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Abstract

Mesoscale eddies seem to play an important role for both the hydrography and bio-
geochemistry of the eastern tropical Pacific Ocean (ETSP) off Peru. However, detailed
surveys of these eddies are not available, which has so far hampered an in depth un-
derstanding of their implications for nutrient distribution and biological productivity. In5

this study three eddies along a section at 16◦ 45′ S have been surveyed intensively dur-
ing R/V Meteor cruise M90 in November 2012. A coastal mode water eddy, an open
ocean mode water eddy and an open ocean cyclonic eddy have been identified and
sampled in order to determine both their hydrographic properties and their influence
on the biogeochemical setting of the ETSP. In the thermocline the temperature of the10

coastal anticyclonic eddy was up to 2 ◦C warmer, 0.2 more saline and the swirl velocity
was up to 35 cms−1. The observed temperature and salinity anomalies, as well as swirl
velocities of both types of eddies were about twice as large as had been described for
the mean eddies in the ETSP and the observed heat and salt anomalies (AHA, ASA)
show a much larger variability than the mean AHA and ASA. We found that the eddies15

contributed significantly to productivity by maintaining pronounced subsurface maxima
of chlorophyll. Based on a comparison of the coastal (young) mode water eddy and the
open ocean (old) mode water eddy we conclude that the aging of eddies when they
detach from the coast and move westward to the open ocean considerably influences
the eddies’ properties: chlorophyll maxima are weaker and nutrients are subducted.20

The coastal mode water eddy was found to be a hotspot of nitrogen loss in the OMZ,
whereas, the open ocean cyclonic eddy was of negligible importance for nitrogen loss.
Our results show that the important role the eddies play in the ETSP can only be fully
deciphered and understood through dedicated high spatial and temporal resolution
oceanographic/biogeochemical surveys.25
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1 Introduction

During the last two decades nonlinear mesoscale features of the oceanic circulation (so
called eddies) have been recognized to play an important role for the vertical and hori-
zontal transport of momentum, heat, mass and the chemical constituents of seawater,
such as oxygen, nutrients etc. (e.g. Klein and Lapeyre, 2009). Three types of eddies5

have been identified: cyclonic, anticyclonic and mode water eddies (e.g. McGillicuddy
Jr. et al., 2007). It is noted that the direction of rotation of mode water eddies is the
same as of anticyclonic eddies. Cyclonic eddies (cyclones) and mode water eddies
can inject nutrients from below the euphotic zone into the euphotic zone while anticy-
clonic eddies (anticyclones) tend to decrease the nutrient content of the euphotic zone10

(e.g. Klein and Lapeyre, 2009). The enhanced upwelling of nutrients into the euphotic
zone by eddies (i.e. eddy pumping) is especially important for the biological productivity
of the oligotrophic regions of the oceans (McGillicuddy Jr. et al., 1998, 2007; Oschlies
and Garcon, 1998). Only recently, however, Gruber et al. (2011) suggested that the
occurrence of eddies in coastal upwelling regions, which are characterized by a high15

productivity, may result in a reduction of biological production.
Marine primary production is governed by temperature, light, and limiting nutrients,

most notably nitrogen (N), phosphorus (P), silicon (Si) and iron (Fe) depending on
plankton species. A fraction of the biologically produced particulate matter subse-
quently sinks into the subsurface ocean where it is consumed by microbes and macro-20

fauna, releasing carbon dioxide (CO2) and nutrients back to the water column and
consuming subsurface O2 (Doney, 2010). In case of slow rates of water renewal in sub-
surface layers this leads to low oxygen concentrations and as increasing CO2 leads to
lower pH values (e.g. Feely et al., 2008) the low oxygen waters also become increas-
ingly “acidified” and more corrosive to carbonates.25

The coastal upwelling region of Peru belongs to the four major eastern boundary up-
welling systems and thus shows an overall very high biological production (e.g. Chavez
and Messié, 2009). The upwelling is fed by nutrient-rich/oxygen-depleted waters of the
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poleward flowing Peru-Chile Undercurrent (Brink et al., 1983; Huyer et al., 1991). The
Peruvian upwelling is adjacent to the oxygen minimum zone (OMZ) in the eastern tropi-
cal South Pacific Ocean (ETSP), which is one of three major oxygen minimum zones of
the global ocean (Karstensen et al., 2008; Paulmier and Ruiz-Pino, 2009). The oxygen
(O2) concentrations in the OMZ of the ETSP are generally very low (< 20µmolL−1),5

thus it is also an oceanic region where a significant microbial loss of fixed nitrogen
(Codispoti, 2007; Gruber, 2008) (i.e. bioavailable nitrogen mainly in the form of inor-
ganic nitrogen containing nutrients) via denitrification (reduction of nitrate via nitrite
to dinitrogen), anammox (anaerobic oxidation of ammonium with nitrite to dinitrogen)
and DNRA (dissimilatory nitrate reduction to ammonium) takes place (Thamdrup et al.,10

2012; Lam et al., 2009).
On the basis of 15 yr of satellite altimetry measurements an analysis of the mean

eddy properties offshore the Peruvian coast showed that eddies are highly abundant
off Peru, most frequently observed off Chimbote (9◦ S) and south of San Juan (15◦ S)
(Chaigneau et al., 2008). The highest eddy frequency was found between 15◦ S and15

18◦ S east of 90◦ W. In recent studies, measurements of three anticyclonic eddies in the
eastern tropical South Pacific Ocean were performed. Two of them featured depressed
near-surface isopycnals whereas one exhibited doming isopycnals (Holte et al., 2013).
An anticyclonic eddy described off central-southern Chile (Morales et al., 2012) showed
the typical mode water eddy distribution.20

