
Changes in the Ventilation of the Oxygen Minimum Zone
of the Tropical North Atlantic

PETER BRANDT, VERENA HORMANN, ARNE KÖRTZINGER, MARTIN VISBECK,
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ABSTRACT

Changes in the ventilation of the oxygen minimum zone (OMZ) of the tropical North Atlantic are studied

using oceanographic data from 18 research cruises carried out between 28.58 and 238W during 1999–2008 as

well as historical data referring to the period 1972–85. In the core of the OMZ at about 400-m depth, a highly

significant oxygen decrease of about 15 mmol kg21 is found between the two periods. During the same time

interval, the salinity at the oxygen minimum increased by about 0.1. Above the core of the OMZ, within the

central water layer, oxygen decreased too, but salinity changed only slightly or even decreased. The scatter in

the local oxygen–salinity relations decreased from the earlier to the later period suggesting a reduced fila-

mentation due to mesoscale eddies and/or zonal jets acting on the background gradients. Here it is suggested

that latitudinally alternating zonal jets with observed amplitudes of a few centimeters per second in the depth

range of the OMZ contribute to the ventilation of the OMZ. A conceptual model of the ventilation of the

OMZ is used to corroborate the hypothesis that changes in the strength of zonal jets affect mean oxygen levels

in the OMZ. According to the model, a weakening of zonal jets, which is in general agreement with observed

hydrographic evidences, is associated with a reduction of the mean oxygen levels that could significantly

contribute to the observed deoxygenation of the North Atlantic OMZ.

1. Introduction

Oxygen minimum zones (OMZs) are present in the

eastern tropical oceans between 100 and 700-m depth

(e.g., Karstensen et al. 2008). These zones are caused by

a combination of weak ventilation responsible for the

shadow zones of the ventilated thermocline (Luyten et al.

1983) and elevated oxygen consumption due to enhanced

respiration, a consequence of their proximity to coastal

upwelling regions that are hotspots of biological pro-

ductivity. The recently reported expansion of OMZs in

the World Ocean (Stramma et al. 2008b) has, in large

ocean areas, major implications for biogeochemical cy-

cles, particularly those of carbon and nitrogen, and might

also have adverse effects on ecosystem function and

services (Chan et al. 2008; Keeling et al. 2010). As pro-

posed by Joos et al. (2003) and confirmed in a recent

review by Keeling et al. (2010), deoxygenation can now

be regarded as a near-ubiquitous feature of all ocean

basins that is indicative of the effects of global warming.

Although the science of ocean deoxygenation is still in

its infancy, a clear convergence of observational and

model evidence suggests that more significant changes

are looming. These effects are further aggravated by con-

current oceanic invasion of anthropogenic CO2, which

further tightens the limits to marine life (Brewer and

Peltzer 2009).

Despite the potentially serious consequences of ocean

deoxygenation, the physical and/or biogeochemical pro-

cesses that are responsible for the observed changes in

the oxygen content of the OMZs are largely unknown.

There are several possible explanations how anthropo-

genic forcing can cause a decrease in the oxygen content.

Among them are: (i) an increase in heterotrophic res-

piration along the pathways of ventilating water masses
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due to excess organic carbon formed at higher CO2 levels

(Oschlies et al. 2008), (ii) an increase of organic matter

oxidization in shallow waters due to reduction of mineral-

ballast fluxes (Hofmann and Schellnhuber 2009), (iii) an

increased stratification and a corresponding reduction

of ventilation, or (iv) solubility changes associated with

a warming of subducted water masses (Bopp et al. 2002;

Matear and Hirst 2003). However, a recent study by

Gnanadesikan et al. (2007) showed using a simple

advection–diffusion model that with increased stratifica-

tion and resulting reduced ventilation the average water

mass age within the OMZ can still decrease. This coun-

terintuitive result, which emerged from a changed relative

contribution of old deep waters and young near-surface

waters, points toward the importance of different pro-

cesses, such as vertical and lateral mixing, for local ox-

ygen balances. Recently observed oxygen changes in the

subtropical and subpolar water masses of the North

Atlantic Ocean have mainly been attributed to changes

in circulation and water mass properties associated with

decadal changes of the North Atlantic Oscillation (Johnson

and Gruber 2007), the primary climate mode of the

Northern Hemisphere. Stramma et al. (2008b) showed

that there are substantial differences between the oxy-

gen changes within the OMZs of the World Ocean. The

oxygen trend of 20.34 6 0.13 mmol kg21 yr21 in the

300-to-700-m layer of the North Atlantic OMZ is twice

as large as trends obtained for the OMZs of the South

Atlantic, Pacific, and Indian oceans (Stramma et al. 2008b).

Thus, there might be different processes contributing to

the deoxygenation of the OMZs in the different ocean

basins.

The velocity field in the tropical Atlantic Ocean is

characterized by vigorous surface and thermocline cur-

rent branches (Fig. 1). Among them are the North Equa-

torial Current (NEC), northern and central branches of

the South Equatorial Current (nSEC; cSEC), the North

Equatorial Countercurrent (NECC), its northern branch

(nNECC), the North Brazil Current (NBC), the North

and South Equatorial Undercurrents (NEUC; SEUC),

and the Equatorial Undercurrent (EUC). Below the

thermocline, the flow is generally weaker. Near-equatorial

observations revealed the existence of a mean westward

flow at the equator, the Equatorial Intermediate Cur-

rent (EIC), and eastward current branches near 28N and

28S, the Northern and Southern Intermediate Counter-

currents (NICC; SICC), respectively (Tsuchiya et al. 1992;

Schott et al. 1995; Boebel et al. 1999; Bourlès et al. 2002;

Brandt et al. 2006, 2008). More recently, it became evi-

dent that these zonal current branches are part of a sys-

tem of multiple latitudinally alternating zonal jets with

meridional wavelengths of 28–48 latitude. The direct ob-

servation of these jets at intermediate depths within the

OMZ is hindered because of dominant eddy motions in

the region. However, their existence has been verified

using global altimetry (Maximenko et al. 2005) as well

as with subsurface floats drifting near 800- and 1000-m

depths in the tropical Atlantic (Ollitrault et al. 2006).

These jets, which are believed to be generated by the eddy

field in the presence of a planetary potential vorticity

gradient, are also reproduced in high-resolution models

of the Pacific (Nakano and Hasumi 2005; Richards et al.

2006) and Atlantic oceans (Eden 2006).

Both latitudinally alternating zonal jets and eddy fluxes

contribute to the isopycnal ventilation of the OMZ in

the eastern tropical North Atlantic. While eastward jets

transport high-oxygen waters from the western bound-

ary toward the OMZ, the relative importance of zonal

and meridional eddy fluxes depends on the anisotropy of

both horizontal eddy diffusivities and horizontal oxygen

gradients (Fig. 1). Here we analyze long-term changes in

the hydrographic fields and the associated geostrophic

flow between the periods 1972–85, a period character-

ized by particularly good data coverage, and 1999–2008

and relate them to possible changes in the ventilation of

the OMZ.

