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Abstract. Mesoscale eddies seem to play an important roleferences between the young and old mode water eddies. The
for both the hydrography and biogeochemistry of the east-coastal mode water eddy was found to be a site of nitrogen
ern tropical Pacific Ocean (ETSP) off Peru. However, de-(N) loss in the OMZ with a maximum\NOg anomaly (i.e. N
tailed surveys of these eddies are not available, which hasoss) of about-25 pmol L1 in 250 m water depth, whereas,
so far hampered an in depth understanding of their impli-the open ocean mode water and cyclonic eddies were of mi-
cations for nutrient distribution and biological productivity. nor and negligible importance for the N loss, respectively.
In this study, three eddies along a section #t4E6S have  Our results show that the important role of eddies for the dis-
been surveyed intensively during RRMeteor cruise M90n tribution of nutrients, as well as biogeochemical processes in
November 2012. A coastal mode water eddy, an open oceathe ETSP (and other OMZ/upwelling regions) can only be
mode water eddy and an open ocean cyclonic eddy haveully deciphered and understood through dedicated high spa-
been identified and sampled in order to determine both theitial and temporal resolution oceanographic/biogeochemical
hydrographic properties and their influence on the biogeo-surveys.

chemical setting of the ETSP. In the thermocline the temper-

ature of the coastal anticyclonic eddy was up t&€2varmer,

0.2 more saline and the swirl velocity was up to 35crths

The observed temperature and salinity anomalies, as well a§  Introduction

swirl velocities of both types of eddies were about twice

as large as had been described for the mean eddies in turing the last two decades nonlinear mesoscale features of
ETSP. The observed heat and salt anomalies (AHA, ASA)the oceanic circulation (so called eddies) have been recog-
of the anticyclonic eddy near the shelf-break of 17.7018 nised to play an important role for the vertical and horizontal
and 36.6x 10'%kg are more than twice as large as the meantransport of momentum, heat, mass and the chemical con-
AHA and ASA for the ETSP. We found that the eddies con- Stituents of seawater, such as oxygen, nutrients, etc. (e.g.
tributed to the productivity by maintaining pronounced sub- Klein and Lapeyre, 2009). Three types of eddies have been
surface maxima of chlorophyll of up to 6 pgL. Based on a identified: cyclonic, anticyclonic and mode water eddies (e.qg.
comparison of the coastal (young) mode water eddy and thcGillicuddy Jr. et al., 2007). Mode water eddies derive their
open ocean (old) mode water eddy we suggest that the ageirg@me from the thick lens of water that deepens the main pyc-
of eddies when they detach from the shelf-break and movdiocline while shoaling the seasonal pycnocline. Because the
westward to the open ocean influences the eddies’ propertiegeostrophic velocities are dominated by the depression of the
chlorophyll maxima are reduced to about half (2.5-3 pg)L main thermocline, the direction of rotation of mode water ed-
and nutrients are subducted. However, different settings aglies is the same as of anticyclonic eddies (McGillicuddy Jr. et

the time of formation may also contribute to the observed dif-al-» 2007). Nutrients are supplied for new production where
isopycnals from the subsurface outcrop at the base of the
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euphotic zone, primarily at fronts (Mahadevan and Archer,phorus (P), silicon (Si) and iron (Fe) depending on plankton
2000). Thus, cyclonic eddies (cyclones) and mode water edspecies. A fraction of the biologically produced particulate
dies can inject nutrients from below the euphotic zone intomatter subsequently sinks into the subsurface ocean where
the euphotic zone while anticyclonic eddies (anticyclones)it is consumed by microbes and macrofauna, releasing car-
tend to decrease the nutrient content of the euphotic zonéon dioxide (CQ) and nutrients back to the water column
(e.g. Klein and Lapeyre, 2009). The enhanced upwelling ofand consuming subsurface (Money, 2010). In case of slow
nutrients into the euphotic zone by eddies (i.e. eddy pumprates of water renewal in subsurface layers this leads to low
ing) is especially important for the biological productivity oxygen concentrations and as increasing @ds to lower
of the oligotrophic regions of the oceans (McGillicuddy Jr. pH values (e.g. Feely et al., 2008) the low oxygen waters
et al., 1998, 2007; Oschlies and Garcon, 1998; Levy et al.also become increasingly “acidified” and more corrosive to
2001). Only recently, however, Gruber et al. (2011) sug-carbonates.
gested that the occurrence of eddies in coastal upwelling re- The coastal upwelling region of Peru belongs to the four
gions, which are characterised by a high productivity, maymajor eastern boundary upwelling systems and thus shows
result in a reduction of biological production. an overall very high biological production (e.g. Chavez and
In the eastern tropical Pacific Ocean the zonal tropical curMessié, 2009). The upwelling is fed by nutrient-rich/oxygen-
rent bands supply oxygen ¢Qrich water to the oxygen min-  depleted waters of the poleward flowing Peru-Chile Under-
imum zone (OMZ) (Stramma et al., 2010b). In contrast, thecurrent (Brink et al., 1983; Huyer et al., 1991). The produc-
mid-depth circulation in the eastern South Pacific Ocean igivity off Peru is not only fueled by nutrients such as “new”
sluggish in the region of the OMZ. As the mean currents arenitrate originating from upwelled water masses, but a signifi-
weak, eddy variability strongly influences the flow and ulti- cant fraction of the productivity also results from regenerated
mately supplies oxygen-poor water to the OMZ (Czeschel emitrate in the euphotic zone (Fernandez et al., 2009). The Pe-
al., 2011). Model results support the view that eddies are refuvian upwelling is adjacent to the OMZ in the eastern trop-
sponsible for the redistribution of oxygen within the OMZ ical South Pacific Ocean (ETSP), which is one of three ma-
and for the oxygen transport at the poleward boundary ofjor oxygen minimum zones of the global ocean (Karstensen
the OMZ (N. Gruber, personal communication, 2012). In theet al., 2008; Paulmier and Ruiz-Pino, 2009). The oxygen
eastern Pacific hydrographic parameter vary seasonally andoncentrations in the OMZ of the ETSP are generally very
especially related to the El Nino phase (e.g. Czeschel et allpw (<20 umol L~1). Therefore, it is also an oceanic region
2012) hence a comparison of a single survey to the mean fieldvhere a significant microbial loss of fixed nitrogen (Codis-
probably does not lead to stable results. poti, 2007; Gruber, 2008) (i.e. bioavailable nitrogen mainly
On the basis of 15yr of satellite altimetry measurementsin the form of inorganic nitrogen containing nutrients) takes
an analysis of the mean eddy properties offshore the Peruplace (Thamdrup et al., 2012; Lam et al., 2009). The pro-
vian coast showed that eddies are highly abundant off Peruzesses involved are denitrification (reduction of nitrate via
most frequently observed off Chimbote®@) and south of nitrite to dinitrogen), anammox (anaerobic oxidation of am-
San Juan (15S) (Chaigneau et al., 2008). The highest eddy monium with nitrite to dinitrogen) and DNRA (dissimilatory
frequency was found between®lS and 18 S east of 90W. nitrate reduction to ammonium).
In recent studies, measurements of three anticyclonic ed- By combining historical records of Argo float profiles and
dies in the eastern tropical South Pacific Ocean were persatellite data the three-dimensional eddy structure of the east-
formed. Two of them featured depressed near-surface isopyern South Pacific Ocean was described for temperature, salin-
cnals whereas one exhibited doming isopycnals (Holte et al.ity, density and velocity fields of cyclonic and anticyclonic
2013). An anticyclonic eddy described off central-southerneddies (Chaigneau et al., 2011). The core of cyclonic ed-
Chile (Morales et al., 2012) showed the typical mode waterdies is centred at 150 m while the core of anticyclonic ed-
eddy distribution. dies is located at-400 m depth. These differences are at-
Mesoscale variability occurs in the form of linear Rossby tributed to their formation mechanisms as cyclonic eddies
waves and as nonlinear vortices or eddies. In contrast t@are formed by instabilities of the equatorward coastal sur-
linear waves, nonlinear vortices can transport momentumface currents, whereas the anticyclonic eddies are likely re-
heat, mass and the chemical constituents of seawater, arldased from the poleward subsurface Peru-Chile Undercur-
therefore contribute to the large scale water mass distriburent (Chaigneau et al., 2011). The mean radius of the eastern
tion (e.g. Chelton et al., 2007). The degree of nonlinearity South Pacific Ocean eddies was estimated to bet1Z2km
of a mesoscale feature is characterised by the ratio of th¢Chaigneau et al., 2011). The high eddy activity in austral
rotational fluid speed’ to the translation speedof the fea-  spring (October to November) near°1$ coincides with ar-
ture. WhenU / ¢ > 1, the feature is nonlinear, which allows it eas of reduced upwelling and an important inshore advection
to maintain a coherent structure as it propagates (e.g. Flierlpf warmer and saltier subtropical water from®to 16 S
1981; Chelton et al., 2011). (Chaigneau et al., 2008).
Marine primary production is governed by temperature, Correa-Ramirez et al. (2012) suggested that the ob-
light, and limiting nutrients, most notably nitrogen (N), phos- served seasonal discrepancy between the occurrence of the

