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Introductory paragraph 27 

The tropical Atlantic upper-ocean circulation experiences multiannual to decadal changes 28 

associated with different climate modes and is simultaneously adjusting to climate warming. 29 

The most energetic current in the tropical Atlantic is the Equatorial Undercurrent (EUC) 30 

flowing eastward along the equator with a core depth of about 80 m shallowing toward east. 31 

Based on long-term moored observations, we show that the EUC strengthened by more than 32 

20% over the decade 2008-2018. This EUC strengthening is associated with increasing 33 

subsurface oxygen concentrations and a thickening of the upper-ocean oxygenated layer in the 34 

equatorial Atlantic, thereby counteracting climate warming-induced deoxygenation in this 35 

region. The EUC strengthening is found to be mainly forced by trade wind changes in the 36 

western tropical North Atlantic. A comprehensive 60-year dataset reveals that the recent oxygen 37 

increase in the upper equatorial Atlantic is associated with multidecadal variability 38 

characterized by low oxygen concentrations in the 1990s and early 2000s and high oxygen 39 

concentrations in the 1960s and 1970s. The observed oxygen variability seems to be linked to 40 

a compression and expansion of the habitat of tropical pelagic fish and must be accounted for 41 

when evaluating possible consequences of deoxygenation for marine ecosystems and fisheries. 42 

 43 

Ocean circulation redistributes vast amounts of heat, freshwater and biogeochemical tracers, 44 

like nutrients and oxygen, throughout the climate system. It adjusts to climate warming, but at 45 

the same time varies with internal modes of natural climate variability. Suggested circulation 46 

changes due to climate warming include a strengthening of western boundary currents1,2, a 47 

weakening of the Atlantic Meridional Overturning Circulation (AMOC)3,4, or a general 48 

acceleration of the mean circulation5. Globally, the Atlantic Equatorial Undercurrent (EUC) is 49 

one of the most energetic currents. It transports thermocline waters eastward along the equator 50 

as part of the AMOC and the Subtropical Cells (STCs)6. The STCs represent shallow 51 
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overturning circulations involving subduction in the subtropics and upwelling at the equator7,8. 52 

The EUC strength is only weakly affected by prescribed AMOC changes as shown in forced 53 

simulations with constant wind forcing9. Instead, decadal variations of the Atlantic EUC 54 

detected in a 50-yr run of an assimilation model shows a close correspondence to the decadal 55 

variability of the STC strength10. Changes in the strength of the EUC may also result from a 56 

zonal redistribution of the equatorward pathways associated with the STCs within the 57 

thermocline, even without changing the STC strength, as found for the Pacific STCs in global 58 

warming simulations11. In a high-resolution forced ocean model, an STC weakening in the 59 

Pacific Ocean from the 1950s to the 2000s is associated with a weakening of the simulated EUC 60 

by 20%12. By keeping respiration constant in the model, a severe oxygen decline along the main 61 

STC thermocline pathways, including the EUC, is found. By implementing fully interactive 62 

biology, the effect of reduced ventilation on oxygen levels is, in turn, largely compensated by 63 

the effect of reduced productivity and associated oxygen consumption. A comparison with 64 

observed oxygen changes suggests, however, a likely overestimation of the biological effect in 65 

the model. The relative importance of the two competing effects remains unclear12. 66 

In the upper tropical Atlantic, moored observations have documented seasonal to multiannual 67 

variability of the North Brazil Undercurrent13,14 and the EUC15,16. Circulation variability on 68 

decadal timescales, however, has not been detected in direct current observations so far. 69 

Nevertheless, decadal and multidecadal variability of oxygen concentration is well 70 

documented17-20. It is thought to mainly result from circulation changes that redistribute oxygen 71 

in the tropical oceans21-24. This oxygen variability is superimposed on the widespread 72 

deoxygenation as the global oceanic oxygen content is decreasing since the 1960s by more than 73 

2%25, thereby contributing to an expansion of the tropical oxygen minimum zones (OMZs). 74 

Both effects, internal oxygen variability and deoxygenation due to climate warming, must be 75 

accounted for when evaluating changes in low-oxygen regions and the longer-term impact of 76 
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these changes on marine ecosystems and fisheries26, in particular the available habitat for 77 

tropical pelagic fish27,28. 78 

Strengthening of the Atlantic Equatorial Undercurrent 79 

The velocity field of the EUC has been measured using direct current observations from a large 80 

number of research cruises crossing the equator at different longitudes15,29,30. Here, we focus on 81 

the central equatorial Atlantic at 23°W, where the EUC starts supplying the equatorial 82 

upwelling east of that longitude15. The EUC is located between 2°S and 1.5°N above a depth 83 

of 250 m. Its core is at about 80 m depth and is associated with an oxygen maximum with 84 

oxygen levels declining north- and southward from the core latitude close to the equator (Fig. 85 