After describing the available data used for this study

in section 2, the mean and variability of currents and

hydrographic properties for the period 1999–2008 are

discussed in section 3. Changes in the zonal flow field

and hydrographic properties between 1972–85 and 1999–

2008 are investigated in section 4. In section 5, we present

a conceptual model for the ventilation and oxygen con-

sumption in the OMZ. This model is aimed at corrobo-

rating a new hypothesis, in which the mean oxygen level

in the OMZ is affected by changes in the strength of

FIG. 1. Schematic diagram of the shallow subtropical and tropical

Atlantic circulation superimposed on the WGHC distribution of

oxygen concentration (mmol kg21) at 300–500-m depth (after Brandt

et al. 2008). The model domain is indicated by the white dashed

rectangle. Also shown is the location of the meridional shipboard

current profiling section along 238W (white solid). Surface and

thermocline current branches shown (black solid arrows) are NEC,

nSEC, cSEC, NECC, NBC, NEUC, SEUC, EUC, and the cyclonic

circulation around the Guinea Dome (GD). Intermediate current

branches shown (black dashed arrows) are NICC, SICC, and EIC.
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alternating zonal jets. Summary and discussion are pre-

sented in section 6.

2. Data

For the period 1999–2008, we make use of current and

hydrographic shipboard measurements obtained from

various research cruises into the central tropical Atlantic

(Table 1). An updated mean zonal velocity section be-

tween 28.58 and 238W is derived after Brandt et al. (2006).

For direct current measurements, vessel mounted and

lowered acoustic Doppler current profilers (ADCPs) have

usually been in use. Accuracy of 1-h vessel-mounted

ADCP averages is estimated to be better than 2–4 cm s21

(Fischer et al. 2003) and the accuracy of lowered ADCP

data is assumed to be better than 5 cm s21 (Visbeck

2002). During postprocessing, all available current mea-

surements are merged taking into account the higher

accuracy and better horizontal resolution of the vessel

mounted ADCP. For each section, the current and hy-

drographic data are mapped on a regular meridional

(0.058 latitude) and vertical (10 m) grid using a Gaussian

interpolation scheme. The respective mean sections1 are

derived by averaging all existing data at each grid point,

finally smoothed by a Gaussian filter [horizontal and

vertical influence (cutoff) radii: 0.058 (0.18) latitude and

10 m (20 m), respectively]. When calculating the mean

velocity field from a large number of velocity sections,

the measurement error is believed to be small compared

to the error of the mean velocity because of noise as-

sociated with oceanic fluctuations, such as, for example,

the mesoscale eddy field and internal waves. Near the

core of the OMZ; that is, between 78 and 118N and be-

tween 300- and 500-m depth, the local standard deviation

of the zonal velocity averages to 4.3 cm s21, which yields

a standard error of 1.4 cm s21 for 8–12 independent

measurements from the individual ship sections.

For the earlier period from 1972 to 1985, we have

assembled hydrographic profiles (salinity, potential tem-

perature, and dissolved oxygen) measured within the

region 08–148N, 228–248W (Table 2) from the database

that was used to produce the World Ocean Circulation

Experiment (WOCE) Global Hydrographic Climatol-

ogy (WGHC; Gouretski and Koltermann 2004). The data

accuracy, especially of the older datasets, can only be

estimated. A substantial number of profiles was col-

lected following the standards set by WOCE. Older pro-

files are likely to have achieved a lower accuracy. Overall

we conservatively assume that the accuracy of any data

point falls within twice the WOCE standard for water

TABLE 1. Research cruise data analyzed in this study: name of the research vessel, date of the cruise, mean longitude and latitudinal

extent, depth range, and measurements used here [vessel-mounted acoustic Doppler current profiler (VM-ADCP); lowered ADCP

(L-ADCP); conductivity–temperature–depth (CTD) probe; CTD oxygen (CTD/O2) probe]. Name of the research vessel and date of the

cruise are marked in boldface for research cruises along 248–238W.

Cruise Section Max depth (m) Measurements

Thalassa (August 1999) 68S–68N, 238W Bottom VM-ADCP, L-ADCP, CTD/O2

Seward Johnson (January 2000) 68S–48N, 238W 2000 L-ADCP, CTD

Seward Johnson (January 2000) 68S–48N, 25.58W 2000 L-ADCP, CTD

Seward Johnson (January 2000) 68S–08, 288W 2000 L-ADCP, CTD

Meteor 47/1 (April 2000) 58S–48N, 238W Bottom VM-ADCP, L-ADCP, CTD/O2

Meteor 53/2 (May 2002) 11.58S–2.58N, 288W 5000 VM-ADCP, L-ADCP, CTD/O2

Meteor 55 (October 2002) 08–108N, 248W 650 VM-ADCP, CTD

Sonne 170 (May 2003) 11.58–2.58S, 28.58W 1300 VM-ADCP, L-ADCP, CTD/O2

Ron Brown (August 2003) 68S–108N, ;278W Bottom VM-ADCP, L-ADCP, CTD/O2

Meteor 62/2 (August 2004) 58S–28N, 288W 1400 VM-ADCP, L-ADCP, CTD

Polarstern ANT XXII/5 (June 2005) 208S–208N, 238W 300 VM-ADCP

Meteor 68/1 (May 2006) 28S–0.58N, ;238W 500 VM-ADCP

Ron Brown (June 2006) 58S–208N, 238W 750/1500 VM-ADCP, CTD/O2

Ron Brown (June–July 2006) 58S–14.58N, 238W 750/1500 VM-ADCP, CTD/O2

Meteor 68/2 (June–July 2006) 48S–15.258N, 238W 1300 VM-ADCP, CTD/O2

Ron Brown (May 2007) 48–208N, 238W 750/1500 VM-ADCP, CTD/O2

L’Atalante (February–March 2008) 28S–148N, 238W 400 VM-ADCP

L’Atalante (March 2008) 28S–148N, 238W 1300 VM-ADCP, L-ADCP, CTD/O2

Merian 08/1 (April 2008) 78–11.258N, ;238W 1000 CTD/O2

Polarstern ANT XXIV/4 (April–May 2008) 208S–208N, ;268W 250 VM-ADCP

Merian 08/1 (May 2008) 88–14.758N, ;258W 800 VM-ADCP

Merian 10/1 (November–December 2008) 48–148N, 238W 650/1000 VM-ADCP, CTD/O2

1 ADCP measurements yielded good-quality data only below

30 m and surface layer values are obtained as described in Brandt

et al. (2006).
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samples; that is, 0.018C, 0.004, and 5 mmol kg21 for

temperature, salinity, and dissolved oxygen, respectively.

To ensure a high data quality for the earlier period,

obvious outliers are removed by visual inspection and

a standard deviation criterion is applied for latitude

(neutral density) [18–28 (0.1)] or latitude (depth) [0.58

(50 m)] boxes; that is, values deviating more than two

standard deviations from a preliminary box median

are excluded. In addition, the distribution of hydro-

graphic properties along different sections is taken

from the relatively smooth climatology obtained by

Gouretski and Koltermann (2004), hereinafter referred

to as WGHC.

While we use data from ship sections between 28.58

and 238W for the general description of velocity and

hydrographic fields, we use only data acquired between

228 and 248W for the analysis of trends and variability of

hydrographic properties (see Table 1). This narrowing

of the region is necessary to avoid biases due to the pres-

ence of zonal gradients in the distribution of hydrographic

properties, particularly oxygen and salinity.

