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numerical modeling. Direct observations of POC fluxes with rea-
sonably good spatial resolution have thus far been rare.

More importantly, no studies in light of the increasingly recog-
nized submesoscale processes have been reported for POC export
in anticyclonic eddies. We note that both observational and/or
numerical modeling studies (although limited) have increasingly
pointed towards the importance of considering submesoscale pro-
cesses in resolving the biogeochemical impact of anticyclonic ed-
dies. Indeed, small-scale hotspots of upwelling occur to the pe-
riphery of anticyclonic eddies, serving as a frontal zone between
the eddy and the surrounding waters, owing to intensification
of ageostrophic secondary circulation (Klein and Lapeyre, 2009).
Model simulation further indicates that nutrient supply and PP can
be alternatively stimulated by such submesoscale processes in an-
ticyclonic eddies (Mahadevan et al., 2008). Samuelsen et al. (2012)
used an eddy-resolving physical model with a particle-tracking
module to show that particles tend to accumulate at the edge of
an eddy.

Notwithstanding submesoscale processes, we contend that the
inferred suppression of export fluxes by anticyclonic eddies should
be re-examined by considering submesoscale processes. In this
context, we conducted a study to examine the responses of particle
export to three anticyclonic eddies using high-resolution sampling
of 234Th as an effective tracer. We compared 23*Th-derived export
fluxes based on a 1D steady-state (SS) model and integrated fluxes

t canceled the lateral variability induced by submesoscale trans-
port. This comparison revealed that POC fluxes derived from the
1D model only appeared to be changes, and disappeared when a
3D model was applied, or that the vertical 234Th fluxes estimated
were biased by submesoscale lateral transport of 234Th. We fur-
ther introduced an eddy-resolving numerical model that revealed a
3D eddy structure to estimate the physical transport of 234Th; this
confirmed significant exchange between the eddy core and edge.

2. Methods
2.1. Study area

The SCS is the largest semi-enclosed marginal sea of the Pa-
cific Ocean. The basin-scale circulation is mainly driven by the East
Asian monsoon, which is expressed as a generally cyclonic gyre in
winter and a two-gyre system in summer (Fig. 1a) comprising a cy-
clonic gyre north of approximately 12° N and an anticyclonic gyre
in the south (Cao and Dai, 2011 and references therein). Eddies
are frequently generated in the SCS owing to different mechanisms
(Hu et al., 2011) such as frontal instability, coastal jet separation,
and/or monsoon-driven forcing. In the northern SCS basin, eddies
are mainly formed as a result of the variation and/or instability
of these circulation gyres (Wang et al., 2003) or eddy penetration
through the Kuroshio from the Western Pacific Ocean (Hu et al.,
2012).

The SCS is an oligotrophic mini-ocean (Du et al.,, 2013) with
PP in the range 16-46 mmolCm~2d~!; higher values usually oc-
cur in winter, when the mixed layer is deepened (Chen, 2005).
Eddy activities are thus expected to be important for the biogeo-
chemistry of the SCS basin. For example, PP could be elevated to
>90 mmolCm~2d~! by a cyclonic eddy in the northern SCS (Chen
et al., 2007). Lin et al. (2010) found that eddies can bring coastal
nutrients into the oligotrophic basin and induce an algal bloom

@lorophyll (Chl) a concentration as high as 300-400 ngL™!].

2.2. Sample collection

The sampling campaign was conducted from 28 July to 7 Au-
gust 2007 on board the R/V Dongfanghong Il in the northern SCS

basin (Fig. 1b). Two transects were visited during the cruise: tran-
sect H along 18° N, covering all three of the anticyclonic eddies
under study; and transect G along 19° N, located outside the ed-
dies. Discrete water samples were collected at five depths in the
upper 100 m (normally 0, 25, 50, 75, and 100 m) using 12-L Niskin
bottles assembled on a CTD (Seabird SBE 911)/Rosette sampler. For
the stations denoted in red in Fig. 1b, a small volume (4 L) of
seawater was collected for total 234Th determination and another
8 L was filtered on board using a quartz microfiber (QMA) filter
(25 mm, 1.0 pm) for particulate 234Th and POC analysis. Sam-
ples for biogenic SiO; (bSiO;) analysis were collected only from
selected stations (HO6, HO8, H10, H12, H14, H16, G04, G06, GOS8,
and G10), for which 2 L of seawater was filtered through a 1.0-um
polycarbonate membrane filter. Nutrients were sampled only for
stations denoted in black in Fig. 1b.