Biogeosciences, 10, 7293306 2013 www.biogeosciences.net/10/7293/2013/



L. Stramma et al.: Biogeochemistry anomalies in eddies off Peru 7295

maximum upwelling (in austral winter) and satellite obser-
vation of the maximum chlorophyll concentrations (in aus-

tral summer) in the coastal area of Peru may be caused by ai
intensification and seasonal displacement of eddy kinetic en-15°s
ergy associated with eddies north o 2 Moreover, coastal
eddies off Peru have been shown to be sites of significant loss
of fixed nitrogen (Altabet et al., 2012). Therefore, eddies off
Peru seem to play an important role for biological productiv-
ity and the nitrogen cycle. However, our knowledge is mainly
based on model studies and satellite observations but actue
(i.e. in-situ) hydrographic and biogeochemical features of the
eddies off Peru are largely unknown. Here we present the re-
sults of a first detailed survey of hydrographic and biogeo- 2ss S |
chemical parameters of three eddies off Peru in order to elu- %" Tow

cidate their role for the biogeochemical cycling in the ETSP. _ [mgm e

20°s

2 Observational data

Cruise M90 on the German research vessel RAfeortook
place in November 2012 to investigate the factors controlling 15°s
the intensity and areal extent of the OMZ of the eastern trop-
ical 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 Circula-
tion Experiment (WOCE) section along¥® S sampled in
April 1994 was reoccupied by following an eastward cruise
track from 87 W to the coast of Peru. On the basis of satel-
lite sea level height anomaly images forwarded to the ship
and which revealed two major anticyclonic eddies and one %%
cyclonic eddy along the section (Fig. 1), a detailed survey

of these eddies including acoustic Doppler current profiling e
(ADCP), measurements of conductivity/temperature/depth -0 - s 7 s -5 -4 s 2 -1 0 1 2 3 4 5§ 6 7 8 5 10
(CTD), and of major biogeochemical parameters,(Qutri-
ents, chlorophyll, turbidity and pH) along several additiona

| Fig. 1. Mean monthly November 2002 to 2011 chlorophyll data

: . : inned spatially and temporally over the entire month with the
subsections across thg eddies have been performed (Fig. 00m anz 200())/m depth cpontogrs included as white lines (top) and
The surveys were carried out on 16 to 18 November for S€Cxiso sea level height W (i :

. . ght anomaly (in cm) for 21 November 2012 (bot
tion B, on 20 and 2_1 November for section C, on 22 and 23tom), cyclonic features are shown in blue, anticyclonic ones in red.
November for section A2 and on 24 and 25 November forthe cruise track (black line) and CTD stations (white and yellow
section Al. dots) of R/V Meteor cruise M90are included. Stations used for

Two ADCP systems recorded the ocean velocities: a hullsection plots are marked by yellow dots and are named Al, A2,
mounted RDI OceanSurveyor 75kHz ADCP provided theB and C.
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 censurements obtained from discrete samples from the rosette
tred in the upper ocean the data shown in this study for theapplying the classical Winkler titration method using a non-
upper ocean are exclusively from the 75kHz ADCP, which electronic titration stand (Winkler, 1888; Hansen, 1999).
has a higher resolution in the upper ocean. The 38 kHz ADCPThe precision of the oxygen titration was0.45 umol 1.
data are used to determine the swirl velocities below 700 nmiThe uncertainty of the CTD oxygen sensor calibration was
depth. determined as a r.m.s. af0.68 umol Q kg~!. However,