3. Circulation and hydrographic fields

a. Mean

The mean circulation in the central tropical Atlantic

as obtained from research cruises performed along me-

ridional sections between 28.58 and 238W during the pe-

riod 1999–2008 (Table 1) is characterized by narrow

east- and westward current bands (or jets; Fig. 2a). Be-

cause of the large-scale mean east–west gradient in the

dissolved oxygen concentration in the central and in-

termediate water layers (see Fig. 1), eastward currents

are generally associated with higher oxygen concentra-

tions than westward currents (Figs. 2a,b; Brandt et al.

2008; Stramma et al. 2008a). The salinity distribution in

this area (Fig. 2c) is characterized by a subsurface maxi-

mum defining the Subtropical Underwater (between the

surface and about 100 m), a decrease with depth in the

central water layer (between about 100 and 400 m) and

a minimum at about 800 m representing the core depth

of the Antarctic Intermediate Water (AAIW; Fig. 3).

At the core depth of the tropical North Atlantic

OMZ; that is, at the depth of the neutral density surface

gn 5 27.1, strongest eastward flow is found within the

NICC at about 28N. The SICC at about 28S is mostly

located below this density surface. Between the surface

mixed layer and gn 5 27.1, the main pathways along

which oxygen-rich water is supplied toward the eastern

Atlantic are the SEUC at about 4.58S between 100 and

400 m, the EUC at the equator between the surface and

200 m, and the weaker eastward flow of the NECC be-

tween 48 and 108N. The NECC has two branches. The

southern branch has a narrow subsurface expression at

TABLE 2. Number of different S and O2 profiles (obvious outliers

removed) taken between 228 and 248W during 1972–85 for 28 lati-

tude 3 200-m depth boxes.

Depth (m) Profile 08–28 28–48 48–68 68–88 88–108 108–128 12–148N

0–200 S 294 139 505 772 1461 396 205

O2 197 88 206 72 146 207 128

200–400 S 284 138 501 615 1285 393 200

O2 189 87 200 71 146 204 123

400–600 S 276 136 479 607 1256 395 178

O2 183 83 184 70 145 205 101

600–800 S 186 47 267 119 404 344 140

O2 106 27 145 17 120 176 81

800–1000 S 167 45 254 110 368 326 120

O2 81 25 133 13 122 168 70

FIG. 2. (a) Mean zonal velocity, (b) oxygen content, and (c) sa-

linity as obtained from meridional ship sections taken between

28.58 and 238W during 1999–2008. Eastward current bands, marked

by reddish colors, are generally associated with elevated oxygen

content. Gray lines mark gn. At gn 5 27.1, which corresponds to the

core of the OMZ, highest oxygen content is found in the equatorial

region.
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about 58N that represents the NEUC, which is the

Northern Hemisphere counterpart to the SEUC. The

northern branch of the NECC is located at about 98N.

The eastward flow farther north, south of Cape Verde at

about 13.58N, is most likely part of a cyclonic recircu-

lation around the archipelago (see Mittelstaedt 1983)

transporting at depths of about 100–300 m low-oxygen

waters generated by enhanced biological productivity

and corresponding enhanced respiration from the north-

east of the islands, an area close to the coastal upwelling

region off Mauritania.

A striking feature in the mean current and oxygen

distributions is the strong asymmetry between the North-

ern and Southern Hemisphere’s undercurrents (Figs. 2a,b).

The NEUC is weaker and associated with an oxygen

maximum mainly above the neutral density surface gn 5

26.8, while the oxygen maximum associated with the

strong SEUC can be identified down to the neutral

density surface gn 5 27.1. The larger latitudinal extent

of the oxygen maximum near the NEUC compared

to the one near the SEUC is probably associated with

the north–south asymmetry in the appearance of tropi-

cal instability waves (Athie and Marin 2008) leading to

stronger meridional eddy diffusion north than south of

the equator. This asymmetry was confirmed by high-

resolution ocean modeling showing particularly strong

meridional velocity fluctuations in the latitudinal range

of the NEUC in the near-surface layer down to about

200 m depth (von Schuckmann et al. 2008). Northward

of the NEUC down to 1000 m depth, direct velocity

observations (Fig. 2a) suggest the existence of east- and

westward current bands with amplitudes of a few cen-

timeters per second. The observed current bands are in

general agreement with float observations performed be-

tween 1994 and 2003 showing similar east- and westward

current bands between 750- and 1050-m depth (Ollitrault

et al. 2006). Prior to the 1990s, there are no direct ve-

locity observations available. However, in the following

we will address the question, whether part of the re-

cently reported expansion of the North Atlantic OMZ

since the 1960s (Stramma et al. 2008b) could be associ-

ated with a general weakening of the east- and westward

current bands by using hydrographic data.

b. Oxygen–salinity variability

Local hydrographic distributions exhibit a large vari-

ability on small space and time scales. This variability is

thought to be generated by the mesoscale eddy field and

by zonal jets acting on background gradients of the dif-

ferent hydrographic properties. The result is the genera-

tion of fine-scale variability; that is, the formation of

filaments characterized by strong lateral gradients of

hydrographic properties, which ultimately must be dissi-

pated by turbulent diffusion (Ferrari and Polzin 2005).

In the following, the relationship between anomalies of

oxygen DO2 and salinity DS, is analyzed (Figs. 4 and 5).

These anomalies are calculated for 28 latitude by 28

longitude boxes by subtracting the respective box av-

erages. To quantify the range of possible DO2–DS re-

lations, we calculated variance ellipses in the DO2–DS

space (encompassing 95% of the data points) that are

obtained by rotating their axes into the direction of

maximum variance. These ellipses are then compared

with zonal and meridional DO2–DS relations taken from

the WGHC along the 238W section from the equator to

158N (dashed curves in Fig. 4) and along zonal sections

from the western to the eastern boundary cutting through

the box centers (solid curves in Fig. 4). The WGHC

relations are derived by subtracting the WGHC oxygen

and salinity values at the box centers from the WGHC

oxygen and salinity values along the meridional and

zonal sections, respectively. In this way, we account for

different mean values of the WGHC and recent ship-

board data. The intersection between the WGHC curves

and the variance ellipses defines the source region of the

fine-scale variability; that is, its latitudinal and longitu-

dinal ranges. The range of the WGHC DO2–DS relations

covers the recent hydrographic variability except for the

very low oxygen values probably originating near the

eastern boundary and the very low salinity values probably

originating in the Southern Hemisphere. If the WGHC

curves do not intersect the variance ellipses twice, the

corresponding end points of the WGHC meridional

(08 or 158N) and zonal (eastern or western boundary)

FIG. 3. Potential temperature–salinity diagram for profiles at the

equator (solid), 98N (dash–dotted), and 148N (dashed) taken from

the mean gridded fields (see Fig. 2). Gray contour lines represent

gn. Thick gray lines mark the boundary between Subtropical Un-

derwater (STUW) and central water (CW) at gn 5 25.8 and be-

tween CW and AAIW at gn 5 27.1.
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sections are taken as boundary of latitudinal and longitu-

dinal ranges, respectively. Strictly speaking, these ranges

can only be obtained unambiguously if the WGHC zonal

and meridional DO2–DS relations are linearly indepen-

dent, which is only roughly the case. The obtained ranges

are between 158 and 258 in longitude and between 58 and

108 in latitude indicating significantly more zonal than

meridional stirring (Fig. 5).