In the eastern tropical Pacific Ocean the zonal tropical current bands supply oxygen
rich waters to the OMZ (Stramma et al., 2010b). In contrast, the mid-depth circulation in
the eastern South Pacific is sluggish in the region of the OM and as the mean currents
are weak, eddy variability strongly influences the flow and ultimately supplies oxygen-
poor water to the OMZ (Czeschel et al., 2011). Model results support the view that ed-25

dies are responsible for the redistribution of oxygen within the OMZ and for the oxygen
transport at the poleward boundary of the OMZ (N. Gruber, personal communication,
2012). Mesoscale variability occurs in the form of linear Rossby waves and as non-
linear vortices or eddies. In contrast to linear waves, nonlinear vortices can transport
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momentum, heat, mass and the chemical constituents of seawater, and therefore con-
tribute to the large scale water mass distribution (e.g. Chelton et al., 2007). The degree
of nonlinearity of a mesoscale feature is characterized by the ratio of the rotational fluid
speed U to the translation speed c of the feature. When U/c > 1, the feature is nonlin-
ear, which allows it to maintain a coherent structure as it propagates (e.g. Flierl 1981;5

Chelton et al., 2011).
By combining historical records of Argo float profiles and satellite data the three-

dimensional eddy structure of the eastern South Pacific Ocean was described for
temperature, salinity, density and velocity fields of cyclonic and anticyclonic eddies
(Chaigneau et al., 2011). The core of cyclonic eddies is centered at ∼ 150m while10

the core of anticyclonic eddies is located at ∼ 400m depth. These differences are at-
tributed to their formation mechanisms as cyclonic eddies are formed by instabilities
of the equatorward coastal surface currents, whereas the anticyclonic eddies are likely
released from the poleward subsurface Peru–Chile Undercurrent (Chaigneau et al.,
2011). The mean radius of the eastern South Pacific eddies was estimated to be15

122±30km (Chaigneau et al., 2011). The high eddy activity in austral spring (October
to November) near 15◦ S coincides with areas of reduced upwelling and an important
inshore advection of warmer and saltier subtropical water from 9◦ S to 16◦ S (Chaigneau
et al., 2008).

Correa-Ramirez et al. (2012) suggested that the observed seasonal discrepancy be-20

tween the occurrence of the max. upwelling (in austral winter) and satellite observation
of the maximum chlorophyll concentrations (in austral summer) in the coastal area of
Peru may be caused by an intensification and seasonal displacement of eddy kinetic
energy associated with eddies north of 20◦ S. Moreover, coastal eddies off Peru have
been shown to be sites of significant loss of fixed nitrogen (Altabet et al., 2012). There-25

fore, eddies off Peru seem to play an important role for biological productivity and the
nitrogen cycle. However, our knowledge is mainly based on model studies and satel-
lite observations but actual (i.e. in-situ) hydrographic and biogeochemical features of
the eddies off Peru are largely unknown. Here we present the results of a first de-
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tailed survey of hydrographic and biogeochemical parameters of three eddies off Peru
in order to elucidate their role for the biogeochemical cycling in the ETSP.

2 Observational data

Cruise M90 on the German research vessel R/V Meteor took place in November 2012
to investigate the factors controlling the intensity and areal extent of the OMZ of the5

eastern tropical Pacific Ocean. The cruise started in Cristobal, Panama, on 29 October
and ended on 28 November in Callao, Peru. Starting on 15 November a former World
Ocean Circulation Experiment (WOCE) section along 16◦ 45′ S was reoccupied by fol-
lowing an eastward cruise track from 87◦ W to the coast of Peru. On the basis of satellite
sea level height anomaly images forwarded to the ship and which revealed two major10

anticyclonic eddies and one cyclonic eddy along the section (Fig. 1), a detailed survey
of these eddies including acoustic Doppler current profiling (ADCP), measurements of
conductivity/temperature/depth (CTD), and of major biogeochemical parameters (O2,
nutrients, chlorophyll, turbidity and pH) along several additional subsections across the
eddies have been performed (Fig. 1).15

Two ADCP systems recorded the ocean velocities: a hull mounted RDI OceanSur-
veyor 75 kHz ADCP provided the velocity distribution to about 700 m depth, while
a 38 kHz ADCP mounted in the sea-well provided velocity profiles down to about
1200 m depth. Given that the eddies are centered in the upper ocean the data shown
in this study for the upper ocean are exclusively from the 75 kHz ADCP, which has20

a higher resolution in the upper ocean. The 38 kHz ADCP data are used to determine
the swirl velocities below 700 m depth.

A Seabird CTD system with a GO rosette with 24 10 L-water bottles was used for
water profiling and discrete water sampling. The CTD system was used with dou-
ble sensors for temperature, conductivity (salinity) and oxygen. The CTD oxygen25

sensor was calibrated with oxygen measurements obtained from discrete samples
from the rosette applying the classical Winkler titration method using a non-electronic
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titration stand (Winkler, 1888; Hansen, 1999). The precision of the oxygen titration
was ±0.45µmolL−1. The uncertainty of the CTD oxygen sensor calibration was deter-
mined as a r.m.s. of ±0.68µmolO2 kg−1. However, with the classical titration method we
were not able to determine oxygen concentrations below about 2 µmolkg−1 and hence
oxygen concentrations below about 2 µmolkg−1 could not be measured with the CTD5

oxygen sensor. Turbidity given in NTU (Nephelometric Turbidity Units) and chlorophyll
concentrations (µgL−1) were measured with a WetLabs FLNTU instrument attached to
the CTD. We used the original calibration provided by the company with sensitivities of
0.01 NTU and 0.025 µgL−1 but did not apply any shipboard calibration and hence the
measured absolute values may have a somewhat larger uncertainty, but the gradients10

determined across the eddies are clearly reliable.
Nutrients were measured on-board with a QuAAtro auto-analyzer (Seal Analytical).