1b)19. Since December 2001, a long-term mooring has been operated almost continuously on 86 

the equator at 23°W (Fig. 1c, Supplementary Tab. 1)31,32. The mooring data have been used to 87 

derive an EUC transport time series starting in May 200516, here updated to September 2019 88 

(Fig. 1a). 89 

The most prominent signal in the EUC transport time series is a strengthening of the EUC from 90 

its lowest values in 2007 to its highest values in 2018 (Fig. 1a). We estimate a ten-year EUC 91 

transport increase from August 2008 to July 2018 of 3.3±1.6 Sv decade-1. This ten-year trend, 92 

which does not substantially change when shifting the examined ten-year period by a few years, 93 

corresponds to an increase of the EUC transport of more than 20% compared to its mean 94 

transport of about 14 Sv16. 95 

The time series of eastward velocity anomalies at the equator at 23°W shows an eastward 96 

velocity increase between about 70 m and 250 m. A maximum amplitude of nearly 0.2 m s-1 97 

decade-1 at 100 m depth can be observed during the period from August 2008 to July 2018 (Fig. 98 

1c, d). Above this layer, observed velocities become increasingly westward during the same 99 

period, with the ten-year trend reaching about –0.1 m s-1 decade-1. Moored observations at the 100 
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equator at 10°W (Supplementary Fig. 1b) generally confirm the existence of a strengthening 101 

trend in the eastward velocity at thermocline level in the decade 2008-2018 (Supplementary 102 

Fig. 2). 103 

Wind forcing of the circulation variability 104 

The EUC is predominantly forced by the easterly wind along the equator that establishes an 105 

eastward pressure gradient with the sea level sloping downwards toward the east33. This local 106 

forcing results in an EUC transport variability in accordance with the dominantly multiannual 107 

variability of the Atlantic Niño, which is most pronounced in boreal summer34,35. Besides the 108 

local forcing, the EUC is also forced remotely by easterly winds in the tropics away from the 109 

equator driving poleward Ekman transport in both hemispheres. The resulting meridional 110 

Ekman transport divergence is directly related to the strength of the STCs and the EUC8,10. 111 

Typically, this Ekman divergence is quantified by the difference in the meridional Ekman 112 

transport across the latitudes 10°N and 10°S8,36. 113 

Meridional Ekman transports derived from different wind products consistently show an 114 

increase in the Ekman divergence between 10°N and 10°S for the decade 2008-2018 (Tab. 1, 115 

Fig. 1a, Supplementary Fig. 5). Since the westward wind stress at the equator shows no 116 

significant increase (Supplementary Tab. 3), it can be ruled out as a possible forcing of the EUC 117 

strengthening. The obtained ten-year trends in the Ekman divergence are, however, generally 118 

too small to account for the observed ten-year trend in the EUC transport. Nevertheless, it 119 

suggests a strengthening of the Atlantic STCs during the recent decade. Variations between the 120 

different wind products are substantial, but within the statistical uncertainties. All wind products 121 

suggest that the dominant forcing is in the northern hemisphere associated with a strengthening 122 

of the northeast trades (Tab. 1). Further analysis suggests that the wind changes occur 123 

dominantly in the western basins, with the eastern basins having only weak or even reversed 124 

ten-year trends (Supplementary Fig. 6, Supplementary Tab. 2). 125 
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Increased oxygenation of the upper equatorial Atlantic 126 

The oxygen distribution along the equator (Fig. 2a) as measured during the recent cruise 127 

TRATLEQ 1 (Trans-Atlantic Equatorial cruise 1, Sep./Oct. 2019) is characterized by the 128 

presence of an OMZ in the eastern basin at mid-depth (lowest oxygen concentrations at about 129 

400 m at 5°E off São Tomé). At the western boundary, the energetic North Brazil Current 130 

(NBC) transports high-oxygen waters northwestward. After crossing the equator, the NBC 131 

partly retroflects into the EUC contributing to the enhanced oxygen levels in the equatorial 132 

band37. The core of the EUC follows isopycnal surfaces shallowing from west to east (Fig. 2a, 133 

c). Water within the EUC core shows decreasing oxygen levels on its way toward the eastern 134 

boundary, mainly due to lateral eddy mixing with low-oxygen waters carried westward by the 135 

flows to the north and south of the EUC19. 136 

The measurements performed in Sep./Oct. 2019 show a specific pattern of elevated oxygen 137 

levels with respect to the climatological state of the oxygen distribution estimated for the year 138 

2000 as taken from25 (Fig. 2b, see 25 for details). The largest oxygen increase of more than 20 139 