The ratio between latitudinal and longitudinal range

can be used to estimate the relative strength of zonal

versus meridional stirring. According to the mixing length

theory after Armi and Stommel (1983), the effective dif-

fusivity can be estimated by ke ’ ceUeLe, where ce is an

efficiency factor, Ue is the rms eddy velocity, and Le is

a measure of the lateral transfer scale (see Ferrari and

Polzin 2005). The rms eddy velocity is proportional to

the rms surface-height anomaly associated with the geo-

strophic eddy field ze divided by the corresponding length

scale; that is, Uex ; ze/Ley and Uey ; ze/Lex. When as-

suming an isotropic efficiency factor (i.e., cex 5 cey), the

resulting ratio of the effective diffusivities is

k
ex

k
ey

;
L2

ex

L2
ey

. (1)

Here we obtained a ratio of longitudinal to latitudinal

range of about 3 (slightly increasing with neutral den-

sity and toward the equator) suggesting strong zonal–

meridional anisotropy of the effective eddy diffusivity

with the ratio of kex/key to be about 9. It is important to

note that the ratio of effective diffusivities derived here

also includes the stirring effect of east- and westward

jets. These jets contribute to the local variability in the

DO2–DS relation. The anisotropy of zonal and meridi-

onal diffusivity induced by the eddy field (without the

effect of zonal jets) should thus be smaller than 9.

FIG. 4. The DO2–DS relation between 228 and 248W relative to box means for the period 1999–2008 (gray dots):

(a) gn 5 26.8 6 0.05, 48–68N; (b) gn 5 26.8 6 0.05, 88–108N; (c) gn 5 27.2 6 0.05, 48–68N; and (d) gn 5 27.2 6 0.05,

88–108N. Variance ellipses (gray solid) in the DO2–DS space (encompassing 95% of the data points) are calculated by

rotating their axes into the direction of maximum variance. Black dashed and black solid curves mark the WGHC

DO2–DS relation along meridional (08–158N, 238W) and zonal [(a),(c) 58 and (b),(d) 98N, 508–108W] sections,

respectively. Latitude and longitude ranges, with minimum and maximum in brackets, are defined by the intersection

of the WGHC curves with the variance ellipses.
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4. Long-term changes

Stramma et al. (2008b) reported an expansion of the

OMZs of the tropical oceans. They particularly showed

that since 1960 minimum oxygen values declined con-

tinuously and that the OMZ expanded vertically in the

tropical North Atlantic (108–148N and 208–308W). The

downward oxygen trend of the tropical North Atlantic

OMZ was estimated to be twice as large as trends ob-

tained for the OMZs of the South Atlantic, Pacific, and

Indian oceans. In comparison to the recent data pre-

sented in the previous section, we use here hydrographic

data taken between 08 and 148N as well as 228 and 248W

during 1972–85. This period was chosen as it is charac-

terized by high oxygen levels and by exceptionally good

data coverage.

Because no direct velocity observations are available

for the period 1972–85, we calculated geostrophic zonal

velocities from hydrographic data (Fig. 6a). Error esti-

mates of geostrophic velocities referenced to 1000 m,

calculated using standard errors of the geopotential

anomalies, yield an uncertainty of about 1 cm s21 be-

tween 78–118N and 300–500-m depth. The geostrophic

calculation results generally in an underestimation of

the jet strength due to horizontal averaging and due to

the chosen reference level at 1000 m, at which zonal

velocities associated with east-/westward jets could have

nonzero contributions (e.g., Ollitrault et al. 2006). Data

coverage does not allow deeper reference levels. Details

of the geostrophic calculation and error estimates are

given in the appendix.

The general structure of the zonal velocity and oxygen

distributions for the period 1972–85 is similar to those

for the period 1999–2008. The eastward jets at 68 and 98N

are more pronounced and deeper reaching during the

earlier than during the later period. The mean oxygen

concentration for the period 1972–85 (Fig. 6b) is generally

higher than the oxygen concentration found for the pe-

riod 1999–2008 (Fig. 2b), and, associated with the stron-

ger jets, the high-oxygen tongues near 68 and 98N are

similarly more pronounced and deeper reaching (Fig. 6b).

The comparison between the oxygen distribution in the

core of the OMZ on the neutral density surface gn 5

27.1 for both periods (Fig. 7c) reveals an average re-

duction of the oxygen concentration by 16.6 mmol kg21

between 28 and 148N from the earlier to the later period,

with a maximum difference of 26 mmol kg21 at 38N. Near

the equator, however, the changes are weak. At the same

time, the mean depth of the neutral density surface gn 5

27.1 stays almost constant, with stronger undulations

FIG. 5. Latitude and longitude ranges for the period 1999–2008 as obtained by calculating intersections of the

WGHC DO2–DS relations with variance ellipses in the DO2–DS space (as exemplified in Fig. 4) and averaged for

different gn (a) between 48 and 108N as well as (b) averaged for different latitudes between gn 5 26.8 and 27.3. Gray

curves denote the ratio between longitude and latitude range. Error bars indicate the respective standard deviation.
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during the earlier compared to the later period (Fig. 7d).

Accordingly, zonal jets on the neutral density surface

gn 5 27.1 show substantially stronger amplitudes in the

region between 48 and 108N (Fig. 7a) and are associated

with stronger oxygen undulations, particularly visible when

subtracting the background oxygen curvature (Fig. 8).

Between the equator and the Cape Verde frontal zone

at 158 to 208N, water masses of Southern and Northern

Hemisphere origin form an extended transition zone

that is reflected in an almost linear salinity increase from

south to north on neutral density surfaces near the core

of the OMZ (Fig. 7b). To avoid biases by local variations

in the partitioning of waters of Southern and Northern

Hemisphere origin, apparent oxygen utilization (AOU,

defined as the air saturation value of dissolved oxygen at

a given temperature and salinity minus the measured

dissolved oxygen) is now used instead of dissolved ox-

ygen itself. Here AOU is analyzed as a function of sa-

linity for the two periods 1972–85 and 1999–2008 on the

neutral density surface gn 5 27.1 (Fig. 9). In the core of

the OMZ, a significant mean oxygen decrease (or AOU

increase) between the two periods of 14.7 mmol kg21 is

found for salinities larger than 35. Over the same time

interval, the salinity at the oxygen minimum (or AOU

maximum) increased by about 0.1 indicating a relatively

stronger contribution of Northern Hemisphere waters.

For the time periods 1972–85 and 1999–2008, the salinity

and AOU data are mapped onto regular 18 latitude 3 0.1

neutral density grids. To reduce further the noise in-

herent in the data, we actually averaged over 1.58 wide

intervals in latitude (i.e., 6 0.758 of the nominal lati-

tude), before we calculated the differences between the

two periods (Fig. 10). Along the 238W section, salinity

changes from 1972–85 to 1999–2008 vary for different

neutral density surfaces. While we observe an increase

in salinity in the core layer of the OMZ north of 68N, the

salinity changes only weakly or even decreases above

the OMZ core (Fig. 10a). A simultaneous increase of

AOU is evident in the core layer of the OMZ across the

whole tropical North Atlantic between the equator and

148N, as well as above the OMZ core south of 108N

FIG. 6. (a) Mean geostrophic zonal velocity and (b) oxygen

content along ;238W from hydrographic measurements taken

during 1972–85. Gray lines mark gn. The mean oxygen distribution

is derived by first binning the data on regular 0.258 latitude 3 25-m

depth grids; that is, we calculated half-overlapping box averages of

width 0.58 and height 50 m. Finally, the data are smoothed by a

Gaussian interpolation scheme [horizontal and vertical influence

(cutoff) radii: 0.58 (18) and 50 m (100 m), respectively].