Nitrite (NO−
2 ), nitrate (NO−

3 ), phosphate (PO3−
4 ) and silicate (SiO2) were measured with

a precision of ±0.1µmolL−1, ±0.1µmolL−1, ±0.02µmolL−1 and ±0.24µmolL−1, re-
spectively. N∗ was calculated as N∗ = (NO−

3 +NO−
2 )−16PO3−

4 (see Altabet et al., 201215

and references therein).
The pH measurements were carried out with a Mettler Toledo potentiometer, model

SevenGo, with an InLab 413 SG IP67 electrode calibrated with buffer solutions at pH
values 4, 7 and 10.

Anomalies were calculated as the difference between concentrations measured at20

the stations at the edge of the eddy and those in its center. The locations chosen for
comparison are marked in the figures representing each section. The available heat
anomalies (AHA) and available salt anomalies (ASA) were computed as described in
Chaigneau et al. (2011).

Aviso satellite derived altimeter sea surface height anomaly data (SSHA) were used25

to define the general distribution of eddies and to identify their individual spacial ex-
tent during the cruise. The SSHA data used in this study are delayed time products
and combine available data of all satellites. The data are resampled on a regular 0.25◦

grid and are calculated with respect to a seven-year mean (http://www.aviso.oceanobs.
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com). MODIS-aqua satellite derived chlorophyll data were used for a better visualiza-
tion of the distribution of chlorophyll at the surface of the coastal eddy. The chloro-
phyll data provided by the Giovanni data portal (http://disc.sci.gsfc.nasa.gov/giovanni/
additional/users-manual), are averaged for each grid cell over a time range of 8 days
with a resolution of 1/24◦.5

3 Results

3.1 The anticyclonic eddies

Several anticyclonic (counter-clockwise rotation in the Southern Hemisphere) features
were clearly visible in the SSHA data in the region off Peru at the time of Cruise M90
in November 2012 (Fig. 1). Along the 16◦ 45′ S section one anticyclonic eddy (eddy B)10

was centered in the open ocean at about 17◦ S, 83◦ W and another anticyclonic eddy
(eddy A) was centered close to the shelf at about 16◦ S, 76◦ W. These two features
offered the possibility to compare a young eddy (i.e. eddy A) formed near the shelf with
an older open ocean eddy (i.e. eddy B).

3.2 The formation region (eddy A)15

Anticyclonic eddy A had already separated from the shelf in late November 2012. An
overview of the measured velocity and parameter distributions shows the opposing
directions of the flow and the corresponding velocities of the anticyclonic circulation
and the oxygen minimum core in the center of the eddy where the velocity components
change direction (Fig. 2). The largest anomalies were observed in the upper 600 m20

but the anticyclonic velocity components were still seen at the greatest depths reached
with the shipboard ADCP at about 1200 m. As described for other anticyclonic eddies
(Chaigneau et al., 2011), the highest meridional speed occurred between 50 m and
250 m depth. The density distribution shows a deepening of the isopycnals below 110 m
and an uplift above 110 m which is typical for a mode-water eddy (McGillicuddy Jr.25
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et al., 2007). Connected to the uplift of the isopycnals, the anticyclonic swirl velocity
derived as the mean of maximum positive and negative velocity perpendicular to the
section used at each depth decreased above 110 m (Fig. 3). The corresponding salinity
and temperature was elevated in the center of the eddy (Chaigneau et al., 2011). The
anticyclone off the shelf showed a temperature increase of 2 ◦C and a salinity increase5

of 0.2 in its core (Fig. 3), which is about twice as large as that of mean anticyclones
in the eastern tropical South Pacific (Chaigneau et al., 2011). Also the observed swirl
velocity of up to 35 cms−1 is more than twice and up to three times as high as for the
mean anticyclones.

Given that oxygen is generally low below 30–50 m water depth in the eastern trop-10

ical Pacific only a weak further reduction in oxygen is possible. Nevertheless the
oxygen minimum linked to the eddy is clearly visible in the section across the eddy
(Fig. 2). There is a pronounced decrease of the oxygen concentrations by more than
200 µmolkg−1 from the surface to 50 m depth (Fig. 3) where the uplift of the near sur-
face isopycnals led to a significant shoaling of the mixed layer. Nitrate was reduced15

at 100–300 m depth by ∼ 20µmolL−1 and nitrite increased at 100–400 m depth. A pro-
nounced increase in phosphate and silicate concentration was observed between 50 m
and 150 m depth. Turbidity was higher at about 50–400 m depth and the pH was gen-
erally higher between 100 m and 400 m depth but displayed the highest decreasing
gradient from the surface down to around 50 m depth (Fig. 3). The chlorophyll distribu-20

tion in the upper ocean was characterized by a very large chlorophyll maximum near
50 m depth for the center of the anticyclone (Fig. 4) connected to a positive turbid-
ity anomaly of 0.1 NTU (Fig. 3). The increased chlorophyll values near the surface at
76.6◦ W to 76.7◦ W were related to high near coastal chlorophyll values, which were
visible in chlorophyll satellite images taken at the end of November 2012 (Fig. 5) and25

which were transported offshore at the northern rim of the anticyclone.
According to sea level anomaly images this anticyclone was formed after 13 Septem-

ber 2012 and stayed near the coast until mid-November 2012. The anticyclone was
centered at 76◦ W on 21 November 2012, then moved westward in December and
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could be tracked to 81◦ W at 25 March 2013. The westward movement of 5 degrees in
100 days translates into a westward transit speed of 6.1 cms−1.