A Seabird CTD system with a GO rosette with with the classical titration method, we were not able to
24 10 L-water bottles was used for water profiling and dis- determine oxygen concentrations below about 2 pmotkg
crete water sampling. The CTD system was used with doublend hence oxygen concentrations below about 2 pmol kg
sensors for temperature, conductivity (salinity) and oxygen.could not be measured with the CTD oxygen sensor. Tur-
The CTD oxygen sensor was calibrated with oxygen mea-bidity given in NTU (Nephelometric Turbidity Units) and
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chlorophyll concentrations (ugll) were measured with a 2011 (Fig. 1a) or averaged for each grid cell over a time range
WetLabs FLNTU instrument attached to the CTD. We usedof 8 days with a resolution of 1/24x 1/24.
the original calibration provided by the company with sensi- The focus of the investigation is on the measured param-
tivities of 0.01 NTU and 0.025 pgt! but did not apply any  eters hence the eddy boundaries are defined from the mea-
shipboard calibration and hence the measured absolute vasured profiles together with the high resolution ADCP data.
ues may have a somewhat larger uncertainty, but the graditsing the satellite data to define the boundaries might result
ents determined across the eddies are clearly reliable. As thia locations not measured. The satellite data derived with in-
chlorophyll data are only company calibrated we will mark terpolation schemes from available satellite paths do not rep-
the units as (cc)ugtl. resent the subsurface parameter distribution in the eddy.
Nutrients were measured on-board with a QuAAtro
auto-analyser (Seal Analytical). Nitrite (NO, nitrate
(NO3), phosphate (Pﬁj) and silicate (SiQ) were mea-
sured with a precision of=0.1pmol L%, £0.1pmolL™Y, 31 Eddies off southern Peru
+0.02 umol L1 and +0.24 pmol L1, respectively. N* was
calculated as N& (NO; + NO,) — 16 PG (see Altabetet ~ Several anticyclonic (counter-clockwise rotation in the
al. (2012) and references therein). Southern Hemisphere) and cyclonic features were clearly
The pH measurements were carried out with a Mettlervisible in the SSHA data in the region off Peru at the time of
Toledo potentiometer, model SevenGo, with an InLab 413cruise M90 in November 2012 (Fig. 1b). Along the°46' S
SG IP67 electrode calibrated with buffer solutions at pH val-section one anticyclonic eddy (eddy B) was centred in the
ues 4, 7 and 10. open ocean at about 1%, 8330 W and another anticy-
Eddy core anomalies were calculated as the difference beclonic eddy (eddy A) was centred close to the shelf-break
tween concentrations measured at the stations at the edge af about 16S, 76 W. These two features offered the pos-
the eddy and those in its centre. As we can only use stasibility to compare a young eddy (i.e. eddy A) formed near
tions available from our measurements, the definition of thethe shelf-break with an older open ocean eddy (i.e. eddy B).
eddy core and the eddy boundary might differ to the realAlong the 1645 S section a large cyclonic eddy (i.e. eddy
eddy core and boundary. The locations chosen for compar€) was centred with maximum SSHA at’l& S, 8015 W
ison are marked in the figures representing each section. Then 21 November 2012 with a strong southwest to northeast
available heat anomalies (AHA) and available salt anoma-extension.
lies (ASA) were computed as described in Chaigneau et
al. (2011). For AHA and ASA the maximum of swirl veloc- 3.2 The anticyclonic eddy off Peru (eddy A)
ity from the ADCP was defined on both sides of the eddy for _ _
each depth and then temperature and salinity were interpoAnticyclonic eddy A was located off the Peruvian shelf-
lated on an equidistant grid between these boundaries frorRréak in late November 2012. An overview of the measured
all existing profiles along the section and the gridded field Velocity and parameter distributions shows the opposing di-
was used for the AHA and ASA computation. rections of the flow and the corresponding velocities of the
Aviso satellite derived altimeter sea surface height anticyclonic circulation and the oxygen minimum core in the
anomaly data (SSHA) were used to define the general discentre of the eddy where the zonal) @and meridional {)
tribution of eddies and to identify their individual spatial ex- Velocity components change direction (Fig. 2). The largest
tent during the cruise and their generation and path in time@nomalies were observed in the upper 600 m, but the anti-
The SSHA data used in this study are delayed time prodpyclonic velocity components were still seen at the greatest
ucts and combine available data of all satellites. The datglepths reached with the shipboard ADCP at about 1200 m.
are resampled on a regular 0°250.25 grid and are cal- As described for other anticyclonic eddies (Chaigneau et al.,
culated with respect to a seven-year me#tp//www.aviso. 2011), the highest meridional speed occurred between 50 m
oceanobs.conFor the overview figure (Fig. 1b) the delayed and 250 m depth. The density distribution shows a deepen-
time 7 day mean SSHA image was used, while for trackinging of the isopycnals below 110 m and an uplift above 110 m
the eddy movement the daily final near real time productswhich is typical for a mode water eddy. Connected to the
were used. The eddies were tracked for each day and for sétPlift of the isopycnals, the anticyclonic swirl velocity de-
lected days the centre was taken at the location of the largedtved as the mean of maximum positive and negative veloc-
SSHA deviation. MODIS-aqua satellite derived chlorophyll ity perpendicular to the section used at.each d.epth decreased
data were used for a better visualisation of the distribu-28Pove 110m (Fig. 3). The corresponding salinity and tem-
tion of chlorophyll at the surface of the coastal eddy. The Perature was elevated in the centre of the eddy (Chaigneau et
chlorophyll data provided by the Giovanni data portatg:// @l 2011).
disc.sci.gsfc.nasa.gov/giovanni/additional/users-marasel Given that oxygen is generally low below 30-50 m water

ther reduction in oxygen is possible. Nevertheless the oxygen

3 Results
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perature, density, oxygen concentrations and zonal (u, positive east
ward) and meridional (v, positive northward) ADCP velocity com-

ponents (left), nitrate, nitrite, phosphate, silicate concentrations, tur-F'g' 3. Eddy core anomalies from the difference between the mean