FIG. 7. (a) Mean zonal velocity, (b) salinity, (c) oxygen, and

(d) depth on gn 5 27.1 along ;238W as function of latitude for the

periods 1999–2008 (black solid) and 1972–85 (black dashed). In (a),

the zonal velocity for the later period is obtained from direct velocity

measurements and for the earlier period from geostrophic calcula-

tions using a reference level of 1000 m. (c) The latitudinal model

extent is indicated by the triangles and the second-order fits to the

large-scale meridional oxygen field between 48 and 148N are also

shown (gray solid): Dy(1999–2008) 5 1.2 3 10210 mmol kg21 m22

and Dy(1972–85) 5 1.0 3 10210 mmol kg21 m22.
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(Fig. 10b). In particular within the latitudinal range of

the eastward flowing current band at around 98N (see

Fig. 2a), the salinity decreases in the neutral density

layers gn 5 26.6–26.8, while it increases in deeper layers

(Fig. 10a). As the boundary between North and South

Atlantic water masses is directed from southwest to

northeast in the central water layer but from northwest

to southeast in the AAIW layer (Kirchner et al. 2009),

zonally inflowing oxygen-rich water masses may trans-

port positive (negative) salinity anomalies above (below)

gn 5 26.9 into the OMZ, respectively.

Another possibility to explain the observed changes

on neutral density surfaces would be a change of source

water properties. In fact, calculations of salinity trends

from hydrographic data for the period from the 1960s to

1990s revealed a general increase in salinity in the cen-

tral water masses of subtropical origin and a decrease in

salinity in intermediate water masses of subpolar origin,

suggesting a change in the freshwater balance of the

global oceans (Curry et al. 2003; Boyer et al. 2005).

These changes, estimated for a period shifted backward

in time by about 10 years, are of reversed sign than ob-

served here. Moreover, changes in salinity of about 0.1

on the neutral density surface gn 5 27.1 (Fig. 9) are an

order of magnitude larger than those reported by Curry

et al. (2003) and are not likely produced by changes of

the properties of the source waters.

The DO2–DS relations for the period 1972–85 reveal

an elevated scatter compared to the period 1999–2008

that is well above the estimated accuracy of the historical

data (cf. Figs. 4 and 11). The resulting latitudinal and

longitudinal ranges exceed on average the ranges for the

later period by a factor of 1.3, even though very similar

values are obtained at 108N (Fig. 12). However, the ratio

between latitudinal and longitudinal range remains al-

most constant. The elevated scatter in the DO2–DS re-

lations during 1972–85 additionally suggests enhanced

ventilation during the earlier period.

5. Conceptual model of the OMZ

A conceptual model of the ventilation of the OMZ is

used here to corroborate the hypothesis that alternating

zonal jets contribute to the ventilation of the OMZ and

that reasonable variations of their strength may result in

changes of the mean oxygen levels in the OMZ, com-

parable in magnitude to observed long-term changes.

The model is representative only for a single eastward

FIG. 8. Mean zonal velocity (black) and oxygen anomaly (gray)

on gn 5 27.1 along ;238W as function of latitude for the periods (a)

1999–2008 and (b) 1972–85. The zonal velocity for the latter period

is obtained from direct velocity measurements and for the earlier

period from geostrophic calculations using a reference level of

1000 m. The oxygen anomalies for both periods are calculated by

subtracting the second order fits depicted in Fig. 7c. Note that the

y axis ranges are doubled in (b) compared to (a).

FIG. 9. AOU on gn 5 27.1 6 0.05 as function of salinity for the

two periods (a) 1999–2008 and (b) 1972–85 (gray dots). Mean

curves are derived for salinity bins of 0.05 for the two periods 1999–

2008 (solid) and 1972–85 (dashed), with standard deviations (bars)

and standard errors (gray shaded). Data points were measured

within the region 08–148N, 228–248W. Standard error of the mean

AOU within each salinity bin is calculated by assuming that dif-

ferent hydrographic profiles represent independent data.
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jet and its westward return flow, superimposed on the

background meridional curvature of the oxygen distri-

bution. It simulates the oxygen supply by mean zonal

and meridional advection associated with the jet, by

zonal and meridional eddy diffusivity, and by vertical

(diapycnal) eddy diffusivity. The model is aimed at cal-

culating the oxygen balance in an OMZ composed of

multiple alternating zonal jets on a given density surface.

We will show that reasonable jet strengths yield an ad-

vective oxygen supply that is comparable in magnitude

to the diffusive supply. We chose parameters that cor-

respond to the core of the North Atlantic OMZ; that is,

the neutral density surface gn 5 27.1. With this con-

ceptual model, we want to address the question: What

are the necessary changes in the strength of zonal jets or

lateral eddy diffusivity that would yield similar changes

in the oxygen concentration as observed between the

two periods 1972–85 and 1999–2008.

a. Model

The conceptual model is an advection–diffusion model

that will be integrated until equilibrium is reached:
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Here C is the dissolved oxygen concentration; J the

constant dissolved oxygen consumption coefficient;

u and y the zonal and meridional velocity components, re-

spectively; kx and ky the coefficients of the zonal and me-

ridional eddy diffusivities, respectively; kz the coefficient

of the vertical eddy diffusivity; Cbg the constant large-scale

background oxygen distribution; and Fcorr a correction

factor to the background oxygen curvature depending

on the simulated oxygen concentration. In the model

[Eq. (2)], the oxygen tendency on the left-hand side is

attributed to the following seven terms on the right-hand

side: 1) oxygen consumption, 2) zonal advection, 3) me-

ridional advection, 4) zonal eddy diffusivity, 5) meridio-

nal eddy diffusivity associated with east- and westward

jets, 6) meridional eddy diffusivity associated with the

large-scale oxygen distribution between the equatorial

region and the northern subtropics, and 7) vertical eddy

diffusivity associated with the vertical oxygen distribu-

tion. The dissolved oxygen consumption constant is taken

from van Geen et al. (2006), who obtained an estimate

by constraining a one-dimensional advection–diffusion

model for the North Pacific OMZ with chlorofluoro-

carbon data. Their best-fit value was J 5 0.041 yr21. The

model will be solved numerically for a region cover-

ing simplified east- and westward zonal flows between

78N (y 5 0) and 118N (y 5 ly) and between the western

boundary regime at 508W (x 5 0) and the eastern

boundary at 158W (x 5 lx). We assume the following

prescribed background flow field:

u 5 u
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where u0 is the amplitude of the zonal jets at the western

boundary. The zonal flow decreases linearly toward the

east. The meridional velocity field is calculated using the

continuity equation. The meridional eddy diffusivity as-

sociated with the large-scale oxygen distribution is ap-

proximated using a second-order fit to the observed

oxygen distribution along 238W between 48 and 148N

(see Fig. 7c). We obtained very similar values for the

distributions of the two time periods as well as for the

WGHC distribution. In the model we use ›2Cbg/›y2 5

Dy 5 1.2 3 10210 mmol kg21 m22. The vertical eddy

diffusivity associated with the vertical curvature of the

oxygen distribution is similarly obtained using second-

order fits. These fits are applied to the observed oxygen

distribution between 300 and 500 m at each latitu-

dinal grid point between 78 and 118N. The obtained

mean second order fits are ›2Cbg/›z2 5 Dz 5 1.5 3

1023 mmol kg21 m22 for the period 1972–85 and Dz 5

1.7 3 1023 mmol kg21 m22 for the period 1999–2008. In

the following, we will use the latter value for the more

recent period. We assume that both terms associated

with the background oxygen distribution are constant

for the whole model domain. Additionally, we apply the

following boundary conditions:

FIG. 10. Differences in (a) salinity and (b) AOU between the

periods 1999–2008 and 1972–85 as function of gn and latitude (see

text for details). Absolute differences in salinity and AOU that are

smaller than their standard error are hatched.
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C 5 C
0

at x 5 0,
›C

›x
5 0 at x 5 x

l
, and

›C

›y
5 0 at y 5 0 and y 5 y

l
. (4)

The dissolved oxygen concentration at the western

boundary C0 is chosen to be 120 mmol kg21. The cor-

rection factor for the background meridional diffusivity

is defined as follows:

F
corr

5
C

0
� C

23W

C
0
� C

1

. (5)

Here C1 is the observed mean oxygen concentration

along 238W between 78 and 118N; that is, 50 mmol kg21,

and C23W is the corresponding simulated value. If C23W

becomes close to C0 the factor tends to 0; that is, no

meridional background eddy diffusivity; if C
23W

is equal

to C1 the factor is 1. This correction factor acts to

increase/decrease the oxygen supply because of the back-

ground eddy diffusivity for reduced/increased oxygen

concentration in the OMZ. For the range of observed

oxygen concentrations, this factor only slightly changes

the obtained solution (resulting in a slight damping of

oxygen changes). This correction factor is also applied to

the vertical diffusion as the vertical oxygen curvature

should similarly decrease/increase for periods with

enhanced/reduced oxygen levels in the core of the OMZ.

The diffusive solution of Eq. (2) with u0 5 0 cm s21

can be obtained for Fcorr 5 1:
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This solution yields with the above assumptions for J,

Dy, and Dz, with ky 5 200 m2 s21, vanishing zonal eddy

diffusivity at the eastern boundary, and kz 5 1025 m2 s21

(Ledwell et al. 1993), a minimum oxygen concentration

at the eastern boundary of 32 mmol kg21.

b. Results

Using the above definitions, we will analyze the model

behavior to variations of its free parameters amplitude

of zonal jets and zonal and meridional diffusion co-

efficients. Our measurements of the zonal velocity along

FIG. 11. As in Fig. 4, but for the period 1972–85.
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238W suggest that the amplitude of the jets within the

OMZ is of the order of a few centimeters per second

(Fig. 8). This is generally confirmed by high-resolution

model results (Nakano and Hasumi 2005; Richards et al.

2006; Eden 2006). Estimates of lateral eddy diffusivities

were obtained for the eastern subtropical North Atlantic

where an intense field program associated with the North

Atlantic Tracer Release Experiment (Ledwell et al. 1998)

and the Subduction Experiment (Joyce et al. 1998) was

carried out in 1991–93. Eddy diffusivity coefficients of

about 1000 m2 s21 were found in the upper 400 m of

the water column that drop to 350–500 m2 s21 at about

1000 m without zonal–meridional anisotropy (Ferrari and

Polzin 2005). In the OMZ south of the Cape Verde

archipelago, the eddy diffusivities should be substantially

smaller as suggested by high-resolution numerical sim-

ulations that additionally revealed pronounced zonal–

meridional anisotropy (Eden et al. 2007; Eden and

Greatbatch 2008).

In the following, we will discuss three simulations with

the model, SIM 1–3 [Eq. (2)]. Using u0 5 5 cm s21, kx 5

500 m2 s21, and ky 5 200 m2 s21; that is, an anisotropy

of 2.52 (SIM 1), we derive an oxygen distribution that is

characterized by an oxygen tongue centered at the po-

sition of the eastward jet at 98N superimposed on an

overall eastward decrease of the oxygen concentration

(Fig. 13a). This simulation is compared to a simulation

with reduced strength of the zonal jets; that is, u0 5

2.5 cm s21 (SIM 2), and with the purely diffusive solu-

tion, u0 5 0 cm s21 (SIM 3). The existence of zonal jets

leads to higher oxygen concentrations in the OMZ. This

effect diminishes with decreasing strength of the jets

(Fig. 13b). The amplitude of the oxygen undulations

along 238W associated with east- and westward jets also

reduces with decreasing strength of the jets (Fig. 13c).

The oxygen concentration obtained for u0 5 0 cm s21

is clearly below the recently observed oxygen concen-

tration in the OMZ of the tropical North Atlantic; that

is, there must be additional ventilation due to zonal

advection. On the other hand, this value is clearly above

suboxic conditions (C , 10 mmol kg21). Compared to

the Pacific OMZs, the much higher oxygen concentra-

tion in the tropical North Atlantic OMZ is very likely

achieved by the meridional eddy diffusivity associated

with the large-scale oxygen distribution [term 6 on the

right-hand side of Eq. (2)]. In particular, the high oxygen

concentration in the equatorial region is responsible for

the present day meridional curvature of the large-scale

oxygen distribution Dy. Without changing the meridio-

nal curvature, a switch of the tropical North Atlantic

OMZ into suboxic conditions could, even with vanishing

FIG. 12. As in Fig. 5, but for the period 1972–85.

2 The chosen lateral diffusivity coefficients are educated guesses

that are roughly consistent with realistic high-resolution models as

the one used by Eden et al. (2007) as well as Eden and Greatbatch

(2008).
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oxygen supply by zonal jets, only be achieved by a sub-

stantial increase of the oxygen consumption coefficient

by a factor of 2–3.

The magnitude of the different terms in Eq. (2), av-

eraged over the box 78–118N and 228–248W, is summarized

in Table 3. The oxygen consumption (term 1) decreases

with decreasing oxygen concentration and the supply by

the meridional and vertical eddy diffusivities associated

with the background oxygen distribution (terms 6 and 7)

increases with decreasing oxygen concentration. The

magnitudes of the latter two terms are of the same order,

with meridional eddy diffusivity being only slightly larger

than vertical eddy diffusivity. The effect of the zonal

eddy diffusivity (term 4) is small compared to the oxy-

gen consumption and can even change its sign locally.

Across the whole box, the meridional eddy diffusivity

associated with the jets (term 5) redistributes oxygen

between east- and westward jets without a net effect on

the oxygen balance of the OMZ. Zonal and meridional

advection (term 2 and 3, respectively) are of similar

magnitude, but smaller than the oxygen consumption. In

general, the relative importance of meridional and ver-

tical eddy diffusivity associated with the background

oxygen distribution for the ventilation of the OMZ in-

creases with decreasing strength of the zonal jets. The

model results suggest that a reduction of the amplitude

of the zonal jets leads to a reduction of (i) the oxygen

concentration in the OMZ, and (ii) the amplitudes of

oxygen undulations along the 238W section.