𝜇mol kg-1 is found in the upper 250 m east of 10°W. Generally, enhanced oxygen levels in 140 

Sep./Oct. 2019 are found along the whole path of the EUC toward the eastern boundary as well 141 

as within the NBC close to the western boundary. The high oxygen levels thus represent a 142 

continuation of an oxygenation in the upper equatorial Atlantic estimated for the period 2006-143 

2018 using oxygen data from a large number of research cruises along 23°W in the central 144 

equatorial Atlantic (Supplementary Fig. 10a). 145 

The upper-ocean oxygen changes correspond to changes in the thickness of the uppermost 146 

oxygenated layer. Here, we define the oxygenated layer thickness (OLT) to be the depth range 147 

between the ocean surface and the shallowest depth of the 120 𝜇mol kg-1 oxygen surface. While 148 

the chosen oxygen level is relatively high with respect to intermediate hypoxias defined 149 

elsewhere38, it is suitable to describe long-term changes in the near-surface habitat of tropical 150 
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pelagic fish28,39. The mean OLT in the tropical Atlantic shows a characteristic pattern having 151 

small values above the OMZs of the eastern tropical North and South Atlantic and slightly 152 

larger values along the equator. At the western boundary and in the subtropics poleward of the 153 

OMZs, an extensive oxygenated layer is present (Fig. 3a). Using a comprehensive 60-year 154 

oxygen dataset, we provide evidence that the equatorial Atlantic undergoes a substantial 155 

multidecadal variability with a particularly large OLT in the 1960s and 1970s and a reduced 156 

OLT in the 1990s and 2000s (Fig. 3b). Since approximately 2005, a deepening of the 120 𝜇mol 157 

kg-1 oxygen surface is observed with largest OLTs occurring in Sep./Oct. 2019. This 158 

multidecadal variability that is similarly seen in the subsurface oxygen levels (Fig. 3c) 159 

dominates any long-term changes that might be present28 and clearly affects trends in the OLT 160 

calculated for different time spans, e.g. over the periods 1960-2005 or 1960-2020 161 

(Supplementary Fig. 9). 162 

Mechanisms of equatorial Atlantic oxygen variability 163 

The global oceanic oxygen content has declined since the 1960s by about 2%25 with notable 164 

deoxygenation occurring in the upper tropical ocean (Supplementary Fig. 8). About half of the 165 

deoxygenation in the upper 1000 m is suggested to be the result of changing oxygen solubility 166 

due to warming waters25. In general, the vertical structure of warming-induced oxygen changes 167 

might be more complicated as other effects like increased stratification or poleward migration 168 

of outcropping density surfaces might come into play24 (see supplementary information). 169 

Additionally, the deoxygenation pattern associated with a warming ocean is superimposed by 170 

ocean variability on different timescales related to the internal variability of the climate 171 

system12,23,40. Oxygen observations during the last decades reveal substantial variability in the 172 

tropical Atlantic on multiannual to decadal timescales19,23. However, large uncertainty exists 173 

regarding the mechanisms of decadal oxygen changes. Observed oxygen trends calculated over 174 

the last 50 years are largely not in agreement with oxygen trends diagnosed from 175 
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biogeochemical model runs41. Depending on the specific model used, projections of subsurface 176 

oxygen levels also deviate42. The here reported strengthening of the Atlantic STCs and EUC in 177 

the decade 2008-2018 in response to an increased Ekman divergence between 10°N and 10°S 178 

(Fig. 1a) add a so far undescribed mechanism for decadal subsurface oxygen variability in the 179 

equatorial Atlantic. The vertical structure of the ten-year velocity trend at the equator at 23°W 180 

(Fig. 1d) shows that the strengthening of the EUC is associated with an intensifying near-181 

surface westward flow. The intensified westward flow balances the increased Ekman 182 

divergence predominantly occurring in the western basin (Supplementary Fig. 6, 183 

Supplementary Tab. 2). Other mechanisms, such as changing STC pathways11, may also 184 

contribute to the observed strengthening of the EUC at 23°W.  185 

Here we have shown that  the observed strengthening of the EUC is associated with a substantial 186 

oxygen increase in the upper equatorial Atlantic (Fig. 2b, Fig. 3c, Supplementary Fig. 10). A 187 

quantification of the link between EUC intensification and subsurface oxygenation can be made 188 

by the evaluation of the oxygen budget of a subsurface volume (see methods). Estimating the 189 

flushing time of a subsurface box (100-200 m, 4°S-4°N, 35°W-5°W) by the intensifying EUC 190 

yields a timescale similar to the here reported ten-year period of EUC intensification 191 

