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Marine nitrogen cycling
Balance between N2
fixation and fixed N-
loss: implications for 
primary productivity, 
CO2 sequestration and 
climate change.

Oxygen Deficient 
Zones: 0.1% of oceanic  
volume, 30 to 50% of 
global fixed N-loss. 
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Process (in Tg (1012 g) /year) Codispoti
(2001; 2007)

Gruber 
(2004; 2008)

N2 fixation >>>135 135 ± 50

Water column N-loss >>150 65 ± 20

Benthic N-loss >300 180 ± 50

(%) Benthic N-loss/
Total N-loss

~65 ~75

Total (all sources and sinks) -230 -10 ± 110

Eugster and 
Gruber (2012)

94 to 175
39 to 66

68 to 122

~65

-40 to 40

Global marine N budget



14N (99.6%), 16O (99.8%)
15N (0.4%), 18O (0.2%)

Kinetic isotope fractionation: e.g., denitrifiers 
preferentially assimilate lighter isotopes, leaving 

substrate (NO3
-) enriched in 15N

δ notation in ‰: 
(Rsample/Rstandard – 1) x 1000

R : isotopic ratio (ex: 15N/14N)
Standards: AIR for nitrogen and V-SMOW for oxygen.

Stable isotopes as tracer of N-cycle processes 



Isotope mass balance 

Sedimentary N-loss is determined 
by isotope mass balance

e = d15Nsubstrate – d15Nproduct
d15Nproduct = d15Nsubstrate – e

N-loss: 
water-column: high e of 25‰ 
sediments: suppressed e of ~1.5‰	

Sedimentary N-loss ≈ 75% of total 
N loss. 
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Role of mesoscale processes for N-loss in ODZs



Mesoscale eddies as N-loss hotspots

Altabet et al., Biogeosciences, 2012

stn X at the edge of an anticyclonic eddy. 
Are eddies N-loss hotspots?

DIN deficit (N’)= DINexpected – DINobserved, DINexpected = 16 ´ [PO4
3-]

(sq = 26.3, depth = 100 to 170 m)

(µmol kg-1) (µmol kg-1) (µmol kg-1) (‰	)



SFB (Sonderfors-
chungsbereich) 754: 
Climate –
Biogeochemistry 
interactions in the 
Tropical Ocean 

Eddies off Peru 
sampled in November 
and December 2012. 
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Eddy types 

Cyclone Mode-water
Anticyclone

Ekman 
downwelling

Ekman 
upwelling

Submesoscale
transport

Submesoscale
transport
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Eddies as N-loss hotspots
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Eddies as N-loss hotspots
Chlorophyll

(Stramma et al., Biogeosciences, 2013)

14.0oS

16.0oS

18.0oS

20.0oS
84.0oW 80.0oW 76.0oW 72.0oW

10
98
76
5
4321
0-1-2-3-4-5-6
-7-8
-9-10
-11
-12

Nov 2012

A1

12.0oS

11.0oS

(SSHA)

CB

0

20

De
pt

h (
m

)

40

60

80

100
76.6oW 76.4oW 76.2oW 76.0oW

85.0oW 84.0oW 83.0oW 82.0oW

De
pt

h (
m

)

17.5oS 17.0oS 16.5oS 16.0oS 15.5oS

0

20

40

60

80

100

0

20

40

60

80

100

De
pt

h (
m

)



Eddies as N-loss hotspots
[NO2

-] up to 12 µmol L-1

(Stramma et al., Biogeosciences, 2013)
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Eddies as N-loss hotspots
d15N-NO3

- up to 70 ‰

(Bourbonnais et al., GBC, 2015)
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Eddies as N-loss hotspots
DIN (NO3

-+NO2
-) deficit: up to 40 µmol N L-1

(Bourbonnais et al., GBC, 2015)
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Eddies as N-loss hotspots
Biogenic N2: up to 40 µmol N L-1

(Bourbonnais et al., GBC, 2015)
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Eddies as N-loss hotspots
d15N-biogenic N2
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Rayleigh kinetic isotope fractionation: e.g. N-loss in the ETSP