The dependence of the absolute oxygen minimum of

the OMZ on the two parameters u0 and ky as obtained

by the model is plotted in Fig. 14. Here we apply three

different degrees of anisotropy between zonal and me-

ridional diffusivities: 1, 2.5, and 10. However, because

of the small net effect of the zonal eddy diffusivity on

the oxygen balance in the OMZ, the absolute oxygen

FIG. 13. (a) Oxygen distribution (black lines, gray shading, 120 mmol kg21 at 508W, 10 mmol kg21 intervals) and

streamfunction (white lines, solid 5 positive, dashed 5 negative, 500 m2 s21 intervals) as simulated using Eq. (2) with

u0 5 5 cm s21, kx 5 500 m2 s21, and ky 5 200 m2 s21. (b) Zonal and (c) meridional oxygen distribution along 98N and

238W, respectively; solid, dashed, and dotted curves are model solutions for u0 5 5 cm s21 (SIM 1), u0 5 2.5 cm s21

(SIM 2), and u0 5 0 cm s21 (SIM 3), respectively.
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minimum mainly depends on u0 and ky, the degree of

anisotropy plays only a minor role. These simulations

suggest that a reduction of the meridional eddy diffusivity

coefficient from about 500 to 250 m2 s21 with u0 5

0 cm s21 and anisotropy of 2.5 yields similar changes in

the OMZ as the reduction in strength of the zonal jets

discussed before. However, simulations with very small

u0 show strongly reduced amplitudes of the oxygen un-

dulations along the 238W section and are thus not able to

reproduce observed undulations (Fig. 13c).

6. Summary and discussion

A large number of recent research cruise data (Table 1)

allows a detailed description of the mean circulation

and hydrographic properties as well as their variability

along the 238W meridian from 68S to the Cape Verde

archipelago. The mean flow field in the upper 1000 m is

characterized by east- and westward current bands (or

alternating zonal jets). In general, eastward jets are as-

sociated with enhanced oxygen levels and westward jets

with reduced oxygen levels. From the scatter in the

DO2–DS relations, we estimated an effective zonal dif-

fusivity that is about 10 times larger than the effective

meridional diffusivity. In that calculation, we did not

account for advection and the resulting effective zonal

diffusivity includes the effect of the alternating zonal

jets. Without the effect of alternating zonal jets, the ratio

between zonal and meridional diffusivity would be smaller.

The comparison of hydrographic properties for the

periods 1972–85 and 1999–2008 revealed the following

changes: (i) a decrease of the oxygen concentration in

the core of the tropical North Atlantic OMZ of about

15 mmol kg21 and an increase of salinity at the oxygen

minimum of about 0.1; (ii) a shoaling of oxygen tongues

observed at about 58–68 and 98N; (iii) a decrease of the

oxygen concentration for neutral density levels gn 5

26.6–27.3 within the eastward jet at about 98N, while the

salinity decreased (increased) above (below) gn 5 26.9,

respectively; and (iv) a decrease of the scatter in the

local DO2–DS relations.

Stramma et al. (2008b) revealed a negative oxygen

trend since 1960 in the 300- to 700-m layer for selected

tropical ocean areas. However, the oxygen depletion in

the OMZ of the tropical North Atlantic is about twice as

large as in all other tropical regions. Here our new hy-

pothesis is that local circulation changes contribute to

long-term changes in the oxygen concentration of the

OMZs. One possible explanation for the documented

changes in oxygen and salinity on density surfaces be-

tween the two analyzed time intervals is that, besides the

oxygen depletion common to the OMZs of the World

Ocean, in the North Atlantic OMZ a transition occurred

from a situation characterized by strong zonal jets to

one characterized by weak zonal jets: During 1972–85

a strong eastward jet at about 98N was responsible for

the transport of low-salinity oxygen-rich AAIW from

the western boundary toward the OMZ below its core.

Above the OMZ core, high-saline oxygen-rich North

Atlantic Central Water was transported eastward. The

existence of a stronger eastward jet during 1972–85

compared to 1999–2008 would also explain the observed

increased scatter in the DO2–DS relations (cf. Figs. 4 and

11) as well as the increased amplitude of the oxygen

undulations along the 238W section at gn 5 27.1 (Fig. 8),

both are larger than the estimated uncertainty of the ob-

servations. Note that the scatter in the DO2–DS relations

represents a filamentation of hydrographic properties

TABLE 3. Parameters used for the three simulations (SIM 1, SIM

2, SIM 3) as well as the magnitude of the terms on the rhs of Eq. (2)

and simulated mean oxygen concentration. The different terms as

well as the oxygen concentration are averaged between 78 and 118N

and between 228 and 248W.

Parameter/term SIM 1 SIM 2 SIM 3

u0 (cm s21) 5 2.5 0

ky (m2 s21) 200 200 200

kx (m2 s21) 500 500 500

2JC (mmol kg21 yr21) 22.88 22.04 21.55

2u›C/›x (mmol kg21 yr21) 0.94 0.37 0

2y›C/›y (mmol kg21 yr21) 1.14 0.22 0

kx›2C/›x2 (mmol kg21 yr21) 20.12 0.14 0.03

ky›2C/›y2 (mmol kg21 yr21) 0 0 0

kyFcorr›
2Cbg/›y2 (mmol kg21 yr21) 0.54 0.76 0.89

kzFcorr›
2Cbg/›z2 (mmol kg21 yr21) 0.38 0.54 0.63

C23W (mmol kg21) 70.3 49.7 37.9

FIG. 14. Absolute oxygen minimum as simulated using Eq. (2) as

function of u0 and ky, with kx 5 ky (dashed), kx 5 2.5 3 ky (solid),

and kx 5 10 3 ky (dotted). White characters in black circles mark

the parameters of model solutions SIM 1, SIM 2, and SIM 3 plotted

in Fig. 13.
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generated by mesoscale eddies and zonal jets acting on

the background hydrographic gradients.

Geostrophic velocities show in general larger ampli-

tudes of latitudinally alternating zonal jets for the period

1972–85 than for the period 1999–2008 (cf. Figs. 2a and

6a). The error of the geostrophic velocity that was esti-

mated to be about 1 cm s21 is mainly due to the larger

velocity error at the reference level (1000 m). Jet am-

plitudes are likely underestimated in the geostrophic

calculation for the later period because of unavoidable

horizontal averaging and nonzero velocities at the ref-

erence level. Further evidence for the existence of strong

jets during 1972–85 and weak jets during 1999–2008 can

be found in the different meridional inclinations of the

neutral density surface gn 5 27.1 (Fig. 7d) that is not

affected by sparse data coverage at larger depths. Dur-

ing the later period the neutral density surface gn 5 27.1

was flat, while during the earlier period strong un-

dulations can be observed on this density surface.