(Supplementary Fig. 4). This short flushing timescale substantiates the dominant role of the 192 

advective oxygen supply by the EUC to the oxygen budget. However, negative feedback 193 

mechanisms might dampen the oxygen response to the intensifying inflow of oxygenated EUC 194 

waters. These mechanisms may include an oxygen reduction due to changing advection (mean 195 

and eddy advection) as well as vertical mixing in response to increasing subsurface oxygen 196 

levels. As indicated by model studies, part of the enhanced ventilation might also be 197 

compensated by enhanced primary productivity and enhanced oxygen consumption12. So far, 198 

enhanced productivity in the equatorial Atlantic is not observed43. This could indicate that a 199 

possible compensation effect due to enhanced productivity is not of the same order as the 200 



9 
 

enhanced ventilation. For the eastern tropical North Pacific away from the equator, changes in 201 

the biological productivity forced by the trade winds are instead suggested to be responsible for 202 

decadal to centennial oxygen changes40. According to that mechanism, enhanced trade winds 203 

force a shallowing of the thermocline that results in enhanced primary production and 204 

respiration and consequently leads to reduced oxygen levels in the thermocline. Such behavior 205 

resulting from a similar forcing, i.e. the strengthening or weakening of the trade winds, would 206 

imply opposing oxygen changes in different parts of the tropical oceans. 207 

The variability of the northeast trade winds is likely linked to the Atlantic Multidecadal 208 

Variability (AMV) changing from its cold phase in the 1970s to its warm phase in the 2000s 209 

followed by another cold phase44-46. The AMV affects the trade winds in the northern 210 

hemisphere, which are weakest during its warm phase47,48. While all analyzed wind products 211 

generally confirm a strengthening of the Ekman divergence in the decade 2008-2018 (mostly 212 

due to the increase in northern hemisphere Ekman transport), its magnitude varies by almost a 213 

factor of two (Tab. 1). Similar uncertainties in wind trends for specific periods were obtained 214 

when analyzing different reanalysis products49. For some wind products it is explicitly stated 215 

that they are not well suited for studies of long-term wind trends (e.g. 216 

https://climatedataguide.ucar.edu/climate-data/ccmp-cross-calibrated-multi-platform-wind-217 

vector-analysis). Despite the uncertainties in multidecadal wind variability, equatorial oxygen 218 

observations reveal a multidecadal cycle of deoxygenation and oxygenation in the equatorial 219 

Atlantic (Fig. 3). This cycle is possibly linked to the AMV via its effect on the STCs. This 220 

internal variability of the climate system likely impacts marine ecosystems and fisheries in the 221 

equatorial Atlantic by compressing and expanding the habitat of tropical pelagic fish28,50 on 222 

decadal timescales. A better understanding and prediction of locally amplified internal 223 

variability, as observed in the equatorial Atlantic, is crucial in order to improve the performance 224 

of forced ocean biogeochemistry circulation models. Furthermore, it substantially aids the 225 
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evaluation of impacts of climate change induced global deoxygenation on the marine ecosystem 226 

and its socioeconomic dependencies. 227 
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Tab. 1 Ten-year (August 2008 to July 2018) trend in Ekman divergence (10°N-10°S), 382 

northward Ekman transport at 10°N, and southward Ekman transport at 10°S with 95% 383 

confidence interval for different wind products. 384 

Wind 
Product 

Ekman Divergence 
(10°N – 10°S)  
[Sv decade-1] 

Northward Ekman 
Transport across 10°N 

[Sv decade-1] 

Southward Ekman 
Transport across 10°S 

[Sv decade-1] 
ASCAT 2.0 ± 1.2 1.5 ± 1.2 0.4 ± 0.6 
CCMP 1.1 ± 1.2 1.0 ± 1.1 0.1 ± 0.6 
JRA55-do 1.5 ± 1.0 1.3 ± 1.0 0.2 ± 0.7 

 385 

  386 
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Figure captions 387 

 388 

Fig. 1 The Atlantic Equatorial Undercurrent (EUC) at 23°W. a, EUC transport anomaly 389 

(monthly data, grey thin line; mean and annual and semi-annual harmonics subtracted and 270-390 

day low-pass filtered, black thick line; ten-year (August 2008 to July 2018) trend, black dashed 391 

line; with 95% confidence interval, grey shading) and STC transport anomaly calculated from 392 

Ekman divergence between 10°N and 10°S using different wind forcing products (ASCAT, red; 393 

CCMP, blue; mean and annual and semi-annual harmonics subtracted and 270-day low-pass 394 

filtered). b, Mean eastward velocity (color) and dissolved oxygen (𝜇mol kg-1, contours) from 395 

shipboard measurements after19. c, Time series of eastward velocity anomaly at the equator 396 

with mean and seasonal cycle subtracted. d, Ten-year (August 2008 to July 2018) trend in 397 

eastward velocity (blue, with 95% confidence interval, light blue shading) and mean eastward 398 

velocity (red) at the equator. 399 
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 401 