2.3. 234Th analysis

We used the small-volume (4 L) MnO, co-precipitation method
for total 234Th analysis (Benitez-Nelson et al., 2001; Buesseler et
al., 2001; Cai et al., 2006; Zhou et al., 2012). In brief, 234Th was co-
precipitated with MnO; formed by addition of KMnO4 and MnCl,
solutions, and was then filtered through a QMA filter (25 mm,
1.0 pm). 234Th recovery was monitored by adding ~10 dpm 230Th.
All total and particulate 234Th samples were dried and mounted
on plastic discs with two layers of aluminum foil (total density
~7.2 mgm~2) and one layer of Mylar film. A gas-flow proportional
low-level RIS@ beta counter was used for 234Th counting. All 234Th
samples were counted for at least 12 h until 2500 counts were
obtained. To determine the background, a second count was car-
ried out after >6 months. Total 234Th samples were demounted
for recovery analysis of the 230Th spike on QMA filters after beta
counting. The 239Th was monitored using #28Th, purified using iron
precipitation and anion column exchange, and finally plated on a
25-mm stainless steel disc. The disc samples were counted using
an alpha counter until the counting errors for both 239Th and 228Th
were <2%. All 23°Th recovery results lay between 78% and 101%,
with an average of 89.6+2.4% (mean +10, n = 85). The 234Th data
presented here were calibrated after recovery and decay-corrected
back to the sampling time. The uncertainties for 234Th were prop-
agated from counting errors associated with the first and second
counts, recovery analysis, and the detection efficiency of the beta
counter. The precision of the final 234Th value was approximately
5%. On the basis of its conservative characteristics in the open
ocean, the linear relationship 238U (dpmL~') = 0.07081 x salinity
was applied for estimating uranium activity (Chen et al., 1986).
The uncertainty derived from this equation was approximately 3%,
which was also included in the calculation of 234Th fluxes.

2.4. POC and bSiO; analysis

The particulate 234Th samples were used for POC measurements
after beta counting. The QMA filters were fumed with concentrated
HCI to remove carbonate. After drying in an oven at 50 °C, POC was
determined using a PE-2400 SERIES Il CHNS/O analyzer according
to the JGOFS protocol (Knap et al., 1996). The procedural carbon
blank was <0.06 pmolL~! and the uncertainty for our POC data
was better than 10%. bSiO, was measured using a Technicon AA3
auto-analyzer (Bran-Lube, GmbH) after double-wet alkaline (NaOH)
digestion following Ragueneau et al. (2005) and Liu et al. (2012).
The procedural blank for bSiO; was <0.03 pmol L~! and the uncer-
tainty was <10%. The uncertainties for both POC and bSiO, were
considered during flux estimation.

http://dx.doi.org/10.1016/j.epsl.2013.07.039
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Fig. 1. (a) Map of the whole South China Sea (SCS) showing the basin-scale circulation [cyclonic in summer (solid line) and anticyclonic in winter (dashed line)] modified
from Cao and Dai (2011). (b) The locations of sampling stations during the July-August 2007 cruise are shown as solid dots, and stations for 234Th and nutrient analyses are
marked in red and black, respectively. The bathymetry of the study area is also shown. (c) Map of sea-level anomalies (SLAs) and the derived surface geostrophic currents
(ms~1). The three anticyclonic eddies were marked by the elevated distribution of SLAs. From left to right, these eddies were denoted by ACE1, ACE2, and ACE3. The sampling
stations are superimposed as solid black dots in the SLA map. (d) Modeled SLAs and surface geostrophic current on 4 July 2007. The blue contour denotes the boundary of
the targeted anticyclonic eddy. One transect cutting through the eddy center (black line) was chosen to analyze the eddy structure (illustrated in Fig. 8).

