-
annual variability due to ENSO and variability on decadal to multidecadal time scales that may be an imprint of
ENSO modulation and/or changes in ENSO diversity on these time scales.

One major finding of this study is that the equatorial thermocline has steepened over the last 30 years. While the
western equatorial Pacific thermocline is about 20 m deeper than 30 years ago, the eastern equatorial Pacific
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thermocline shoaled by about 12 m during the same time period. El Nifio events are usually excited by a series of
air-sea interactions. The Bjerknes feedback (Bjerknes, 1969) describes how SST anomalies in the eastern basin
are forced by thermocline depth anomalies due to eastward propagating Kelvin waves. A shallower thermocline in
the eastern equatorial Pacific, and a steeper slope of the equatorial thermocline in general, is expected to decrease
ENSO amplitude as shown in sensitivity experiments (Hu et al., 2013). In particular, the combined effect of
thermocline shoaling and increased southeasterly trade winds has been shown to hinder the eastward propagation
of warm water during an El Nifio event (Hu et al., 2013). In addition, the recently reported increase in tropical
instability wave activity over the recent three decades (M. Wang et al., 2024) could add to the damping effect on
ENSO, as tropical instability waves have a mean cooling effect on the equator through meridional temperature
advection and vertical mixing (e.g., Maillard et al., 2022; Xue et al., 2020, 2021). Hence, the observed ther-
mocline steepening could counteract any potential long-term trends in El Nifio intensity and/or frequency.

Beyond the described long-term increases of winds and currents, these parameters have undergone considerable
modulation on interannual to decadal timescales over the past three decades. By extending the time period
analyzed by England et al. (2014), we find that winds and currents underwent a declining phase between 2010 and
2016, but subsequently rebounded to positive trends past 2016. This particular period was dominated by the
strong El Nifio event in 2015/16 and the triple-dip La Nifia from 2020 to 2023, which are superimposed on the
decadal trends.

Our findings highlight the role that wind changes have on the equatorial Pacific upper-ocean circulation. England
et al. (2014) quantified the impact of tropical Pacific winds on global surface air temperature (SAT) using three
different future scenarios: persistence, stabilization, or reversal of tropical Pacific wind trends after 2012. Their
model experiment revealed that the disparity between persistent and reversing wind trends amounts to a dif-
ference of approximately 0.15°C of global SAT, indicating a substantial impact on the global climate system.
Despite continued wind trends, global mean temperature has rapidly increased over the past 10 years. By
examining an additional decade of data, we provide observational evidence for the persistence of wind trends and
their continued effects on upper-ocean currents, as well as their dynamical impact on the distribution of SST.

The majority of state-of-the-art coupled climate models are not able to reproduce the observed trends in tropical
South Pacific cooling, raising questions about their ability to accurately project future trends and multidecadal
variability in SST (Heede & Fedorov, 2023; Latif et al., 2023). Recent studies suggest that both model bias and
natural variability are the reason for the model's inaccurate representation of the observed trends (Bai et al., 2023;
Lee et al., 2022; Wills et al., 2022). In particular, the models' misrepresentation of easterly trade wind trends,
subsurface cooling, and cold tongue extension lead to a weaker than observed SST zonal gradient (Bai
etal., 2023). A slow down or reversal of Pacific wind trends in response to a phase change of the IPO and/or PDO
could accelerate the rise of global mean temperature even more. However, the relative contributions of natural
variability and external forcing to the observed SST trend pattern are still under debate. Recently, another pattern
extracted from the observed SST trend, the so-called Northern Hemisphere-Indo-West Pacific warming pattern
(Heede & Fedorov, 2023), was suggested to contribute to the strengthening of the Pacific Walker circulation, in
addition to the PDO and the spatially uniform externally forced warming trend. Furthermore, we emphasize the
contribution of tropical Pacific Ocean dynamics to global-scale climate variations and trends in SST. Future
research will also focus on conducting a comprehensive analysis of the heat budget to quantify the relative roles of
ocean dynamics and surface heat fluxes in the observed long-term cooling trend in the tropical South Pacific.

This study may further serve as a valuable benchmark to validate the representation of mean currents and their
long-term trends in model simulations and reanalysis products (e.g., Karnauskas et al., 2020). In analogy to how
models and reanalysis products represent the observed tropical Pacific SST trends, experiments can be designed
to understand potential discrepancies in upper-ocean circulation between simulations and observations, in
particular improved representation of vertical processes such as equatorial upwelling and mixing (e.g., Iyer &
Moum, 2024; Moum et al., 2022). Based on the observed changes in near-surface zonal and meridional velocity,
future research will focus on the analysis of near-surface upwelling trends, inferred from horizontal current
divergence. Observing and understanding equatorial upwelling will be crucial as it plays a significant role in
regulating the equatorial Pacific cold tongue region (180°-80°W, 3°S—3°N) (Clement et al., 1996) and provides
physical and biogeochemical background conditions for marine ecosystems (Chavez et al., 1999; Deutsch
et al., 2014; Frankemolle et al., 2024). While global warming is projected to weaken equatorial Pacific upwelling
(L.-C. Wang et al., 2022), natural variability may episodically counteract these externally forced effects.
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