bidity and pH (right). For bottle data of the nutrient concentrations of the two profiles outside the eddy .?m_d in the prc_)flle in the eddy
and pH the sampling depths are marked by black dots. To computgOre (as mar_kgd by red and black vsin the section plots) Versus
the eddy core anomalies in Fig. 3, the two outside profiles used ar(?leftth for sahmty, ten;]perz?‘ture, dednslllt.y and oxygen c.oncen.t(;glflon
marked on top with a black v and the core profile with a red v. € ) _nltrate, “'“f'te' phosp ate, andsi Icate concentration (m.' €).
turbidity, pH, swirl velocity and N (right) for the near-shelf anticy-
clonic eddy A (see Fig. 2) between 76\ and 76 W (red lines),
the open ocean anticyclonic eddy B (see Fig. 7) betweéB@5V
minimum linked to the eddy is clearly visible in the sec- @nd 8230 W (black lines) and the cyclonic eddy C (see Fig. 8)
tion across the eddy (Fig. 2). There is a pronounced decreadi¥™een 15S and 17.5S (blue lines). For oxygen the axis is
. changed at 300 m depth to better resolve the small changes at depth.
of the oxygen concentrations by more than 200 pmofkg
from the surface to 50 m depth (Fig. 3) where the uplift of
the near surface isopycnals led to a significant shoaling of
the mixed layer. Nitrate was reduced at 100-300 m depth76.6> W to 76.7 W were related to high near coastal chloro-
by ~ 20 umol -1 and nitrite increased at 100-500 m depth. phyll values, which were visible in chlorophyll satellite im-
A pronounced increase in phosphate and silicate concentrages taken at the end of November 2012 (Fig. 5) and which
tion was observed between 50 m and 150 m depth. Turbiditywere transported offshore at the northern rim of the anticy-
was higher at about 50-400 m depth and the pH was geneelone. While the mean November surface chlorophyll distri-
ally higher between 100 m and 400 m depth, but displayedbution shows a large high chlorophyll layer reaching off the
the highest decreasing gradient from the surface down tshelf-break (Fig. 1a), the surface chlorophyll is strongly re-
around 50 m depth (Fig. 3). The chlorophyll distribution in duced in mid-November 2012 in the area of the eddy A flow
the upper ocean was characterised by a very large chlorophytomponent towards the shelf (Fig. 5).
maximum of 6.1 (cc)ug L in the core of uprising isopyc- According to sea level anomaly images this anticyclone
nals at 45m to 55 m depth for the centre of the anticyclonewas formed after 13 September 2012. It appeared first on
(Fig. 4) connected to a positive turbidity anomaly of 0.1 NTU 14 September 2012 at 1686 S 75 W. It moved to 1615'S,
(Fig. 3). The increased chlorophyll values near the surface at6> W on 1 November 2012 with a mean westward velocity

www.biogeosciences.net/10/7293/2013/ Biogeosciences, 10, 73062013
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Fig. 5. Mean sea surface chlorophyll distribution (in mg# for

16 to 24 November 2012 from MODIS-aqua (colour) with SSHA
(in cm; contour interval 1 cm) for 21 November 2012 (black lines)
as shown in Fig. 1.

Fig. 4. Chlorophyll distribution in the upper 100 m from a company
calibrated only WetLabs FLNTU, units are given in (cc)gl(see
text) for the anticyclones A, section AL fromaB) S, 7642 W to
17°30'S, 76 W (top left; see Fig. 2), section A2 along 4% S

to the shelf (top right; see Fig. 6), B along °4& S between . .
85°30'W and 82 W (bottom left; see Fig. 7) and the cyclone © 60m depth and with 5.7 (co)ugt in the upper 20m

C between 1730'S, 7930 W and 1510’ S, 8P30 W (bottom  near the Peruvian coast. The meridional velocity distribu-
right; see Fig. 8). Density contours are included as white lines withtion clearly shows that this eddy was separated already from
0.2 kg n3 spacing except for section B with 0.05 kgmspacing  the shelf-break given that near the shelf-break the southward
to resolve the weak density gradient. flowing Peru-Chile Undercurrent (PCU) is seen in southeast-
ward flow components (Fig. 5) flowing in the opposite direc-
tion as the flow component in the eastern part of the anticy-
1 clone, which is directed northward.
of2.6cms. In November the eddy strengthened and stayed iy, resolution profiles of bottle samples for nutrient de-
statlonar_y near the shelf-break until mid-December 2012, mination were only taken east of A8 for this section A2
The anticyclone was centred at°18 S, 76 W on 21 54 represent the near-shelf parameter distribution (Fig. 6,
November 2012, hence it was 2 months old at the time th&;qpy which might have influenced the eddy during the for-
profiles were taken. On 15 Deceml/)er the eddy was stillyation process. As a function of upwelling intensity the ni-
in the same region at 165'S, 7545 W then started 10 yita |ayer rose near the shelf-break and higher nitrate, phos-
move westward and could be tracked to°13S, 8EW  hate and silicate concentrations were located near the sur-
at 25 March 2013. The westward movement of 5 degreeg,ce As mentioned the PCU is suspected to create the anti-
in 100 dlays transl«l':ltes into a westward transit speed oy cjonjc eddies. At the eastern side of section A2 (Fig. 6) the
6.1cms= (6.6cms northwc/astward). PCU is seen with eastward and southward flow components.
The section A2 along T@S'S that changed to northeast- g rejated salinity, temperature and density fields show sim-
erly direction towards the shelf at 78/ (Fig. 6) crossed jj5r enlarged values and reduced oxygen values as in the cen-
the southern part of anticyclonic eddy A (Fig. 1b). Differ- e of the eddy at 7@0 W and indicate water from the PCU
ent to the impression from SSHA (Fig. 1b) the eddy corej, ¢qqy A. However, nitrate, nitrite, phosphate and silicate in
was located west of PBN. The SSHA figures show differ- o pcy region do not agree with the parameter distribution

ent eddy core locations for near real time data and delayed, e core of eddy A in section AL and hence should have
time processing. The near real time data for 21 Novembef,oan modified by local processes.

2012 showed the eddy core west of ¥8 and the SSHA

fields cannot be used for determining the exact eddy corez.3 The open ocean anticyclonic eddy (eddy B)

The section A2 document the isolated low oxygen core of

the eddy west of 76W and the low oxygen core right at the The parameter distribution of the section across the anticy-
shelf-break. Salinity, temperature and density again showedlonic eddy B centred in the open ocean at abo5683V at

the signature of the mode water type eddy and upwellingl6°45 S shows the low oxygen layer extending vertically be-
in the upper 150 m near the shelf-break (Fig. 6, left). Thetween 100 and 600 m depth (Fig. 7). The open ocean anticy-
chlorophyll distribution (Fig. 4) shows the eddy related core clonic eddy was a weak mode water type anticyclone with the
of 4.7 (cc)ug -1 at 7630 W in uprising isopycnals at 50 change in density anomaly occurring at 300 m depth. Below

Biogeosciences, 10, 7293306 2013 www.biogeosciences.net/10/7293/2013/



L. Stramma et al.: Biogeochemistry anomalies in eddies off Peru 7299

353 a5 0% v 355 45
352 40 34 40
81 38 2 353 35
35 Al 200 3 s ¥2 30
= 25 — Bl 25
£ 349 20 E wE E 2
o 1s 400 a3 i
347 . 10 347 10
34.6 NO3 [ mol I77] 5 34.6 5
s 0 600 45 0
1o o 2 11
! P— i
5 200 16 o
= 6 = o S 6
£ H E i £ 5
g : 3 400 10 : B
3 iy 2 1y 2
NO, [ mol I7] 1 8 NO, [u mol I} f
0 600 6 600+ 2 0
32 0 f
31
3
2.9 200
—_ 28 = =
E 27 E E
26 400 =

ot =
PO4 [ mol I7']

0

[m]