2.5. Model description

We applied an eddy-resolving circulation model based on the
Regional Ocean Model System. A detailed description of the model
has been discussed by Xiu et al. (2010). In brief, the model domain
covers the entire Pacific Ocean (45° S to 65° N, 99° E to 70° W)
with realistic geometry and topography. In our case, we focused
only on the northern SCS where in situ observations had been car-
ried out. The horizontal resolution of the model is approximately
12.5 km in the SCS and it has 30 terrain-following vertical layers
with intentionally enhanced resolution in the surface and bottom
layers to better simulate upper ocean dynamics. This spacing can
resolve mesoscale features and submesoscale features in the SCS
region, which seem to be in accordance with satellite observations
(Xiu et al., 2010).

=

3. Results
3.1. Eddy characterization

The positions of three anticyclonic eddies (ACE1, ACE2, and
ACE3) during our observations were discernible from the sea-level
anomaly (SLA) obtained from the Global Near-Real-Time SLA Data
viewer at the University of Colorado (Fig. 1c). The maximum SLA
for ACE3 during our observations was as high as 40 cm, compared
to 30 cm for ACE1 and ACE2. The clockwise circulation of these
surface geostrophic currents confirmed their anticyclonic charac-
teristics. The evolutions of these eddies are described in the sup-
plementary material.

As illustrated in Fig. 2, there was no obvious difference in hy-
drography between the three eddies, which is consistent with im-
plication of the same source water during their formation (Nan et

http://dx.doi.org/10.1016/j.epsl.2013.07.039
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al., 2011). They were characterized by lower salinity (S < 33.7) at
the surface relative to the surrounding waters (S > 34). The water
was well mixed in the upper 25 m, and downward displacement
of both isohaline and isothermal water began to emerge at a depth
of 50 m; for example, the temperature in the eddy centers was
27.5°C compared to 25°C for the reference stations. In addition,
the isohaline water seemed to be uplifted at the eddy edges; for
example, the salinity at stations H04, HO5, and H12 was >33.9 but
was <33.7 in the eddy cores.

The distribution of dissolved nutrients is also shown in Fig. 2.
As expected, their concentrations were very low in the surface wa-
ter of the eddies. For example, the DIN concentration was below
the detection limit within the upper 50 m in the core of both
ACE2 and ACE3. It became measurable at 100 m, where it was
~6.0 pmol L~ in ACE2 and 0-4 pmolL™! in ACE3.

It was not surprising that similar dissolved inorganic nitrogen
(DIN) concentrations were observed in the surrounding waters,

where surface salinity was >34. One interesting finding was that
the DIN concentration was enhanced at stations at the eddy edges;
for example, the DIN concentration at 100 m was 7-12 pmolL~! at
the peripheries compared to 0-6 pmolL~! within the eddy cores
(Fig. 2d). The distribution of Chl a in transects H and G is presented
in Fig. 3a, f. Consistent with previous studies (Liu et al., 2002),
Chl a values were very low (<100 ngL~1) in the upper 25 m and
reached a maximum at ~75 m (known as the subsurface chloro-
phyll maximum, SCM). At the surface, Chl a did not differ between
the eddies and ambient water. At the SCM, the Chl a concentration
in the eddy cores varied from 130 to 240 ngL~', which was com-
parable to that at the reference stations (80-230 ngL~!). However,
concentrations were significantly higher at the eddy edges, ranging
from 240 to 390 ngL~!. Chl a profiles (Fig. 4) exhibited a similar
distribution pattern between the eddy cores and ambient water,
but differed at the edges (especially in the SCM layer).

http://dx.doi.org/10.1016/j.epsl.2013.07.039
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On the basis of the SLA, hydrography, and Chl a in the
SCM, our core sampling stations could be grouped into three
water types (eddy core, eddy edge, and reference sites) ac-
cording to principal analysis and K-means cluster analysis. The
computation was carried out using the statistical software R
(http://cran.r-project.org/mirrors.html) and the results are shown
in supplementary Tables S4 and S5. According to the statistics, sta-
tions HO2, HO8, H10, H14, H16, and H18 represented eddy core
water; eddy edge water came from stations HO4, HO6, H12, GO06,
G08, and G10; and the reference sites included stations HO5, GO1,
G02, G04, G12, and G14.