The vertical extent of the eddy is defined where the swirl velocity or rotational speed
is larger than the translation speed (U/c > 1). For the mean anticyclonic eddies be-
tween 10◦ S and 20◦ S the vertical extent was 450 m (Chaigneau et al., 2011). The5

two anticyclonic eddies subject to our study had a vertical extent of more than 600 m,
however, we carried out the anomaly computation to 600 m depth only (Table 1). The
volume of anticyclone A was 5.2×1012 m3, similar to the volume of 4.9×1012 m3 of the
mean anticyclone. However, the AHA of 17.7×1018 J and the ASA of 36.5×1010 kg are
a factor 2.7 and 2.1 larger than for the mean anticyclone, respectively, based on their10

larger vertical extent and higher temperature and salt anomalies.
The section A2 along 16◦ 45′ S that changed to northeasterly direction towards the

shelf at 76◦ W (Fig. 6) crossed the southern part of anticyclonic eddy A (Fig. 1). It doc-
uments the isolated low oxygen core of the eddy and the low oxygen core right at the
shelf. Salinity, temperature and density again showed the signature of the mode-water15

type eddy and upwelling in the upper 150 m near the shelf (Fig. 6, left). The meridional
velocity distribution clearly shows that this eddy was separated already from the coast
given that near the shelf the southward flowing Peru–Chile Undercurrent flows in the
opposite direction as the flow component in the eastern part of the anticyclone, which
is directed northward.20

High resolution profiles of bottle samples for nutrient determination were only taken
east of 76◦ W for this section A2 (Fig. 6, right). As a function of upwelling intensity the
nitrite layer rose near the shelf and higher nitrate, phosphate and silicate concentrations
were located near the surface. Nitrite concentrations levels near the shelf and in the
anticyclone at 50 m to 400 m depth were very high as a consequence of the productive25

shelf waters off Peru having the highest nitrogen transformation rates due to anammox
processes (Kalvelage et al., 2013).
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3.3 The open ocean region (eddy B)

The parameter distribution in the anticyclonic eddy B centered in the open ocean at
about 83◦ 50′ W at 16◦ 45′ S shows the low oxygen layer extending vertically between
100 and 600 m depth (Fig. 7). The open ocean anticyclonic eddy was a weak mode wa-
ter type anticyclone with the change in density anomaly occurring at 300 m depth. Be-5

low 200 m depth salinity and temperature anomalies were positive and oxygen anoma-
lies were slightly negative. Between 100 m and 200 m depth strong negative salinity,
temperature and oxygen anomalies are present (Fig. 3). Distinct maxima of phos-
phate, silicate and nitrate concentration anomalies were located at 120 m to 150 m
depth. Similar to near-shelf anticyclone A, turbidity was higher in the eddy between10

50 m and 400 m, however, without the enhanced maximum below the mixed layer. The
chlorophyll section shows a maximum in the core of the eddy (Fig. 4) much weaker
than in the coastal anticyclone. As the mixed layer reached deeper, enhanced chloro-
phyll values reach down to about 80 m depth and hence deeper than for the coastal
anticyclone A. The swirl velocity at 200 to 400 m depth was much weaker than for the15

coastal anticyclone A. The maximum swirl velocities of 16 cms−1 are about twice as
large as for the mean anticyclones (Chaigneau et al., 2011).

In comparison with the coastal anticyclone A, the anomalies observed in the oxygen
minimum zone are weaker below about 200 m depth in the open ocean anticyclone
B, especially for temperature and density. The anomalies below the mixed layer were20

similar for temperature, oxygen, phosphate and silicate, however located about 100 m
deeper in the open ocean eddy than near the coast.

Following the trajectory of the anticyclone B back in time it was located at 78◦ 15′ W
on 7 August 2012. Hence the anticyclone moved 570 km westward in 100 days corre-
sponding to a westward propagation speed of 6.5 cms−1, which is only slightly faster25

than the westward movement of the coastal anticyclone A.
Although the vertical extent of eddy B of more than 600 m was again larger than that

of the mean eddy (Table 1) the volume of 4.7×1012 m3 was slightly less than that of
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the mean eddy as the radius defined between the maxima in swirl velocities was a little
smaller. The AHA was only half of the mean anticyclonic eddy as the temperature
anomaly was negative in the upper 200 m for the mode water type eddy while the ASA
was similar to the mean anticyclone.

3.4 The cyclonic feature (eddy C)5

Several cyclonic (clockwise rotation in the Southern Hemisphere) features were visible
in the region off Peru at the time of the R/V Meteor cruise in November 2012 (Fig. 1).
Along the 16◦ 45′ S section a large cyclonic eddy (i.e. eddy C) was centered at about
81◦ W on 21 November 2012 with a strong southwest to northeast extension.

Cyclones dome for both the mixed layer and the main thermocline as corroborated by10

a positive density anomaly for the entire 600 m shown (Figs. 3 and 8). The swirl velocity
core of cyclones is expected near the surface and the cyclone at 81◦ W accordingly had
the largest velocities of about 30 cms−1 at about 50 m depth. The parameter distribu-
tion on the diagonal section C between 15◦ 10′ S and 17◦ 30′ S shows elevated oxygen
concentrations in the OMZ centered at 16◦ 30′ S corresponding to higher pH values15

(Fig. 8). No nitrite was observed in the core of cyclone C, while the nitrite maximum
found in the southern part of the section (Fig. 8) originated from a neighboring anticy-
clonic eddy located at the southern end of the section (Fig. 1). Salinity and temperature
decreased by 0.3 and up to 2 ◦C, respectively, which is again about twice as much as
that of the mean cyclones (Chaigneau et al., 2011; Fig. 5), as well as of a cyclonic20

eddy measured in November 2008 in the eastern Pacific (Subramanian et al., 2013).
The temperature, salinity, density and silicate anomalies of cyclone C in the OMZ were
of similar strength as those of the coastal anticyclone A, but with opposite sign. The
oxygen anomaly of the cyclone C was even larger in the OMZ than observed for the
coastal anticyclone, which is explained by the fact that in the OMZ it is easier to cre-25

ate an anomaly by adding high oxygen waters than to reduce very low oxygen levels
further.
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Below the mixed layer at about 100 m depth the oxygen anomaly was lowest due
to the uplift of the main thermocline but phosphate and silicate only show weak pos-
itive anomalies at about 80 m and weak negative anomalies at about 130 m (Fig. 3).
A chlorophyll maximum was located between 20 and 40 m depth slightly to the north
of the core of the cyclonic eddy C. This chlorophyll maximum was higher than that of5

anticyclone B in the open ocean and showed a higher positive turbidity anomaly in the
upper 40 m.