Fig. 2 Shipboard measurements along the Atlantic equator in Sep./Oct. 2019. a, Dissolved 402 

oxygen concentration. b, Dissolved oxygen anomaly relative to the climatological year-2000 403 

state25. c, Eastward velocity. Grey areas mark bottom topography at the western boundary. 404 

Black lines mark the 25 kg m-3, 26 kg m-3, 26.5 kg m-3, 27 kg m-3 and 27.25 kg m-3 isopycnals. 405 

  406 

40°W 20°W 0°
Longitude

0

200

400

600

800

1000

D
ep

th
 (m

)

100 150 200
Oxygen ( mol kg-1 )

40°W 20°W 0°
Longitude

-20 -10 0 10 20
Oxygen ( mol kg-1 )

40°W 20°W 0°
Longitude

0

200

400

600

800

1000

D
ep

th
 (m

)

-1 -0.5 0 0.5 1
Eastward Velocity (m s-1 )

a) b) c)



19 
 

 407 

 408 

Fig. 3 Surface oxygenated layer thickness (OLT) in the tropical Atlantic. a, Mean OLT. b, 409 

Time series of OLT anomaly in the equatorial region (35°W-5°W, 4°S-4°N) marked in (a). c, 410 

Time series of the oxygen anomaly in the box 100-200m, 24°W-22°W, 4°S-4°N marked in (a) 411 

by the hatched area. Indicated in (b) and (c) are the ten-year median anomalies (black squares), 412 
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the probable error of the median derived from the median absolute deviation (open circles), as 413 

well as the corresponding interquartile range (black lines) of the individual data anomalies (grey 414 

dots). The triangle marks the median anomaly of data taken in Sep./Oct. 2019. OLT is defined 415 

by the depth range between ocean surface and shallowest depth of the 120 𝜇mol kg-1 oxygen 416 

surface. 417 

  418 
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Methods 419 

We use different observational datasets from moored and shipboard measurement programs 420 

(particularly from cruise TRATLEQ 1, RV Meteor cruise M158 in September/October 2019), 421 

different wind products, and historical oxygen data within this study. 422 

Moored velocity data 423 

Velocity data from the equator at 23°W (Fig. 1c) were acquired using moored acoustic Doppler 424 

current profilers (ADCPs). They cover the whole depth range of the EUC for most of the 12 to 425 

18 months long consecutive mooring periods except for a few years at the beginning31. All 426 

velocities were detided using a 40-h low-pass filter and subsampled to 12-h intervals. The 427 

oceanic variability on short timescales (i.e. during a single mooring period) clearly exceeds the 428 

measurement accuracy of the different instruments. Errors in ADCP compass calibration are 429 

expected to be unsystematic for the different instruments used, not able to produce an artificial 430 

eastward velocity trend for a ten-year period that encompasses several, typically 1.5-year long 431 

mooring periods. Similar trends in northward velocity are substantially smaller and not 432 

significant. Moored velocity data from the equator at 10°W were acquired by single upward 433 

looking ADCPs. Data treatment was the same as for the 23°W moored velocity data. 434 

EUC transport 435 

For five years as part of the Tropical Atlantic Climate Experiment (TACE), i.e. from mid-2006 436 

to mid-2011, additional moorings were installed at 0°45’N and 0°45’S to obtain a well-defined 437 

EUC transport time series. The EUC transport was obtained using variability patterns derived 438 

from shipboard observations that were regressed onto the moored time series. Error estimates 439 

of these calculations are given as RMS differences16. The EUC transport based on three 440 

moorings (RMS difference of 0.79 Sv) was used to validate the reconstruction of the EUC 441 

transport using only the central mooring (RMS difference of 1.29 Sv), which was the only 442 
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mooring operated from mid-2011 onwards16. The EUC transport represents the integral of the 443 

eastward velocity, u, with u>0 of the reconstructed sections over latitude and depth within the 444 

domain covering 30-300 m depth and 1°12’S - 1°12’N. The EUC transport is characterized by 445 

substantial intraseasonal variability of 2.3 Sv (standard deviation of 8-to-90-day band-pass 446 

filtered data), a seasonal cycle of 1.2 Sv (standard deviation of the monthly mean seasonal 447 

cycle), and multiannual variability of 1.1 Sv (standard deviation of detrended time series with 448 

annual and semi-annual harmonics subtracted and 270-day low-pass filtered). 449 

To test the sensitivity of the ten-year trend of the EUC transport to the used definition, we have 450 

calculated different versions of the EUC transport: Version 1) only positive u, 30-300m and 451 