600 O2 [umol kg™']

212

27

268

1 -266
264

26.2

L., [E
600 ;

— SOH

S = s =t E

cooo _eoo0
SEEE8-22E8
-SEZBEREERR

Turbidity

85°W  84°W  83°W

—
s00 [vlems™ o 600 JEal I | 7
T7°W  76.5°W  76°W  75.5°W 76°W 75.8°W 75.6°W 75.4°W 75.2°W

Fig. 6. Parameter distribution in the anticyclonic eddy A, section Fi9- 7. Parameter distribution in the anticyclonic eddy B centred
A2 off the Peruvian shelf from A, 16°45'S to 76 W along &t about 8350'W along 1645'S between 8530 W and 82 W

16°45 S and then northeastward to°T® W, 15°30' S (see Fig. 1) 161018 November 2012 for salinity, temperature, density, oxygen
on 22 and 23 November 2012 for salinity, temperature, density, c,Xy_concen’[ration and zonal (u; positive eastward) and meridional (v,
gen concentrations and zonal (u, positive eastward) and meridiond?©Sitive northward) ADCP velocity components (left) and nitrate,
(v, positive northward) ADCP velocity components (left) and the Nitrite, phos_phate, silicate concentration and turbidity (rlght). Only
eastern part of section A2 only (east of the dashed line in the leftoh One station pH samples were taken hence no pH section can be
frames) as no bottle data were collected betweénW@nd 77 W plotted. For bottle data of the nutrient concentrations the sampling
from 76° W, 16°45' S to 7509 W, 15°30' S for concentrations of ~ depths are marked by black dots. To compute the eddy core anoma-
nitrate, nitrite, phosphate, silicate, turbidity and pH (right). For bot- lies in Fig. 3 the two outside profiles used are marked on top with a
tle data of the nutrient concentrations and pH the sampling depth®!ack v and the core profile with a red v.

are marked by black dots.

mum swirl velocities of 16 cms! are about twice as large as

for the mean anticyclones (Chaigneau et al., 2011).
200 m depth salinity and temperature anomalies were posi- In comparison with the coastal anticyclone A, the anoma-
tive and oxygen anomalies were slightly negative. Betweerlies observed in the oxygen minimum zone are weaker below
100 m and 200 m depth strong negative salinity, temperatur@bout 200 m depth in the open ocean anticyclone B, espe-
and oxygen anomalies are present (Fig. 3). Distinct maximecially for temperature and density (Fig. 3). The anomalies
of phosphate, silicate and nitrate concentration anomaliefelow the mixed layer were similar for temperature, oxygen,
were located at 120 m to 150 m depth. Similar to near-shelfphosphate and silicate, however located about 100 m deeper
anticyclone A, turbidity was higher in the eddy between 50 min the open ocean eddy than near the coast.
and 400 m, however, without the enhanced maximum below Following the trajectory of the anticyclone B back in
the mixed layer. The chlorophyll section shows a maximumtime it was located at Y45 S, 7815 W on 7 August
of 2.5(cc)ug -1 in the core of the eddy (Fig. 4) at a 40m 2012. Hence, the anticyclone moved 570 km westward in
depth in a layer of weak density stratification and is less100 days corresponding to a westward propagation speed of
than half as in the coastal anticyclone. As the mixed layer6.5cm s, which is only slightly faster than the westward
reached deeper, enhanced chlorophyll values reach down tmovement of the coastal anticyclone A. On 13 June 2012 it
about 80 m depth and hence deeper than for the coastal amvas located at 1’85 S, 7615 W and the westward velocity
ticyclone A. The swirl velocity at 200 to 400 m depth was for the 161 days to 21 November was 4.75 cth.sBefore
much weaker than for the coastal anticyclone A. The maxi-13 June anticyclonic eddies were located to the northeast and
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southwest and the eddy signal was no longer visible, hence
the time and location of formation could not be determined
for eddy B. Nevertheless, eddy B was more than 5 months€
old and hence more than 3 months older than eddy A at the
time of measurements.

600 Sal [psu s 5

[m]

3.4 The cyclonic feature (eddy C)

Several cyclonic (clockwise rotation in the Southern Hemi-
sphere) features were visible in the region off Peru at the
time of the R/VMeteorcruise in November 2012 (Fig. 1b). E
Along the 1645 S section a large cyclonic eddy (i.e. eddy
C) was centred with maximum SSHA at’lis' S, 8015 W o
on 21 November 2012 with a strong southwest to northeast
extension. A cyclonic feature is located to the south of eddy E
C (Fig. 1b) and interacts with the cyclonic feature, hence
the southeastern boundary of eddy was defined #5.6, o
80° W (Fig. 8). ,
Cyclones dome for both the mixed layer and the main E.
thermocline as corroborated by a positive density anomaly
for the entire 600 m shown (Figs. 3 and 8). The swirl ve- o N
locity core of cyclones is expected near the surface and the ,,, ’? % 2
cyclone at 81 W accordingly had the largest velocities of £, & o% y
about 30 cms! at about 50 m depth. The parameter distribu- o [pomsn] 5 — =
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- 600 AeLal SE—
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tion on the diagonal section C betweeri18 S and 1730'S

shows elevated oxygen concentrations in the OMZ centregkig. 8. Parameter distribution in the cyclonic eddy C on a diagonal
at 1620'S, 8030 W corresponding to higher pH values section between PB0 E, 7930 W and 1310 E, 81°30 W (SE to
(Fig. 8). No nitrite was observed in the core of cyclone C, NW, see Fig. 1) on 20 and 21 November 2012 for salinity, tempera-
while the nitrite maximum found in the southern part of the ture, density, oxygen concentration and zonal (u; positive eastward)
section (Fig. 8) originated from a neighbouring anticyclonic and meridional (v, positive northward) ADCP velocity components
eddy located at the southern end of the section (Fig. 1). Théleft) and nitrate, nitrite, phosphate, silicate concentration, turbidity

temperature, salinity and density anomalies of cyclone C inand pH (right). For bottle data of the nutrient concentrations and pH

the OMZ were of similar strength as those of the coastal an—the Samp"ng.depths.are marked by bl"’}Ck dOIS: To compute the eddy

ticyclone A, but with opposite sign. The oxygen anomaly of core anomalies in Fig. 3 the two outside profiles used are marked
y ’ L2 y YOl on top with a black v and the core profile with a red v.