Cyclonic eddy C appeared in September 2012 at the coast at 16◦ S, 76◦ W and im-
mediately moved westward without staying attached to the shelf. This cyclone reached
81◦ W on 21 November, which corresponds to a westward transit speed of 7.9 cms−1.10

As can be seen in the sea level anomaly distribution (Fig. 1) the cyclonic eddy C had
a wider core and only a weak maximum at 81◦ W, hence the core of the eddy may have
been located further to the east, which would reduce the calculated westward transit
speed. However, tracking the eddy forward in time showed that its core reached 85◦ W
on 13 February 2013 which results in a westward velocity of 7.4 cms−1.15

While the vertical extent of the mean cyclonic eddy was only 200 m, that of eddy C
reached again deeper to 950 m depth (not shown) and also the radius of 88 km was
much larger than the 62.3 km for the mean cyclonic eddy (Table 1). Therefore, the
AHA of eddy C for the upper 600 m was 8.4 times and the ASA 6.7 times larger than
for the mean cyclonic eddy. However, the cyclonic feature C is quite unusual given its20

elongated shape and should not be considered the typical cyclonic eddy.

4 Discussion

The depth distributions of the temperature and salinity anomalies based on detailed
CTD sections and the swirl velocity derived from the ADCP measurements of the ed-
dies A–C are in agreement with the mean fields derived from float profiles (Chaigneau25

et al., 2011). However, as mentioned above the temperature and salinity anomalies
and the swirl velocity obtained from our in-situ measurements along 16◦ 45′ S are up to
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2 ◦C warmer, 0.3 more saltier and more than twice as large (up to 35 cms−1), respec-
tively, as those computed for the mean eastern South Pacific eddies (Chaigneau et al.,
2011). The large temperature and salinity anomalies might be caused by using the
actual measured values instead of a climatology as reference for the parameter distri-
bution outside of the eddies as used by Chaigneau et al. (2011). The lower swirl velocity5

computed by Chaigneau et al. (2011) is caused by their assumption of a level of zero
velocity at 1000 m depth for the mean distribution while in our study the deep reaching
measurements using the 38 kHz ADCP showed a swirl component of 7.5 cms−1 for
eddy A, 7.7 cms−1 for eddy B and 6.8 cms−1 for eddy C at 1000 m depth.

After its formation anticyclonic eddy A stayed attached to the shelf for about 2 months10

before it began to move westward in December 2012. The westward transit speed of
the eddies B and C were estimated for 3.5 months and 3 month time periods, respec-
tively. The estimated westward transit speeds for the eddies A–C were in the range
from 6.1 cms−1 (eddy A) to 7.9 cms−1 (eddy C). Hence they are slightly higher than
the mean westward eddy propagation speed of 3–6 cms−1 computed for the region15

off Peru (Chaigneau et al., 2008). This discrepancy is probably due to the fact that
our measurements in the northern reaches of the westward flowing subtropical gyre
(Kessler, 2006).

We observed pronounced maxima and minima for the majority of the hydrographic
(temperature, salinity, density) and biogeochemical (nutrients, oxygen, turbidity, pH)20

anomalies in 50 m and 150 m depth of the coastal eddy A and the open ocean eddy
B, respectively (Fig. 3). These characteristic anomalies most likely originated from the
nutrient-enriched/oxygen-depleted Peru–Chile Undercurrent (PCU) which flows pole-
ward in in a depth range from 50 to 350 m and which prevails at distances between 65
and 165 km from the Peruvian coast (Huyer et al., 1991). The PCU fuels the coastal25

upwelling of Peru (Brink et al., 1983; Huyer et al., 1991). During the wind-driven up-
welling the waters of the PCU are brought to the surface at the shelf (Fig. 6). However,
the uplifted nutrient-rich/oxygen-depleted water of the Peru–Chile Undercurrent was
trapped in upper part of eddy A when it was detached from the shelf. Obviously the
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anomalies are generally weakening and are subducted to 150 m when an eddy is ag-
ing while moving westward as can be seen for eddy B (Fig. 3). The only exception is the
NO−

3 anomaly which does not show a maximum at 50 m (eddy A) or 150 m depth (eddy
B). This is caused by the fact that the trapped PCU is enriched in nutrients except NO−

3
because in low oxygen waters denitrification and/or DNRA lead to a decrease of NO−

35

concentrations. The pronounced subsurface chlorophyll maxima in the eddies A–C that
were found in a depth range from 30 m (eddy C) to 50 m (eddy A, Fig. 4), are a typical
feature of both cyclonic and mode water eddies, which is caused by eddy pumping of
nutrients into the euphotic zone (see e.g. McGillicuddy et al., 1998, 2007). The eddy
pumping results from the uplift of the isopycnals in the core of eddies A–C (see Figs. 2,10

7 and 8). Comparison of the chlorophyll maxima of the “young” coastal eddy A and the
“older” open ocean eddies B and C reveals that the chlorophyll concentrations in the
subsurface maxima are significantly lower in the eddies B and C because of decreasing
eddy pumping (i.e. less pronounced uplift of the isopycnals, see Figs. 7 and 8) while
the eddies were moving westward.15

The chlorophyll concentrations of the subsurface maximum in eddy A are in the
same concentration range as the chlorophyll concentrations in the surface layer of the
coastal upwelling (see Fig. 4). Assuming that chlorophyll concentrations can be taken
as a (qualitative) indicator for primary productivity this finding suggests that mesoscale
eddies off the coast of Peru contribute significantly to overall productivity. Additionally,20

the development of a pronounced filament structure at the northern fringe of eddy
A (which is clearly visible in the satellite picture, see Fig. 5) documents that due to
the rotation of the eddy, highly productive surface waters are transported westward far
beyond the narrow band of coastal upwelling at the shelf.