1°12’S - 1°12’N (as we used in the manuscript), Version 2) positive and negative u, 30-300m 452 

and 1°12’S - 1°12’N and Version 3) positive and negative u, 30-200m and 1°S - 1°N. The area 453 

in version 3 was reduced in order to avoid most areas with westward velocities. All three 454 

versions show a clear increase in the EUC transport (Supplementary Fig. 3). Version 2 shows 455 

the strongest intensification, which is due to the fact that areas with westward velocities 456 

additionally decrease during EUC intensification. Version 3 shows the smallest increase, which 457 

is due to the fact that part of the EUC is missing, when shrinking the area. In summary, the 458 

estimated ten-year trend of the EUC transport that we present in the manuscript is more on the 459 

conservative side of possible estimates. 460 

Shipboard measurements during TRATLEQ 1 461 

Salinity, temperature, depth, oxygen (CTD-O2) measurements during TRATLEQ 1 were 462 

carried out with a Seabird Electronics (SBE) 9plus system that was equipped, in addition to its 463 

own pressure sensor, with two parallel sensor sets for temperature, conductivity, and oxygen 464 

(Supplementary Tab. 4). The oxygen measurements were calibrated against Winkler-titrated 465 

oxygen from discrete water samples. For the calibration a linear correction polynomial 466 

depending on pressure, temperature and the actual oxygen value was fitted. A total of 403 467 
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oxygen data points were recorded, which resulted in an RMS-misfit of about 1.1 µmol kg-1. 468 

Velocities along the equator during TRATLEQ 1 were measured by two vessel-mounted ADCP 469 

systems (Supplementary Tab. 4). A 75-kHz RDI Ocean Surveyor mounted in the ship’s hull 470 

provided the velocity distribution in the upper 650 m with a vertical resolution of 8 m. The 471 

second instrument, a 38-kHz RDI Ocean Surveyor installed in the sea chest, had a measurement 472 

range of at least 1000 m at a vertical resolution of 32 m. Both datasets were vertically linearly 473 

interpolated on a 10-m grid and then combined with a linear weight transition for 75-kHz : 38-474 

kHz velocities of 5:1 in the upper 350 m depth, 3:1 in the depth range between 350 and 500 m 475 

depth and 1:1 below 500 m depth. The combined dataset was then mapped onto a common grid 476 

of 0.2° × 10 m resolution using Gaussian mapping scales with a horizontal half width scale of 477 

0.2° and cut-off scale of 0.6° and vertical mapping scales of 8 m for half width and 16 m for 478 

cut-off. The data were horizontally linearly interpolated between 2.6°E and 5°E to fill the data 479 

gap. 480 

Ekman transport from different wind products 481 

The Ekman transport was calculated from different wind products. The meridional Ekman 482 

volume transport per unit length [Sv m-1] is  483 

𝑇$%,' =
𝜏*
𝜌,𝑓

 484 

with 𝜏* the eastward wind stress, 𝜌, water density (taken here to be 1025 kg m-3) and 𝑓 the 485 

Coriolis parameter. Following51, 𝜏* is calculated using the 10-m wind vector, 𝑣⃗0,, and the 10-486 

m eastward wind component, 𝑢0, 487 

𝜏* = 𝜌234𝑐6𝑢0,|𝑣⃗0,| 488 

with 𝜌234 air density (taken here to be 1.223 kg m-3) and 𝑐6 drag coefficient for neutrally 489 

stable conditions52 490 
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𝑐6 = 8
2.70
|𝑣⃗0,|

+ 0.142 + 0.0764|𝑣0,|A × 10BC 491 

The meridional Ekman transport [Sv] through 10°N and 10°S was eventually calculated by 492 

zonal integration of 𝑇$%,' along the respective latitudes between the western and eastern 493 

boundaries. The Ekman divergence [Sv] was calculated as the difference between the 494 

meridional Ekman transport through 10°N and 10°S. Annual and semi-annual cycles were 495 

calculated for the same period, that was used for the ten-year trend calculation (2008-2018), 496 

and subsequently removed from the whole time series. Derived time series were then 270-day 497 

low-pass filtered. 498 

Trend calculation and significance 499 

Linear trends presented in this study were obtained from a linear regression of a time series of 500 

limited length. The 95% confidence interval was calculated following53 as product of the 501 

estimated standard deviation of the trend and the t-score of the Student’s t-distribution for 95% 502 

significance and n-2 degrees of freedom, where n is the number of independent values used for 503 

the linear regression. n was estimated from the autocorrelation functions for the different time 504 

series, which revealed an average decorrelation scale of 6 months for time series with annual 505 

and semi-annual cycles removed and 270-day low-pass filtered to remove seasonal and shorter 506 

period variability. Hence, the trend calculations were evaluated based on 6-months averages. 507 