3.2. POC and bSiO,

bSiO, and POC distributions are shown in Fig. 3. The bSiO;
ncentration varied substantially from <0.1 to 0.22 pmolSiL~!

mn the upper 100 m. In the SCM layer, the bSiO, ¢oncentration
ranged from 0.11 to 0.22 pmolSiL~! at the eddy edges, and was
up to twice as high as in the eddy core and reference stations
(0.09-0.13 pmol SiL~1).

POC concentrations ranged between 1.0 and 3.0 pmolCL™! in
the upper 100 m. In the upper 25 m, the POC concentration was
high (1.50-2.86 pmol CL~!) but did not differ among the three
water types. In the SCM layer, similar enhancement was evident

http://dx.doi.org/10.1016/j.epsl.2013.07.039

Please cite this article in press as: K. Zhou et al., Apparent enhancement of 234Th-based particle export associated with anticyclonic eddies, Earth Planet. Sci. Lett. (2013),

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
11
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126

128
129
130
131
132


Original text:
Inserted Text:
edge

http://cran.r-project.org/mirrors.html
Original text:
Inserted Text:
cocentration

Kuanbo Zhou
附注
High resolution figure attached

Kuanbo Zhou
附注
OK as set


0 N O s W N =

O 0O OO0 OO0 g OO oo oo oD DD DD DDA DA DANOWWOWOWOWO®WOWOWWNDNDNDDNDNMNDNDNDNDDNDND S 2SS4 dd S S
O A WN =+ O © 0N O O & WN = O © 0N O g h WOWN - O © 0N OO & ON - O © 0N OO B WOWN -+ O © 0N O A WM = O ©

JID:EPSL AID:12151 /SCO

[m5Gv1.5; v 1.112; Prn:9/09/2013; 15:24] P.6 (1-12)

6 K. Zhou et al. / Earth and Planetary Science Letters eee (eeee) see—cee

Th/U
00 02 04 06 08

Th/U
1.0 1.2 140.0 02 04 0.6

Th/U

08 1.0 12 1400 02 04 06 08 10 12 14

0 —Op ) PO
| I |
20 + | | |
qj e @;6
/ I |
_ YT / | I
E @R o o
= 601 I ' !
Z | | |\
[=]
%0 1 Q{Oc o ép (oot
O  Reference \\ O Eddy Core \ O Eddy Edge \\
100 4 oo ‘O o b o
a b C
120
Chla[ngL"] Chla [ng L] Chla [ng L]
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
0 PO+ + + + [-G0-O + + + —@p + + + +
[ I |
20 + I | |
o9 ® oo
\ \ \
_ A \ \
E o ™ @o COv_ ©
= 60 + \ \ N
£ \ \ ~
= ol ©o Mo o o oY o 0% ©o
| ! -
| ) e
1004 00 ® o o @o o oo © o
d e f
120

Fig. 4. Vertical profiles of 234Th/238U (upper panel) and Chl a (lower panel) in the upper 100 m for (a, d) reference stations, (b, e) eddy cores, and (c, f) eddy edges.

The dashed lines show profiles of the average values.

at the eddy edge stations (2.07-3.00 pmolCL~! at the edge vs.
1.64-2.18 pmol CL™! in the eddy core).

3.3. 234Th distribution

We observed similar 23#Th variations in the upper 100 m com-
pared to previous measurements in the region (Cai et al., 2008;
Chen, 2008). Total 234Th activity ranged between 1.73 & 0.06 and
2.79 £ 0.06 dpmL~!. Particulate 234Th accounted for only 5-25%
of the total 234Th, at 0.10 £ 0.01 to 0.53 + 0.004 dpmL~!. At the
reference stations, the 234Th activity could be 92-105% of 238U
(~2.40 dpmL~1) in the surface water, which indicates low 234Th
removal associated with particle export. Beneath the surface in
the SCM layer, total 234Th was lower, ranging from 2.00 + 0.08
to 2.10 £ 0.09 dpmL~', and reached equilibrium with 233U at a
depth of 100 m. Such a distribution pattern has been described
for other oligotrophic oceans (Cai et al., 2008; Coale and Bruland,
1987). In the eddy cores, 234Th activity was lower, although the
vertical profile showed similar trends. It ranged from 1.86 + 0.06
to 2.21 + 0.06 dpmL~! at the surface, and from 1.73 + 0.06
to 2.07 &+ 0.07 dpmL~! in the SCM layer, and similarly equili-
brated with 233U at 100 m. At the edge stations, total 234Th var-
ied from 1.92 + 0.08 to 2.24 + 0.08 dpmL~! at the surface, but
larger variation was found in the SCM layer (from 1.80 % 0.07 to
2.22 4 0.08 dpmL~1). Particulate 234Th activity (0.1-0.2 dpmL~1)
was low at the surface and exhibited a subsurface maximum of
0.4-0.5 dpmL~! at a depth related to the SCM layer. However,
particulate 234Th activity did not seem to be well correlated with
Chl a (R? = 0.35, Supplementary Fig. S2). In the SCM layer, particu-