To determine the necessary changes in the strength

of zonal jets or lateral eddy diffusivity that would yield

similar changes in the oxygen concentration as observed

between the two periods 1972–85 and 1999–2008, we

developed a conceptual model for the ventilation and

oxygen consumption in the OMZ. The model suggests

that the main balance in the OMZ is between oxygen

consumption, meridional eddy diffusivity associated with

the large-scale oxygen distribution, vertical eddy diffu-

sivity, and advection associated with zonal jets. Zonal

jets with amplitudes of 5 and 2.5 cm s21 at the western

boundary lead to similar oxygen concentrations in the

OMZ and similar amplitudes of oxygen undulations on

isopycnal surfaces along 238W between 78 and 118N as

observed for the two periods 1972–85 and 1999–2008,

respectively. Assuming that parts of the oxygen deple-

tion since 1960 are due to other processes not studied

here would reduce the necessary change in the strength

of alternating zonal jets.

Unfortunately, there exist no direct observations of

long-term changes in the strength of latitudinally alter-

nating zonal jets or eddy kinetic energy. Therefore, the

outlined picture of long-term ventilation changes due

to changes in the strength of the zonal jets is based only

on the analysis of hydrographic properties and geo-

strophic velocity calculations. High-resolution model

simulations, able to reproduce narrow equatorial zonal

current branches and alternating zonal jets in the tropics,

could be used to identify possible mechanisms for the

suggested changes in the strength of the jets.

A possible explanation for such changes could be the

atmospheric and oceanic variability in the Atlantic re-

gion on multidecadal time scales that is associated with

the Atlantic multidecadal oscillation (AMO). Minimum

values of the AMO have been observed during the 1970s

with a steady increase afterward. The AMO, typically

measured as the sea surface temperature (SST) anomaly

of the whole North Atlantic (after subtracting the long-

term trend), is thought to be associated with variations

in the Atlantic meridional overturning circulation (Knight

et al. 2005; Sutton and Hodson 2007). However, the SST

variability associated with the AMO represents a dif-

ferential warming of the Northern Hemisphere com-

pared to the Southern Hemisphere. During high phases

of the AMO, the SST gradient from south to north is

enhanced (Knight et al. 2005; Sutton and Hodson 2007;

Delworth and Mann 2000) and correspondingly the

northeasterly (southeasterly) trade winds are found to

be reduced (increased; e.g., Foltz and McPhaden 2008).

Such wind changes act on similar time scales as the ob-

served changes in the tropical North Atlantic OMZ. As

the forcing of latitudinally alternating zonal jets is given

by the zonal background flow and associated vertical

shear (see, e.g., Berloff et al. 2009), the variability of the

Sverdrup circulation in the tropical North Atlantic driven

by the cross-equatorial meridional SST gradient (Joyce

et al. 2004) represents a likely candidate responsible for

changes in the jets’ strength.

The proposed reduction of the OMZ ventilation be-

cause of a weakening of latitudinally alternating zonal

jets adds a further mechanism to the list of biogeo-

chemical and physical mechanisms that could explain

the ongoing oxygen depletion in the tropical North At-

lantic. The detection of anthropogenic climate change

in the available observational record of oceanic oxygen

distribution, however, strongly depends on a quantita-

tive understanding of intrinsic and anthropogenic oxy-

gen variability on decadal to multidecadal time scales.
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APPENDIX

Geostrophic Velocities and Associated Errors

The geostrophic zonal velocities shown in Fig. 6a are

deduced using the mean temperature T and salinity S

distributions along ;238W for the period 1972–85. At

each latitudinal grid point, we calculated the geopo-

tential anomaly F as the integral of the specific volume
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anomaly d from the pressure p to the pressure at the

reference level pref (i.e., at 1000 m):

F(p) 5

ðpref

p

d dp9. (A1)

The resulting field is smoothed by a running mean of

width 1.258 in latitude and geostrophic velocities are

calculated between two grid points A and B separated

by Dy.

Likewise, we determined comparable geostrophic

zonal velocities along ;238W for the period 1999–2008

after first reducing the higher horizontal and vertical

resolution of the mean fields (see Fig. 2) to the same

resolution of the historical dataset. In addition to Fig. 7a,

we present in Fig. A1 two differently referenced geo-

strophic velocities on the neutral density surface gn 5

27.1 for the period 1999–2008: (i) level of no motion at

1000 m (as used for the period 1972–85), and (ii) level of

known motion at 950–1000 m (as determined from the

absolute zonal velocities from direct current observa-

tions presented in Fig. 2a). The comparison of these

differently referenced geostrophic velocities with the

absolute zonal velocities indicates that the assumption

of a level of no motion at 1000 m is in general not valid.

The strength of latitudinally alternating zonal jets may

be underestimated when using a level of no motion at

1000 m, which could be conjectured from recent float

observations showing significant jet amplitudes at 1000-m

depth (Ollitrault et al. 2006). North of 108N, the larger

differences between absolute zonal velocities and geo-

strophic velocities referenced to a level of known mo-

tion at 950–1000 m are likely due to the smaller number

of available shipboard sections in this region (see Table 1)

and large oceanic variability directly south of the Cape

Verde archipelago that are associated with larger stan-

dard errors of both absolute and geostrophic velocities.

Besides the uncertainty due to the choice of the ref-

erence level, the geopotential anomalies are prone to er-

rors in temperature and salinity. To estimate the resulting

error in the geostrophic velocity for the period 1972–85,

we calculated from individual T–S profiles box averages

of geopotential anomalies [according to Eq. (A1)] and

their standard error DF along ;238W for vertical box

sizes of 50 m and different meridional box sizes Dy. The

error of the geostrophic velocity referenced to 1000 m,

calculated from adjacent boxes A and B, is given by

Du
g
5

1

f Dy

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(DF

A
)2

1 (DF
B

)2
q

, (A2)

where f is the Coriolis parameter. The error of the

geostrophic velocity near the core of the OMZ; that is,

averaged between 78–118N and 300–500 m, decreases

with increasing Dy and it is about 1 cm s21 for Dy 5 1.258

in latitude (Fig. A2a). To illustrate the damping effect of

a running mean (of width Dy) on the amplitude of lati-

tudinally alternating zonal jets, we used a simple cosine

FIG. A1. Mean zonal velocity on gn 5 27.1 along ;238W. Solid

black line: absolute velocity from direct current observations for

the period 1999–2008; solid and dashed gray lines: geostrophic

velocities referenced to a level of no motion at 1000 m and refer-

enced to a level of known motion at 950–1000 m (absolute velocity)

for the period 1999–2008, respectively; dashed black line: geo-

strophic velocity referenced to a level of no motion at 1000 m for

the period 1972–85.

FIG. A2. (a) Error of geostrophic velocity referenced to 1000 m

(or to deepest available grid box) averaged between 78–118N and

300–500 m for the period 1972–85 as a function of meridional

spacing Dy (black) and relative amplitude of latitudinally alter-

nating zonal jets that are defined by a cosine function with a

wavelength of 3.58 in latitude after applying different running mean

widths Dy (gray). (b) Distribution of the error of the geostrophic

velocity referenced to 1000 m along ;238W for a meridional

spacing of 1.258 in latitude.
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function with a meridional wavelength of 3.58 in latitude.

The jet amplitude reduces with increasing Dy, for Dy 5

1.258 the amplitude is at about 80% of its original value.

The geostrophic velocity error [Eq. (A2)] increases with

distance from the reference level. It is larger in regions

with sparse data coverage and large oceanic variability

(northern part of the region) and close to the equator

due to the f dependence of the error (Fig. A2b).
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