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 create an anomaly by adding highas can be seen in the sea level anomaly distribution (Fig. 1b)
oxygen waters than to reduce very low oxygen levels furtherine cyclonic eddy C had a wider core and only a weak maxi-
The silicate anomalies were of opposite sign to the coastay,,;m at 8925 W, hence the core of the eddy may have been
anticyclone A below 150 m depth. located further to the west, which would increase the cal-
Below the mixed layer at about 100 m depth the 0xygencyjated westward transit speed. Tracking the eddy forward
anomaly was lowest due to the uplift of the main thermocline,j, time showed that its core reached®36' S, 8% W on 13

but phosphate and silicate only show weak positive anomagepryary 2013 which results in a northwestward velocity of
lies at about 80 m and weak negative anomalies at abouy 1 oy gL,

130m (Fig. 3). A chlorophyll maximum of 2.8 (cc)ugk

was located between 20 and 40 m depth slightly to the nortl8,5 N* computations

of the core of the cyclonic eddy C. This chlorophyll maxi-

mum was higher than that of anticyclone B in the open ocearN* (for a definition see the section on observational data) is

and showed a higher positive turbidity anomaly in the upperan indicator for nitrogen sink/source processes in the water

40 m. column: negative N* values indicate nitrogen sinks includ-
Cyclonic eddy C appeared for the first time on 1 Septem-ing denitrification, DNRA and anammox, whereas, positive

ber 2012 at the coast at 16 S, 76 W and immediately  N* values indicate nitrogen sources such asfiXation. The

moved westward without staying attached to the shelf-breakvertical distribution of the N* anomalieg\(N*, Fig. 3) shows

This cyclone reached 165 S, 8015 W on 21 November, well defined AN* minima of about—35 pmol L1 in 50 m

which corresponds to a westward transit speed of 6.3¢ms depth (eddy A) and of about20 pmol L1 in 150 m depth

Biogeosciences, 10, 7293306 2013 www.biogeosciences.net/10/7293/2013/



L. Stramma et al.: Biogeochemistry anomalies in eddies off Peru 7301

(eddy B). Moreover, a second, even broaded* minimum 0
of about—20 pmol L1 at about 200 m is visible in eddy A, :
but there is no secondN* minimum detectable in eddy B 1007 g

althoughAN* remains slightly negative. Following the argu-
ments of Altabet et al. (2012), the secoadl* minimum in
eddy A and the negativaN* in eddy B are attributedto ac- =,
tive nitrogen loss processes within eddies of the OMZ. The ™

upper AN* minimum, which is located above the OMZ, is 4504 Ty comtre |
most probably a residual of the uplifted PCU during its up- ——B centre
welling at the shelf. This is in contrast to the interpretations 500+ ‘_"g ”mt
of Altabet et al. (2012) who argued that the upper N* mini- pcﬁ‘i" ©

: ; i 600 ' '
mum observed in a comparable anticyclonic coastal eddy off ¥ 18 . s 5.2 —

Peru resulted from shelf waters that had been in contact with ' Salinity [psu]
shelf sediments and thus were carrying signals of sedimen-_ o ) ) _
tary dentrification and/or anammox (Altabet et al., 2012). :i:r:%) gt.h?aac[,lgrlteyoﬂr?r:!es'eﬂirzehifZggylzcﬁtlggcﬁgE?fcz?eg\?in(g)retil
* L 1
in 223 dzcriansédfgla:ﬂg?ﬁeogfeiiynirgorgﬁ?ézg t?ot?gssseescentre of the eddy B (black line), the centre of eddy C (blue line)
in eddy _p I ’ e nl 9 . P and the eastern rim stations of section Al (dashed red line) and of
during aging of mode water ed@es on their way from the eddy B (black dashed line).
coast to the open ocean. Alternatively, the lowdt* in eddy
B might be caused by different initial biogeochemical set-
tings at the time when eddies A and B were formed. In sharp
contrast to eddies A and B, the vertical distributionAdfl* The depth distributions of the temperature and salinity
(Fig. 3) of eddy C shows positive values in the OMZ (150— anomalies based on detailed CTD sections and the swirl ve-
450 m). However, these data cannot be interpreted as beinigcity derived from the ADCP measurements of the eddies
caused by enhanced nitrogen sources but resulted from th&—C are in agreement with the mean fields derived from
fact that N* at the fringes of the cyclonic eddy C (see e.qg.float profiles (Chaigneau et al., 2011). The anticyclone A off
NO; distribution in Fig. 8), which are influenced by an adja- the shelf-break showed a temperature increase°@f and
cent, anticyclonic eddy, were more negative than those in the salinity increase of 0.2 in its core (Fig. 3), which is about
core of eddy C. twice as large as that of mean anticyclones in the eastern trop-
ical South Pacific (Chaigneau et al., 2011). Also the observed
swirl velocity of up to 35cm<s! is more than twice and up
to three times as high as for the mean anticyclones.
As the ETSP is covered by cyclonic and anticyclonic fea- Th? vertical e>_<tent of the eQdy is defined where the SV.V'”
. o . ... velocity or rotational speed is larger than the translation
tures (Fig. 1b) and by variability, e.g. EI Nino phases, it is . . ;
oo . . speed U /¢>1). For the mean anticyclonic eddies between
difficult to derive a mean background field. Nevertheless, a : .
. . . . 10° S and 20 S the vertical extent was 450 m (Chaigneau et
comparison of our sections with the mean climatology of the . ) .
- ot .—al., 2011). The two anticyclonic eddies A and B had a ver-
World Ocean Database showed small salinity deviations in_

: . . . ical extent of more than 600 m, however, we carried out the
the region, where we defined the boundaries of our eddies. ;

X e . . anomaly computation to 600 m depth only (Table 1). The vol-
comparison of the salinity profiles shows up to 0.25 higher

salinities in the centre of the anticyclonic eddies A and B ume of anticyclone A was 5.2 10°2m”, similar to the vol

2m3 i
than for the eastern rim stations of these two eddies (Fig. 9);;:2 (§f41.3x7lxollor& Jo;;r;et[]n:insing?ggo; el.O?OOIZ:; e;/fg, ;he

The comparison with the salinity of the profile at the PCU lo- factor 2.7 and 2.1 larger than for the mean anticyclone, re-

cation in section A2 shows that the salinity in the centres of . . . .
. . i oL . spectively, based on their larger vertical extent and higher
the anticyclonic eddies below 120 mis similar high, however, .
temperature and salt anomalies.

with deviations of up to 0.1. In the upper 100 m the salinity - .
of all profiles is higher than at the PCU location, probably Salmolty and temperature_ de.creas.ed in eddy .B by 0.3 and
up to 2°C, respectively, which is again about twice as much

re"’?“‘?d T[O the nea_lr-shelf_upwellmg. Nevertheless, the Slm.”aras that of the mean cyclones (Chaigneau et al., 2011, Fig. 5),
salinity in the anticyclonic eddy centres and the lower salin-

ity at the rim stations show, that the eddies carry water fromf'JIS well as of a cyclonic eddy measured in November 2008