late 234Th activity at the eddy edge was comparable to that for the
eddy cores and reference stations, while Chl a was much higher at
the edge.

To further compare differences in total 234Th among the three
water types, profiles of the 234Th/238U ratio are shown in Fig. 4.
The average 234Th/238U profile for the reference stations is closer to
the line of unity compared to profiles for the eddy cores and edges.
However, this difference in 234Th/238U profile between eddies and
reference regimes was not reflected in Chl a, as discussed above.

3.4. 234Th fluxes based on the 1D SS model
Assuming SS and no horizontal 234Th transport, the 234Th flux

from the upper 100 m can be estimated according to the following
equation, which has commonly been used in previous studies:

100

PThZXTh/(Au—ATh)dZ, (M
0

where Pr, is the 234Th export flux, Ay and A, are 238U

and total 234Th activities, and Ap, is the 234Th decay constant
(0.02876 d~!). 234Th fluxes were calculated as 427 + 114 to
1251 4+ 100 dpmm 2 d~! (n=17). For the reference stations, the
234Th flux derived for the depth horizon of 100 m was very low,
ranging from 464 & 110 to 618 =111 dpmm~2d~', with an av-
erage of 535+ 53 dpmm~2d~! (mean +1c, n=6). In the eddy
cores, the flux ranged from 800+ 102 to 12514100 dpmm—2d~!,
with an average of 1007 + 29 dpmm~2d~! (n = 6). At the
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Table 1
Responses of particle export in eddy cores and eddy edges, and their comparisons with the reference stations outside the eddies.
Parameter Reference (n = 6) Eddy core? (n=6) Eddy edge® (n=5) Core + edge? (n=11) EC/RP EE/R" (EC + EE)R
C/Th ratio @ 100 m 4.41 £0.69 3.77+£0.90 4.13+0.88 3.93+0.87 0.9 (0.20) 0.9 (0.58) 0.89
(mmol Cdpm™1)
Si/Th ratio @ 100 m 0.37+0.10 0.30+0.07 0.40+0.12 0.34+0.11 0.8 11 0.92 @
(mmol Sidpm™~1)
SS 1D 234Th flux @ 100 m 535+ 53 1007 + 161 856 + 393 938 + 284 19(0.005) 16(014) 18
(dpmm~2d-1)
1D POC export @ 100 m 2.35+0.34 3.78+1.03 3.47+£1.55 3.69+1.38 1.6 (0.018) 1.5 (0.19) 1.6
(mmolCm~2d~1)
1D bSiO, export @ 100 m© 0.20+0.07 0.30+0.09 0.38+£0.25 0.32+0.15 15 19 16
(mmolSim=2d-1)
3D/1D 24Th flux ratio? n.d. 0.50 n.d. - - - -
3D/1D POC flux ratio n.d. 0.51 n.d. - - - -

2 The values stand for mean +10 standard deviation.

b EC, EE, and R refer to Eddy Core, Eddy Edge, and Reference; The values in parentheses are the P results from simple t-tests for eddy cores vs. reference stations and

eddy edges vs. reference stations assuming o« = 0.05.

¢ The station numbers of bSiO, for reference stations, eddy cores, and eddy edges are 1, 4, and 5. t-tests were not carried out for bSiO2 owing to the limited sampling

stations.
d

bSiO,/***Th Ratio [nmol Si dpm™]
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“1D” and “3D” mean the fluxes without and with the consideration of advection between eddy core and eddy edge (based on the model-derived circulation scheme).