The trend errors of Ekman transports and divergences do not account for possible biases 508 

inherent in the different wind products. However, differences in the trends derived from 509 

different wind products provide an estimate of the uncertainty. 510 

Oxygen data and analysis 511 

All used oxygen data are listed in Supplementary Tab. 5. Duplicates were avoided by using the 512 

first profile in the combined dataset within 24 h and 5 km to all others. For each used profile 513 
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the uppermost depth of the 120 𝜇mol kg-1 oxygen surface was determined by linear vertical 514 

interpolation. The climatological mean state of this oxygen surface was then computed by a 515 

least squares model on a 0.5°×0.5° grid. For each grid point to be mapped all data within a 516 

radius of 1200 km are used by applying a Gaussian weighting using a half folding width of 275 517 

km. Prior to the mapping a linear gradient in latitude and longitude as well as a quadratic fit in 518 

latitude was subtracted from the original data. An absolute minimum weight of 0.01 was applied 519 

to the Gaussian weighting to take the larger distribution and horizontal gradients of the depth 520 

of the 120 𝜇mol kg-1 oxygen surface better into account. For each profile the depth anomaly of 521 

the 120 𝜇mol kg-1 oxygen surface compared to the local climatological mean was derived. All 522 

anomalies within the equatorial box (35°W-5°W, 4°S-4°N) were used to derive a monthly 523 

median offset. The final temporal OLT (120 𝜇mol kg-1 oxygen surface) anomaly was computed 524 

by the median of all anomalies within 10 years, corrected by the monthly offset. 525 

To verify the statistical significance of the median we compute the median absolute deviation 526 

(MAD) as a robust measure of the variability of the sample, in addition to the interquartile 527 

range. The probable error of the median as derived from the MAD as provided in Fig. 3b and 528 

3c is calculated as follows. The MAD is defined as the median of all deviation from the median. 529 

Assuming a normal distribution we get the probable error by multiplying the MAD with 1.4826 530 

54. 531 

For a detailed description of the data handling of historical data including the stability of oxygen 532 

measurements and the likelihood of systematic biases as well as a verification of the mapping 533 

bias the reader is referred to25. Modern oxygen data since 2006 are validated by a crossover 534 

analysis for all recent data55. The accuracy of oxygen data taken during cruises since 2006 535 

(Supplementary Tabs. 4 and 6) is estimated to be better than 2 𝜇mol kg-1 as derived from the 536 

calibration with the Winkler titration method. 537 

Oxygen budget and flushing time 538 
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To provide a more quantitative view on the link between EUC intensification and oxygenation, 539 

we specifically focus on the layer between 100 and 200 m depth that contains in most places 540 

the mean depth of the 120 𝜇mol kg-1 oxygen surface (Fig. 3). Here, we want to provide some 541 

bulk estimates for oxygen changes and volume flushing rates. To relate the OLT estimated in 542 

the region 35°W-5°W, 4°S-4°N (Fig. 3b) to oxygen changes in the layer 100-200m, it is most 543 

convenient to look at the 23°W section, which provides best data coverage (Supplementary Fig. 544 

7). Taking oxygen data presented in Fig. 3c representing the box 100-200m, 24°W-22°W, 4°S-545 

4°N, we find an oxygen decrease of -1.7 ± 0.6 𝜇mol kg-1 decade-1 for the period 1960-2004 and 546 

an oxygen increase of +9.5 ± 1.8 𝜇mol kg-1 decade-1 for the period 2005-2020. This variability 547 

of the subsurface oxygen concentration is in general agreement with the thinning and thickening 548 

of the surface oxygenated layer during the corresponding periods found in the region 35°W-549 

5°W, 4°S-4°N (Fig. 3b).  550 

The main oxygen supply to the box 100-200m, 4°S-4°N, 35°W-5°W is via the EUC. However, 551 

how much the intensification of the EUC during the period August 2008 to July 2018 did 552 

contribute to the oxygen increase depends not only on the EUC inflow, but similarly on the 553 

EUC outflow at the eastern boundary of the box, other inflows and outflows such as associated 554 

with the different branches of the South Equatorial Current as well as on the remaining terms 555 

of the oxygen budget. Formally the volume integrated oxygen budget can be written as follows: 556 