: . - .__in the eastern Pacific Ocean (Subramanian et al., 2013). Al-

the PCU area westward. Differences in the salinity profiles .
) . . though the vertical extent of eddy B of more than 600 m was
might be related to water mass differences in the eddy forma- "
. ) L again larger than that of the mean eddy (Table 1) the volume
tion area. The cyclonic eddy shows lower salinities at most 5 3 ;
. : . : of 4.7 x 102 m3 was slightly less than that of the mean eddy
depth compared to the rim stations (Fig. 9) and confirms the . : : : ! :
T as the radius defined between the maxima in swirl veloci-

transport of low salinity in its centre.

ties was a little smaller. The AHA was only half of the mean

4 Discussion
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Table 1. Anomalies of mean anticyclonic (AE) and cyclonic (CE) months before it began to move westward in mid-December
eddies computed for the regionl® to 20 S (Chaigneau et al., 2012. The estimated westward transit speeds for the ed-
2011) and for the 3 eddies A, B and C to a depth of 600 m althoughdies A—C were in the range from 4.75 Crﬁ'—s(eddy B) to
the verti_cal extent is even larger. Av_ail_able heat anomaly (AHA) 7 1 ecm st (eddy C). Hence they are only slightly higher than
and a.vallable.salt anomaly (ASA) within one eddy are computedipa mean westward eddy propagation speed of 3_6dms
following Chaigneau et al. (2011). computed for the region off Peru (Chaigneau et al., 2008).
Chaigneau etal A 5 c The slightly higher trans!t speed is probably due to the fact
(2011) that our measurements in the northern reaches of the west-
ward flowing subtropical gyre (Kessler, 2006).
We observed pronounced maxima and minima for the ma-

(AE) (CE) (AE) (AE) (CE)
Vertical extent(m)  0-450 0-200 0-600 0-600 0-600

Radius (km) 57.6 623 520 488 880 jority of the hydrographic (temperature, salinity, density) and
Volume (x 1012md) 4.9 2.6 5.2 47 148 biogeochemical (nutrients, oxygen, turbidity, pH) anoma-
AHA (x10'8)) 65 -59 177 3.7 —49.8 lies in 50m and 150 m depth of the coastal eddy A and
ASA (x10'%g) ir4 -147 365 187 -988 the open ocean eddy B, respectively (Fig. 3). These charac-

teristic anomalies most likely originated from the nutrient-
enriched/oxygen-depleted PCU which flows poleward in a

anticyclonic eddy as the temperature anomaly was negativeepth range from 50 to 350 m and which prevails at distances
in the upper 200 m for the mode water type eddy while thebetween 65 and 165 km from the Peruvian coast (Huyer et
ASA was similar to the mean anticyclone. al., 1991). The PCU fuels the coastal upwelling of Peru

While the vertical extent of the mean cyclonic eddy was (Brink et al., 1983; Huyer et al., 1991). During the wind-
only 200m, that of eddy C reached again deeper to 950 ndriven upwelling the waters of the PCU are brought to the
depth (not shown) and also the radius of 88 km was muchsurface at the shelf (Fig. 6). However, the uplifted nutrient-
larger than the 62.3 km for the mean cyclonic eddy (Table 1).rich/oxygen-depleted water of the PCU was trapped in upper
Therefore, the AHA of eddy C for the upper 600 m was part of eddy A when it was detached from the shelf-break.
8.4 times and the ASA 6.7 times larger than for the meanObviously the anomalies are generally subducted to 150 m
cyclonic eddy. However, the cyclonic feature C is quite un- when an eddy is moving westward as can be seen for eddy
usual given its elongated shape and should not be considerdgl (Fig. 3). The generally less pronounced anomalies of eddy
the typical cyclonic eddy. B (compared to eddy A) result from a different initial set-

Large temperature and salinity anomalies and the swirlting when eddy B was formed. The NCanomaly does not
velocity obtained from our in-situ measurements alongshow a maximum at 50 m (eddy A) or 150 m depth (eddy B).
16°45'S are up to 2C warmer, 0.3 more saltier and This is caused by the fact that the trapped PCU is enriched
more than twice as large (up to 35 cnis$, respectively, as  in nutrients except N© because in low oxygen waters deni-
those computed for the mean eastern South Pacific eddiesgification and/or DNRA lead to a decrease of N©oncen-
(Chaigneau et al., 2011). As both methods differ, e.g. in thetrations. The pronounced subsurface chlorophyll maxima in
definition of the eddy boundaries either from real observa-the eddies A—C that were found in a depth range from 30 m
tions restricted to the location of measured profiles or from(eddy C) to 50m (eddy A, Fig. 4), are a typical feature of
float profiles related to a climatological mean in relation to both cyclonic and mode water eddies, which is caused by
satellite data it is not surprising, that different approacheseddy pumping of nutrients into the euphotic zone (see e.qg.
lead to different results. The two methods are based on th@icGillicuddy Jr. et al., 1998, 2007). The eddy pumping re-
data available and both methods are useful despite their difsults from the uplift of the isopycnals in the core of eddies
ferences as long as the method applied is described. The large-C (see Figs. 2, 7 and 8). Comparison of the chlorophyll
temperature and salinity anomalies might be caused by usinghaxima of the “young” coastal eddy A and the “older” open
the actual measured values instead of a climatology as refecean eddies B and C reveals that the chlorophyll concen-
erence for the parameter distribution outside of the eddies agations in the subsurface maxima are significantly lower in
used by Chaigneau et al. (2011). The lower swirl velocity the eddies B and C most probably because of the decline of
computed by Chaigneau et al. (2011) is caused by their asautrients in the euphotic zone while the eddies were mov-
sumption of a level of zero geostrophic velocity at 1000 m ing westward. The chlorophyll distribution in eddy B shows
depth for the mean distribution while in our study the deepwidespread slightly enhanced and deeper reaching concen-
reaching measurements using the 38 kHz ADCP which in-trations compared to the eddy A. The westward deepening
cluded also non-geostrophic velocity components showed @f the chlorophyll layer was described e.g. for a section
swirl component of 7.5¢cnTs for eddy A, 7.7cms? for off Chile in late 2004 (Claustre et al., 2008). The slightly
eddy B and 6.8 cms for eddy C at 1000 m depth. higher chlorophyll concentrations might be related to differ-