Both the vertical concentration distributions (Fig. 2), as well as the anomalies (Fig. 3)25

of oxygen and nutrients (i.e. nitrate, nitrite) in mode water eddy A reveal a core layer
where pronounced loss of fixed nitrogen occurs. This is indicated by the pronounced
maximum of NO−

2 concentrations (often also referred to as the secondary nitrite max-
imum, SNM) at about 250–300 m depth, which is associated with the pronounced
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minima of both O2 (< 5µmolL−1) and NO−
3 concentrations between 100 and 300 m

depth. Please note that the OMZ (here defined as O2 < 20µmolL−1) spreads from 100
to 600 m depth. The co-occurrence of extremely depleted O2 and NO−

3 , coinciding with
high NO−

2 concentrations have been attributed to on-going denitrification (Fiadeiro and
Strickland, 1968; Codispoti et al., 1986) or DNRA (Lam et al., 2009). Enhanced tur-5

bidity as a measure for suspended material and particles, is also found between 100
and 300 m in eddy A (Fig. 3) which indicates the existence of an intermediate neph-
eloid layer known to be associated with enhanced microbial activity. These layers are,
moreover, known to play important roles in other OMZs adjacent to coastal upwelling
regions such as the Arabian Sea and off NW Africa (Naqvi et al., 1993; Fischer et al.,10

2009).
A similar feature is seen in the O2 and NO−

2 /NO−
3 distributions and anomalies (Figs. 3

and 7) of the mode water eddy B. However, the maximum concentration of NO−
2 of up

to 5 µmolL−1 measured in eddy B is significantly lower than that of up to 11 µmolL−1

measured in eddy A. This points to a significantly lower activity of nitrogen loss pro-15

cesses in eddy B. The NO−
2 concentrations measured during our cruise in November

2012 are in the same range as those reported in previous studies of the SNM in the
OMZ off Peru (see e.g. Barber and Huyer, 1979; Copin-Montégut and Raimbault, 1994;
Altabet et al., 2012) but lower than the exceptionally high NO−

2 concentrations (up to

23 µmolL−1 in February/March 1985) reported by Codispoti et al. (1986).20

In contrast to the mode water eddies A and B, the core of cyclonic eddy C shows
a compression of the OMZ to a narrow band between 150–450 m where no loss of
NO−

3 and no enhanced NO−
2 concentrations have been measured. Signs of nitrogen

loss processes in eddy C are only visible at the southern fringe at about 17◦ S (Fig. 8)
which are caused by an adjacent anticyclonic eddy (Fig. 1). Thus, we conclude that in25

eddy C active nitrogen loss processes were negligible at the time of our measurements.
N* (for a definition see the section on observational data) is an indicator for nitrogen

sink/source processes in the water column: negative N* values indicate nitrogen sinks
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including denitrification, DNRA and anammox, whereas, positive N* values indicate
nitrogen sources such as N2 fixation. The vertical distribution of the N* anomalies (∆N*,
Fig. 3) show well defined ∆N* minima of about −35µmolL−1 in 50 m depth (eddy A)
and of about −20µmolL−1 in 150 m depth (eddy B). Moreover, a second, even broader,
∆N* minimum of about −20µmolL−1 at about 200 m is visible in eddy A, but there is5

no second ∆N* minimum detectable in eddy B although ∆N* remains slightly negative.
Following the arguments of Altabet et al. (2012), we attribute the second ∆N* minimum
in eddy A and the negative ∆N* in eddy B to active nitrogen loss processes within
eddies of the OMZ. The upper ∆N* minimum, which is located above the OMZ, is
most probably a residual of the uplifted PCU during its upwelling at the shelf. This is10

in contrast to the interpretations of Altabet et al. (2012) who argued that the upper N*
minimum observed in a comparable anticyclonic coastal eddy off Peru resulted from
shelf waters that had been in contact with shelf sediments and thus were carrying
signals of sedimentary dentrification and/or anammox (Altabet et al., 2012).

The decreased ∆N* values of eddy B compared to those in eddy A points to a decline15

of the nitrogen loss processes during aging of mode water eddies on their way from the
coast to the open ocean. In sharp contrast to eddies A and B, the vertical distribution
of ∆N* (Fig. 3) shows positive values in the OMZ (150–450 m). However, these data
cannot be interpreted as being caused by enhanced nitrogen sources but resulted from
the fact that N* at the fringes of the cyclonic eddy C (see e.g. NO−

2 distribution in Fig. 8),20

which are influenced by an adjacent, anticyclonic eddy, were more negative than those
in the core of eddy C.

Recently, concern has emerged that CO2-driven climate change results in decreas-
ing dissolved oxygen (DO) levels in the ocean (e.g. Keeling and Garcia, 2002; Bopp
et al., 2002) with potentially large impacts on marine habitats and ecosystems (Keeling25

et al., 2010; Stramma et al., 2012b). Continuous time series in a few selected tropi-
cal areas with sufficient data (Stramma et al., 2008), as well as comparison between
two distinct time periods in the tropical oceans (Stramma et al., 2010a), and observed
changes at 300 dbar for the entire ocean over the past 50 yr (Stramma et al., 2012a)
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indicate an ongoing decline of oxygen and a vertical expansion of the OMZ in most
tropical regions, contrasted by areas dominated by DO increase, predominantly in the
subtropical gyres. However, Chaigneau et al. (2009) computed a decreasing trend for
the number of generated eddies off Peru and Chile in the period 1995–2007. Assum-
ing that this trend is continuing we speculate that a decreasing number of eddies might5

lead to an increase of the oxygen concentrations in the OMZ off Peru: a decreasing
eddy-fueled productivity will lead to a decreasing transport of organic material to the
open ocean which, in turn, decrease the demand of oxygen for respiration. Decreasing
numbers of eddies might also influence the number of nitrogen loss hotspots, thus the
total nitrogen loss from the ETSP might be decreasing in the future if the decreasing10

trend in numbers of eddies will continue.
Fundamental to a realistic prediction of changing future OMZs are, however, accurate

determinations of oxygen distributions, processes maintaining the OMZ, and dynamics
of the OMZ, of which eddies may be one of the most important components.