D
𝜕𝑂
𝜕𝑡 𝑑𝑉 =J

𝑉
𝜕𝑂KL*
𝜕𝑡 = M (𝑂𝑢O⃗ ) ∙ 𝑛O⃗ 𝑑𝑆

TJ
+ 𝑅 557 

where 𝑉 is the box volume, 𝑂 is oxygen, 𝑡 is time, 𝑂KL* is the mean oxygen concentration in 558 

the box, 𝑢O⃗  is the velocity vector, 𝜕𝑉 is the boundary of the volume and 𝑛O⃗  the inward normal 559 

vector to 𝜕𝑉. Mass conservation requires ∮ 𝑢O⃗ ∙ 𝑛O⃗ 𝑑𝑆 = 0TJ  or the inflow into the box must equal 560 

the outflow out of the box. The residuum, 𝑅, includes all other budget terms, particularly lateral 561 
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eddy fluxes, diapycnal mixing, and oxygen consumption that all might change for an 562 

intensifying EUC and increasing oxygen concentration.  563 

While we have provided an estimate of the temporal change of the mean box oxygen 564 

concentration by calculating the oxygen change along ~23°W (Fig. 3c), the other budget terms 565 

are largely unknown. However, we can give an estimate of the oxygen supply into the box due 566 

to the EUC. For the climatological mean state, we can write the volume integrated oxygen 567 

budget as follows: 568 

0 = M (𝑂X𝑢O⃗ X) ∙ 𝑛O⃗ 𝑑𝑆
TJ

+ 𝑅X 569 

where 𝑂X is the climatological oxygen concentration, 𝑢O⃗ X is the climatological velocity vector, 570 

and 𝑅X is the climatological residuum that balances the oxygen transport divergence in a 571 

climatological mean state. Here, we can approximate the mean advective oxygen supply by the 572 

climatological EUC as 𝑂3Y𝑇,, where 𝑂3Y is the temporal mean, transport-weighted oxygen 573 

concentration of the climatological EUC with transport 𝑇,. An intensification of the EUC would 574 

result in a flushing of the box volume with excess EUC waters that, in case of a complete 575 

flushing and no other damping terms, would increase the mean box oxygen concentration by 576 

𝑂3Y − 𝑂KL*,,,  with 𝑂KL*,, being the mean oxygen concentration in the box at the time, 𝑡,, when 577 

the EUC intensification starts. 578 

The flushing time, 𝑡[\]^_, can be estimated as  579 

D (𝑇 − 𝑇,)𝑑𝑡
`ab`cdefg

`a
= 𝑉 580 

where 𝑇 is the EUC transport. Here, we can only calculate the EUC transport time series at 581 

23°W, which is not at the western boundary of our box. However, the EUC at 23°W is a direct 582 

continuation of the EUC arriving at 35°W and can serve as a good approximation of the 583 
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increasing EUC oxygen supply. The transport-weighted mean oxygen concentration of the EUC 584 

flow at 23°W, 100-200m, 1.2°S-1.2°N that can be derived from Fig. 1b is 153 𝜇mol kg-1. It is 585 

thus substantially higher than the mean oxygen concentration in the box estimated at 23°W, 586 

100-200m, 4°S-4°N to be 120 𝜇mol kg-1. The EUC transport at 23°W in that layer before the 587 

EUC intensification (averaged between August 2005 and July 2008) is 5.4 Sv (Supplementary 588 

Fig. 4a). For the excess transport due to the intensifying EUC, 𝑇 − 𝑇,, a flushing time of the 589 

box volume can be estimated to be about 10 years (Supplementary Fig. 4b). Note that the 590 

flushing time of the box volume by the climatological EUC transport, 𝑇,, is only 1.7 years. The 591 

excess EUC transport is thus strong enough to potentially exchange the whole box volume 592 

during about the period of EUC intensification discussed here. However, due to several negative 593 

feedback mechanisms, the mean box oxygen concentration will not reach the oxygen level of 594 

the inflowing EUC. Among the negative feedback mechanisms are an increasing oxygen 595 

concentration of the outflow (that is part of the term ∮ (𝑂𝑢O⃗ ) ∙ 𝑛O⃗ 𝑑𝑆TJ ) as well as a changing 596 

residuum, R. The latter include processes like enhanced lateral oxygen eddy fluxes out of the 597 

box and reduced diapycnal oxygen flux into the box from above due to changed lateral and 598 

vertical oxygen gradients, respectively, all associated with an increasing mean oxygen 599 

concentration in the box. Changes in consumption could occur as well, e.g., associated with an 600 

enhanced nutrient supply of the equatorial upwelling by the EUC intensification, enhanced 601 

biological production and consequently enhanced consumption due to heterotrophic respiration 602 

of sinking biological material. However, these terms of the oxygen budget cannot be 603 

meaningfully quantified with the observational data at hand. 604 

Data and code availability  605 

All data supporting the findings of this study are publicly available as referenced within the 606 

paper and in the supplementary material (Supplementary Tabs. 1, 4, and 5).  All necessary 607 
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code for the data analysis and preparation of the figures of this manuscript is freely available 608 

at https://doi.org/10.5281/zenodo.4436007. 609 
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