After its formation on 14 September 2012 anticyclonic ent phytoplankton communities active in the different areas,
eddy A moved slowly westward for 1.5 months with
2.6cms?t and then stayed off the shelf-break for about 2
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but no phytoplankton measurements were made during thdlontégut and Raimbault, 1994; Fernandez et al., 2009; Al-
cruise. tabet et al., 2012; Casciotti et al., 2013) but lower than the
The chlorophyll concentrations of the subsurface maxi-exceptionally high NQ concentrations (up to 23 pumott
mum in eddy A are in the same concentration range as thén February/March 1985) reported by Codispoti et al. (1986).
chlorophyll concentrations in the surface layer of the coastal In contrast to the mode water eddies A and B, the core
upwelling (see section A2 in Fig. 4). Assuming that chloro- of cyclonic eddy C shows a compression of the OMZ to a
phyll concentrations can be taken as a (qualitative) indica-narrow band between 150-450 m where no loss of N@d
tor for primary productivity this finding suggests that eddies no enhanced NDconcentrations have been measured. Signs
may play an important role for the overall productivity off of nitrogen loss processes in eddy C are only visible at the
Peru. Additionally, the development of a pronounced fila- southern fringe at about 1B (Fig. 8) which are caused by
ment structure at the northern fringe of eddy A (which is an adjacent anticyclonic eddy (Fig. 1). Thus, we conclude
clearly visible in the satellite picture, see Fig. 5) documentsthat in eddy C active nitrogen loss processes were negligible
that due to the rotation of the eddy, highly productive sur- at the time of our measurements.
face waters are transported westward far beyond the narrow Recently, concern has emerged that @f@iven climate
band of coastal upwelling at the shelf. However, there is largechange results in decreasing dissolved oxygen (DO) levels in
uncertainty involved with regard to biogeochemical signifi- the ocean (e.g. Keeling and Garcia, 2002; Bopp et al., 2002)
cance of eddies given the small number of observations.  with potentially large impacts on marine habitats and ecosys-
Both the vertical concentration distributions (Fig. 2), as tems (Keeling et al., 2010; Stramma et al., 2012b). Continu-
well as the anomalies (Fig. 3) of oxygen and nutrients (i.e.ous time series in a few selected tropical areas with sufficient
nitrate, nitrite) in mode water eddy A reveal a core layer data (Stramma et al., 2008), as well as comparison between
where pronounced loss of fixed nitrogen occurs. This is indi-two distinct time periods in the tropical oceans (Stramma
cated by the pronounced maximum of f@oncentrations et al., 2010a), and observed changes at 300 dbar for the en-
(often also referred to as the secondary nitrite maximum(tire ocean over the past 50yr (Stramma et al., 2012a) indi-
SNM) at about 250-300 m depth, which is associated withcate an ongoing decline of oxygen and a vertical expansion
the pronounced minima of both,@<5pmol L™!) and NG, of the OMZ in most tropical regions, contrasted by areas
concentrations between 100 and 300 m depth. Please noiominated by DO increase, predominantly in the subtropi-
that the OMZ (here defined as,®20pmol L) spreads  cal gyres. However, Chaigneau et al. (2009) computed a de-
from 100 to 600 m depth. The co-occurrence of extremelycreasing trend for the number of generated eddies off Peru
depleted @ and NG, coinciding with high NQ concen-  and Chile in the period 1995-2007. Assuming that this trend
trations have been attributed to on-going denitrification (Fi-is continuing, we speculate that a decreasing number of ed-
adeiro and Strickland, 1968; Codispoti et al., 1986) or DNRA dies might lead to an increase of oxygen concentrations in the
(Lam et al., 2009). Enhanced turbidity as a measure for susOMZ off Peru: A decreasing eddy-fueled productivity will
pended material and particles, is also found between 100 anigad to a decreasing transport of organic material to the open
300m in eddy A (Figs. 2 and 6) which indicates the exis- ocean which, in turn, decreases the demand of oxygen for
tence of an intermediate nepheloid layer known to be astespiration. Decreasing numbers of eddies might also influ-
sociated with enhanced microbial activity. These layers areence the number of nitrogen loss hotspots, thus the total ni-
moreover, known to play important roles in other OMZs ad- trogen loss from the ETSP might be decreasing in the future
jacent to coastal upwelling regions such as the Arabian Seif the decreasing trend in numbers of eddies will continue.
and off NW Africa (Naqvi et al., 1993; Fischer et al., 2009).  Fundamental to a realistic prediction of changing future
A similar feature is seen in the@nd NG, /NO; distribu-  OMZs are, however, accurate determinations of oxygen dis-
tions and anomalies (Figs. 3 and 7) of the mode water eddyributions, processes maintaining the OMZ, and dynamics of
B. The NG; concentrations in the “aged” eddy B are, how- the OMZ, of which eddies may be one of the most important
ever, higher compared to the “young” eddy A. This apparentcomponents.
contradiction (the older an eddy the more NGhould have
been lost due to the ongoing N loss processes) is most prob-
ably resulting from higher initial NQ concentrations at the
time of formation of eddy B. The maximum concentration of 5 Conclusions
NO, of up to 5 pmol =1 measured in eddy B is significantly
lower than that of up to 11 umofi! measured in eddy A. Two mode water eddies and one cyclonic eddy (see eddies
This points to a significantly lower activity of nitrogen loss A—C in Fig. 1) were investigated in detail along a cruise track
processes in eddy B. The N@oncentrations measured dur- at 1645 S off Peru in November 2012 in order to deter-
ing our cruise in November 2012 are in the same range aghine both the hydrographic properties and the influence of
those reported in previous studies of the SNM in the OMZ eddies on the biogeochemical cycling of the ETSP. The mo-
off Peru (see, for example, Barber and Huyer, 1979; Copindivation of this study arose from the fact that detailed infor-
mation on the oxygen and nutrient anomalies in eddies had
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not been reported previously for the eastern tropical Soutitemporal and spatial variability associated with both eddies

Pacific Ocean. and sub-mesoscale processes should be taken into account
In the thermocline the temperature of the coastal anticy-in future oceanographic/biogeochemical studies in the ETSP

clonic eddy was up to 2C warmer, 0.2 saltier and the swirl and other OMZ/coastal upwelling regions.

velocity was up to 35cms. The observed temperature,

salinity anomalies and swirl velocities of both types of ed-

dies were about twice as large as had been described for thicknowledgementsThe  Deutsche  Forschungsgemeinschaft

mean eddies in the ETSP. The AHA and ASA estimates for(DFG) provided support as part of the “Sonderforschungsbereich

the upper 600 m showed that eddies are quite variable leading54: Climate-Biogeochemistry Interactions in the Tropical Ocean”

to large deviations from the mean state. The vertical extenfLS, HWB, RC, MF). Additional support was provided through the

of the mean eddies might be biased to low values due to th"stituto del Mar del Pert, IMARPE (AL). We thank G. Krahmann,
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