POC/?*Th Ratio [umol C dpm™]

0 4 8 12 16 20 24

O'Wi() '| i

o0 igm—o—

40 +

BeWe-

Depth [m]
2

“ O OOig/ M@ oo 8 ™ J
O Reference
O Eddy Core
100 O -@+-@— T ® Eddy Edge
a b
120

; ; A S sE—,

KOO

Fig. 5. Profiles of (a) bottle POC/234Th and (b) bSiO,/234Th ratios in the upper 100 m for the reference, eddy core, and eddy edge stations.

eddy edges, greater variation in the 234Th flux was observed,
ranging from 427 + 114 to 1239 + 101 dpmm 2d~! (average
856 + 36 dpmm~2d~', n =5). The 234Th flux in the eddy cores
was approximately two times higher than that for the reference
stations (Table 1).

3.5. Profiles of bottle POC/234Th and bSiO,/?34Th ratios

Profiles of bottle POC/23**Th and bSiO,/2**Th ratios are pre-
sented in Fig. 5. In general, the POC/234Th ratio gradually decreased
with depth, which is believed to be associated with preferential
remineralization of organic carbon (Buesseler et al., 2006). In ad-
dition, the POC/?34Th ratio showed greater variation at the surface
(8.16-18.15 ymol Cdpm~!) than at 100 m (3.0-5.6 pmol Cdpm~1).
bSi0,/234Th exhibited a substantially different pattern. No signifi-
cant depth-related variation in bSiO,/234Th ratio was observed for
any station; the range was 0.17-0.53 pmolSidpm~! at the sur-
face and 0.21-0.57 pmolSidpm~! at 100 m. This implies that
bSiO; dissolution was not obvious compared to POC, as it repre-
sents the hard part of marine organisms (mostly diatom frustules).
Note that the variation in bSiO,/234Th ratio between stations was
0.21-0.57 mmol Sidpm™~!, which is approximately 1.5-fold higher
than for the POC/?**Th ratio (3.00-5.56 mmolCdpm~!). At a

depth of 100 m, the ratio varied from 3.65 4 0.39 to 5.56 +
0.60 pmolCdpm™! for the reference stations, from 3.00 + 0.32 to
5.33+0.58 pmol Cdpm™! for the eddy cores, and from 3.2440.35
to 5.40 £ 0.59 umolCdpm_l for the edges. The differences in
POC/%34Th ratio between the three water types were nonsignifi-
cant according to a simple t-test (o« = 0.05): P = 0.20 for eddy
cores versus reference stations and P = 0.58 for eddy edges ver-
sus reference stations. The bottle bSiO2/23*Th ratio was 0.48 +
0.05 pmolSidpm™! for the reference stations (only station G04
was sampled), 0.21 + 0.02 to 0.35 + 0.04 pmolSidpm™! for the
eddy cores, and 0.26 +0.03 to 0.57 + 0.06 pmolSidpm™! for the
edges. No statistical analysis of differences in bSi0,/234Th ratio
among the water types was performed because only one reference
station was covered.

4. Discussion
4.1. POC (bSi0;)/?34Th and fluxes derived from the 1D SS model

To convert a 234Th flux into POC and/or bSiO, flux, measure-
ments of the POC/23#Th and/or bSi0,/234Th ratio for sinking parti-
cles are required. In the present study, only bottle POC/234Th and
bSi0,/234Th ratios were available for the export horizon of 100 m.
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Fig. 6. Spatial distribution of (a) the Chl a inventory from 0 to 100 m, (b) bSiO, fluxes at 100 m, (c) 23Th flux at 100 m, and (d) POC fluxes at 100 m. All stations were

separated into reference, eddy cores, and eddy edges.

Although the POC/?34Th ratio for large particles is thought to be
more representative for the truly sinking POC/234Th ratio, the bot-
tle POC/234Th ratio is useful as an upper limit of the POC/?34Th
ratio for sinking particles (Cai et al, 2010; Zhou et al,, 2012). In
previous studies carried out in the SCS basin, bottle POC/?34Th ra-
tios were consistently higher than for large particles, but within
twice the ratio for particles >53 pm (Chen, 2008). It has been sug-
gested that the elevated POC/234Th ratio for bottle filtrates may be
induced by DOC adsorption and/or preferential capture of living
zooplankton with elevated POC/234Th ratios (Buesseler et al., 2006;
Cai et al., 2008). In addition, bottle filtration allows sampling at
higher resolution. At 100 m, bottle POC/?34Th ratios ranged be-
tween 3.0 & 0.32 and 5.6 & 0.60 pmol Cdpm™'. These ratios were
within the range previously determined in the SCS (Cai et al., 2008;
Chen, 2008).