5 Conclusions15

Two mode water eddies and one cyclonic eddy (see eddies A–C in Fig. 1) were inves-
tigated in detail along a cruise track at 16◦ 45′ S off Peru in November 2012 in order
to determine both the hydrographic properties and the influence of eddies on the bio-
geochemical cycling of the ETSP. The motivation of this study arose from the fact that
detailed information on the oxygen and nutrient anomalies in eddies had not been re-20

ported previously for the eastern tropical South Pacific Ocean.
In the thermocline the temperature of the coastal anticyclonic eddy was up to 2 ◦C

warmer, 0.2 more saltier and the swirl velocity was up to 35 cms−1. The observed
temperature, salinity anomalies and swirl velocities of both types of eddies were about
twice as large as had been described for the mean eddies in the ETSP. The AHA and25

ASA estimates for the upper 600 m showed that eddies are quite variable leading to
large deviations from the mean state. The vertical extent of the mean eddies might
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be biased to low values due to the chosen zero reference velocity at 1000 m depth,
which contrasts with our direct measurements showing the eddy swirl velocity to reach
deeper than 1000 m at values of about 7 cms−1 at 1000 m depth.

Based on our data we conclude that young coastal eddies significantly contribute
to productivity off Peru by the development of productivity maxima in the subsurface,5

which are fueled by nutrient-rich upwelled waters originating from the PCU trapped
in coastal eddies. However, the subsurface productivity decreases when both mode
water and cyclonic eddies are detached from the coast and move westward. The aging
of the mode water eddies is associated with a significant subduction of nutrients within
the eddies from 50 to 150 m which suggests that mode water eddies may reduce the10

adjacent open ocean productivity off Peru. This finding supports the model results from
Gruber et al. (2011). In the core of the coastal mode water eddy pronounced and
active nitrogen loss took place. However, the nitrogen loss was considerably lower in
the older, open ocean mode water eddy. Moreover, the surveyed open ocean cyclonic
eddy did not show any significant active nitrogen loss. Thus, we conclude that coastal15

mode water eddies are indeed a hotspot of nitrogen loss off Peru as proposed by
Altabet et al. (2012). However, the open ocean mode water eddy and the cyclonic eddy
seem to be of reduced importance or even negligible, respectively, as hotspots of active
nitrogen loss. This may be caused by the reduced flux of organic matter, as indicated
by the decrease of the chlorophyll maxima in the open ocean eddies.20

Our results indicate that eddies play an important role for the hydrographic set-
ting and biogeochemical cycling of the ETSP. The comparably small scale temporal
and spatial variability associated with eddies should be taken into accounted in future
oceanographic/biogeochemical surveys in the area.
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Table 1. Anomalies of mean anticyclonic (AE) and cyclonic (CE) eddies computed for the region
10◦ S to 20◦ S (Chaigneau et al., 2011) and for the 3 eddies A, B and C to a depth of 600 m
although the vertical extent is even larger. Available heat anomaly (AHA) and available salt
anomaly (ASA) within one eddy are computed following (Chaigneau et al., 2011).

Chaigneau et al. (2011) A B C
(AE) (CE) (AE) (AE) (CE)

Vertical extent (m) 0–450 0–200 0–600 0–600 0–600
Radius (km) 57.6 62.3 52.0 48.8 88.0
Volume (×1012 m3) 4.9 2.6 5.2 4.7 14.8
AHA (×1018 J) 6.5 −5.9 17.7 3.7 −49.8
ASA (×1010 kg) 17.4 −14.7 36.5 18.7 −98.8

9203

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/9179/2013/bgd-10-9179-2013-print.pdf
http://www.biogeosciences-discuss.net/10/9179/2013/bgd-10-9179-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 9179–9211, 2013

Biogeochemistry
anomalies in eddies

off Peru

L. Stramma et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

A1A1A1A1A1A1A1A1A1A1A1A1A1A1A1A1A1A1A1A1A1A1A1A1A1 A2A2A2A2A2A2A2A2A2A2A2A2A2A2A2A2A2A2A2A2A2A2A2A2A2

BBBBBBBBBBBBBBBBBBBBBBBBB CCCCCCCCCCCCCCCCCCCCCCCCC

  90oW   85oW   80oW   75oW   70oW 
  25oS 

  20oS 

  15oS 

−10 −9 −8 −7 −6 −5 −4 −3 −2 −1 0 1 2 3 4 5 6 7 8 9 10

[cm]