Bourbonnais et al., GBC, 2015)

Ryabenko et al., Biogeosciences, (2012): e for NO3
- reduction of 16‰

e N-loss is higher in other ODZs: 20-30‰

Eddies as natural laboratories
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Implications for the global N budget
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(65 Tg N yr-1)
(70 Tg N yr-1)

(130 Tg N yr-1)

SOURCE
d15N-N2 fixation = ~-1 ‰

-8‰

d15Nproduct = d15Nsubstrate – e

e N-loss water-column:
assumed to be 25‰

ETSP: lower e N-loss (13‰) 

Sedimentary N-loss ≈ 50% of total 
N-loss = more balanced N-budget

Current budgets: sedimentary 
denitrification: 65 to 75% of total 
N-loss



Possible mechanisms for 
enhanced N-loss in eddies

1) High N-loss signal originates from 
the productive coast.

2) Organic material (chlorophyll) is 
trapped during eddy formation 
near the coast, supporting N-loss 
offshore. 

3) Increased primary productivity 
and N-loss from mesoscale and 
submesoscale processes.



1) Water transport from shelf

1) Shallow shelf waters: PO4
3- and 

SiO4
- anomalies from sedimentary 

fluxes. No such anomalies in Eddy A.
N deficit = Nexpected – Nobserved
Nexpected = 16 ´ [PO4

3-]

2) Shelf waters: suppressed N-loss 
isotope effect due to sediment N-
cycling (7‰ , Hu et al., 
Biogeosciences, 2016). Isotope 
effect in Eddy A (14‰) is similar to 
the rest of the offshore Peru ODZ. 
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2) Organic material transported 
offshore

(Stramma et al., Biogeosciences, 2013)
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3) Mesoscale and submesoscale processes

Calbeck et al., PLOS ONE, 
2017:
Highest N-loss rates 
(anammox, up to 8 mmol N 
m-2 d-1) at the periphery of 
Eddy A attributed to 
“enhanced vertical nutrient 
transport caused by an eddy-
driven submesoscale 
mechanism operating at the 
eddy periphery”. 

Mode-water
Anticyclone

Ekman 
upwelling

Submesoscale
transport



Future projects

Collaborators: 
Eric D’Asaro, 
Craig McNeil, 
Curtis Deutsch, 
University of Washington

Lagrangian floats to 
study N-loss in ODZ 
eddies off Peru

to a factor increase of !1.5, similar to our observations. Other stud-
ies, based on altimetry alongtrack measurements (Stammer, 1997,
1998) or on a merged-satellite product (Chelton et al., 2007), have
also identified similarly weak equatorward increases in eddy
lengthscales.

The mean EKE and EI distributions as function of eddy radius
are shown in Fig. 3c. The mean EKE (or EI) increases (or decreases)
quasi-linearly from !10 cm2 s"2 (or from 2.5 # 10"3 cm2 s"2 km"2)
for eddy radii of 35 km to !110 cm2 s"2 (or to 10"3 cm2 s"2 km"2)
for radii of 175 km. Higher discrepancies between the linear fit and
the data are observed for eddy radii higher than 150 km due to a
reduced number of eddies detected in this range of size (Fig. 3a).
The intensity distribution is mainly explained by the relatively
weak EKE range observed in the study region and the relatively
large range of eddy radius. For example, eddies have a mean EKE
varying of a factor 10 (from !10 to !100 cm2 s"2) while their area
vary by a factor of!25. It is then obvious that for a same EKE range,
the most energetic or most intense eddies correspond to smaller
structures.