Fig. 1. Aviso sea level height anomaly (in cm) for 21 November 2012 and cruise track (black
line) and CTD stations (white and yellow dots) of RV Meteor cruise M90. Stations used for
sections plots are marked by yellow dots and are named A1, A2, B and C. Cyclonic features
are shown in blue, anticyclonic ones in red.
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Fig. 2. Parameter distribution in the anticyclonic eddy A off the Peruvian shelf along a section
A1 from 15◦ 10′ S, 76◦ 42′ W to 17◦ 30′ S, 76◦ W (see Fig. 1) for salinity, temperature, density
and oxygen concentrations (left), nitrate, nitrite, phosphate and silicate concentrations (middle)
and turbidity, pH and ADCP velocity components (right). For bottle data of the nutrient con-
centrations and pH the sampling depths are marked by black dots. To compute the eddy core
anomalies in Fig. 3 the two outside profiles used are marked on top with a black v and the core
profile with a red v.
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Fig. 3. Eddy core anomalies from the difference between profiles outside the eddy and in
the eddy core (as shown in the section plots) versus depth for salinity, temperature, density
and oxygen concentration (left), nitrate, nitrite, phosphate, and silicate concentration (middle),
turbidity, pH, swirl velocity and N* (right) for the near-shelf anticyclonic eddy A (see Fig. 2) be-
tween 76.6◦ W and 76◦ W (red lines), the open ocean anticyclonic eddy B (see Fig. 7) between
85◦ 30′ W and 82◦ 30′ W (black lines) and the cyclonic eddy C (see Fig. 8) between 15◦ S and
17.5◦ S (blue lines).
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Fig. 4. Chlorophyll distribution in the upper 100 m for the anticyclones A, section A1 from
15◦ 10′ S, 76◦ 42′ W to 17◦ 30′ S, 76◦ W (top left; see Fig. 2), section A2 along 16◦ 45′ S to the
shelf (top right; see Fig. 6), B along 16◦ 45′ S between 85◦ 30′ W and 82◦ W (bottom left; see
Fig. 7) and the cyclone C between 17◦ 30′ S, 79◦ 30′ W and 15◦ 10′ S, 81◦ 30′ W (bottom right;
see Fig. 8).
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Fig. 5. Sea surface chlorophyll distribution (in mgm−3) for 16 to 24 November 2012 from
MODIS-aqua (color) with SSHA (in cm; contour interval 1 cm) for 21 November 2012 (black
lines) as shown in Fig. 1.
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 29 

      1 

Figure 6. Parameter distribution in the anticyclonic eddy A, section A2 off the Peruvian shelf 2 

from 77°W, 16°45’S to 76°W along 16°45’S and then northeastward to 75°09’W, 15°30’S 3 

(see Figure 1) for salinity, temperature, density, oxygen concentrations and meridional 4 

velocity component (left) and the eastern part of section A2 only as no bottle data were 5 

collected between 76°W and 77°W from 76°W, 16°45’S to 75°09’W, 15°30’S for 6 

concentrations of nitrate, nitrite, phosphate, silicate, and pH (right). For bottle data of the 7 

nutrient concentrations and pH the sampling depths are marked by black dots.  8 

 9 

 10 

Fig. 6. Parameter distribution in the anticyclonic eddy A, section A2 off the Peruvian shelf from
77◦ W, 16◦ 45′ S to 76◦ W along 16◦ 45′ S and then northeastward to 75◦ 09′ W, 15◦ 30′ S (see
Fig. 1) for salinity, temperature, density, oxygen concentrations and meridional velocity compo-
nent (left) and the eastern part of section A2 only as no bottle data were collected between
76◦ W and 77◦ W from 76◦ W, 16◦ 45′ S to 75◦ 09′ W, 15◦ 30′ S for concentrations of nitrate, ni-
trite, phosphate, silicate, and pH (right). For bottle data of the nutrient concentrations and pH
the sampling depths are marked by black dots.
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Fig. 7. Parameter distribution in the anticyclonic eddy B centered at about 83◦ 50′ W along 16◦

45′ S between 85◦ 30′ W and 82◦ W for salinity, density, oxygen concentration and meridional
velocity component (left) and nitrate, nitrite, phosphate and silicate concentration (right). For
bottle data of the nutrient concentrations the sampling depths are marked by black dots. To
compute the eddy core anomalies in Fig. 3 the two outside profiles used are marked on top
with a black v and the core profile with a red v.

9210

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/9179/2013/bgd-10-9179-2013-print.pdf
http://www.biogeosciences-discuss.net/10/9179/2013/bgd-10-9179-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 9179–9211, 2013

Biogeochemistry
anomalies in eddies

off Peru

L. Stramma et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

0

200

400

600

25.6
25.9

26.2

26.5

26.8[m
]

> >>

Sal [psu]
34.5

34.6

34.7

34.8

34.9

35

35.1

35.2

35.3

0

200

400

600

[m
]

O
2
 [µ mol kg

−1
]

3

4

5

10

15

20

40

60

80

100

170

250

0

200

400

600

[m
]

> >>

NO
3
 [µ mol kg

−1
]

0

5

10

15

20

25

30

35

40

45

0

200

400

600

[m
]

NO
2
 [µ mol kg

−1
]

0

1

2

3

4

5

6

7

8

9

10

11

0

200

400

600

−30

−20

−20

−20

−20

−10

0

0

10[m
]

u [cm s
−1

]
−40

−30

−20

−10

0

10

20

30

40 0

200

400

600
[m

]

PO
4
 [µ mol kg

−1
]

0.5

1.5

2.5

2.6

2.7

2.8

2.9

3

3.1

3.2

0

200

400

600

[m
]

17.5°S 17°S 16.5°S 16°S 15.5°S

pH
7.6

7.65

7.7

7.75

7.8

7.9

8

8.1

8.2

8.3 0

200

400

600

[m
]

17.5°S 17°S 16.5°S 16°S 15.5°S

SiO
2
 [µ mol kg

−1
]

0

5

10

15

20

25

30

35

40

45

50

Fig. 8. Parameter distribution in the cyclonic eddy C on a diagonal section between 17◦ 30′ S,
79◦ 30′ W and 15◦ 10′ S, 81◦ 30′ W (see Fig. 1) for salinity, oxygen concentration, zonal velocity
component and pH (left) and nitrate, nitrite, phosphate and silicate concentration (right). For
bottle data of the nutrient concentrations and pH the sampling depths are marked by black
dots. Selected isopycnals are included as white lines in the salinity section. To compute the
eddy core anomalies in Fig. 3 the two outside profiles used are marked on top with a black v
and the core profile with a red v.
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