4.2. Eddy frequency

A total of 10,113 cyclones and 9842 anticyclones were identi-
fied, which corresponds to 2129 cyclone tracks and 2112 anticy-
clone tracks, or about 14 cyclones and anticyclones per week.
These numbers indicate that there is no preference for the eddy
polarity. The mesoscale structures cover an average total area of
around 6.5 # 105 km2, representing !25% of the study region.
Fig. 4a shows the geographical distribution of the frequency of
these !20,000 identified eddies. Its interpretation is straightfor-
ward since it corresponds at every location to the percentage of

time instants that the point is located within a vortex. The mean
eddy frequency over the domain is of 25.7%, in agreement with
the rough estimate of the mean area they cover. Mesoscale struc-
tures are commonly observed south of 15!S where eddy frequency
is of order of 30–50% but also offshore of Chimbote at around 9!S–
82!W (Fig. 4a). These regions also correspond to local maxima in
EKE of order of 100–150 cm2 s"2 (Fig. 4c). The mean spatial corre-
lation between the eddy frequency and EKE distributions decreases
from 40% south of 12!S to less than 20% in the 8!S–12!S latitude
band (not shown). North of 8!S, the eddy frequency decreases to
20–25% (Fig. 4a and b) whereas EKE values are higher than
200 cm2 s"2 (Fig. 4c). In this northern region, the two fields are
anticorrelated at "20% which suggests than the high SLA variance
observed north of 8!S is rather associated with equatorial long-
wave dynamics than energetic mesoscale eddies. Strong minima
of eddy occurrence, with values weaker than 5–10%, take place
all along the coast. The reason is that eddies are not fully developed
in these coastal regions so that the WA algorithm cannot find
closed streamlines. Finally, no significant difference was observed
between the distribution of cyclonic and anticyclonic eddy fre-
quencies nor in terms of seasonal variability.

4.3. Eddy lifespan

The lifespan distribution of the 4241 eddy trajectories is shown
in Fig. 5a. The average lifetime of an eddy is 33 days and the med-
ian lifetime is of 14 days, without important difference between
the two types of eddies. The seasonal variation of mean eddy life-
span was also insignificant with values of 33–35 days all year. For
lifetimes shorter than 2 months, eddy numbers exhibit steep de-
clines (Fig. 5a). Longer lifetimes are well approximated by expo-

Table 1
Percentage of eddies identified by only one expert and commonly by between 2 and 5 experts for each evaluated map. Numbers into brackets denote the number of distinct
identified eddies.

Map #1
(32)

Map #2
(37)

Map #3
(31)

Map #4
(31)

Map #5
(28)

Map #6
(38)

Map #7
(35)

Map #8
(36)

Map #9
(32)

Map #10
(33)

Average
(33.3 ± 3.1)

1 expert 9.4 21.6 16.1 16.1 0 2.6 11.4 11.1 9.4 12.1 10.9 ± 6.3
2 experts 6.2 2.7 6.5 12.9 7.1 5.3 2.9 8.3 3.1 6.1 6.1 ± 3.1
3 experts 3.1 5.4 6.5 3.2 0 5.3 11.4 5.6 0 6.1 4.7 ± 3.3
4 experts 6.2 13.5 3.2 3.2 7.1 13.2 14.3 5.6 6.2 21.2 9.4 ± 5.9
5 experts 75.1 56.8 67.7 64.6 85.8 73.6 60.0 69.4 81.3 54.5 68.9 ± 10.3
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Float deployment during GO-SHIP, P18 line, leg 1 

Collaborators: 
Eric D’Asaro, 
Craig McNeil, 
University of 
Washington

19th Nov -23rd Dec 
2016, deployment at 
16°N off Mexico 

Argo Float with new 
gas tension (PT) 
device (GTD) with 
response time of 
minutes

P18, leg 1

Figure: William J. Jenkins, WHOI



Lagrangian floats to study eddies
Gas float (N2 excess-GTD) 
data on deeper 
isopycnal at 26.425 (or 
190-220 dbar) 
pN2 = PT – pO2 –
pH2O – pTrace
N2 excess-GTD = [𝑺𝑯𝑵𝟐 ´ pN2] –
[𝑺𝑯𝑵𝟐(P=0) ´ pN2 eq]

𝑆&'( = Henry’s Law solubility 
coefficient, function of 
temperature, salinity, and 
hydrostatic pressure (P)
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