Relative to bottle POC/234Th, the influence of adsorption from
the dissolved phase and/or zooplankton might be minor for the
bSi0,/234Th ratio. In the present study, the bottle bSiO,/234Th ra-
tio at 100 m ranged from 0.21+0.02 to 0.57 +0.06 pmol Sidpm ™.
These values agree well with those for particles >53 pm de-
termined in other oligotrophic oceans (Buesseler et al., 2008;
Maiti et al., 2008), such as 0.10-0.33 pmolSidpm™! in the sub-
tropical Pacific Ocean and 0.11-0.35 pmolSidpm™! in the North
Atlantic Ocean. Multiplication of the 234Th flux based on the 1D SS
model by the POC/234Th (bSiO;/234Th) ratio yielded their export
fluxes. The POC fluxes derived for all stations ranged from 1.38 +
0.40 to 5.14+0.78 mmolCm~2d! (supplementary Table S2). As
expected, POC fluxes were low for the reference stations, ranging
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Fig. 7. Weekly composite of remotely sensed Chl a in three eddy cores (ACE1, ACE2, Q7120

and ACE3) from the satellite MODIS during 25 May-5 August 2007. The two dashed
lines denote the Chl a concentration range in the non-eddy region, which is the
average satellite Chl a concentrations in an area of 36 km x 36 km centered at
113° E, 19° N.

from 1.97+0.48 to 2.83+0.59 mmol Cm~2d~! with an average of
2.3540.34 mmol Cm~2d~!. Higher fluxes were found for the eddy
cores, ranging from 2.68 + 0.46 to 5.14 + 0.78 mmolCm~2d~!
with an average of 3.78 + 1.03 mmolCm~2d~!. However, the
POC fluxes observed at the edges were variable, ranging from
1.38 + 0.40 to 4.97 & 0.77 mmolCm2d~! with an average of
3.47 +1.55 mmol Cm 2 cr/}\
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bSiO, fluxes were also estimated as 0.11 4= 0.03 to 0.64 +
0.06 mmolSim=2d~!. To the best of our knowledge, this is the
first data set of bSiO, fluxes ever measured in the upper ocean
within the SCS basin. bSiO, fluxes ranged from 0.21 + 0.03 to
0.40+0.03 mmolSim—2d~! (average 0.27+0.09 mmolSim—2d~!,
n = 4) in the eddy cores, and from 0.11 £+ 0.03 to 0.64 +
0.06 mmolSim~2d~! (average 0.38 + 0.25 mmolSim—2d~!) at
the edges, compared to 0.26 + 0.05 mmolSim—2d ™" for the refer-
ence statio

In summary, the 1D model-based 234Th and POC fluxes all ap-
peared to be enhanced in the eddy cores, at 1.9- and 1.6-fold
higher than for the reference stations (Table 1). According to
t-tests, this enhancement was statistically significant within the
95% confidence interval (P = 0.0048 and 0.018). For the eddy
edges, 234Th and POC fluxes were 1.6- and 1.5-fold higher, respec-
tively, than for the reference stations. However, statistical analysis
indicated that the elevation of particle fluxes might not be signif-
icant at the edges (P > 0.05, values shown in Table 1). The large
variation in particle fluxes at the edges might reflect the fact that
the eddy edge usually acts as a frontal zone between the eddy core
and ambient water with high biogeochemical dynamics. Resplandy
et al. (2012) pointed out the assumption of 1D SS may induce large
uncertainties for flux estimation when the spatial scale is of the
order of 100 km, such as for mesoscale eddies. Moreover, the el-
evated 234Th flux based on the 1D SS model and the derived POC
flux for the eddy cores did not seem to be supported by the low
nutrient loads, low Chl a, and picoplankton-dominated community
structures (see the supplementary material).

4.2. Why the derived particle export was apparently enhanced in the
eddy cores

The above discussion led us to examine if the assumption of
1D SS for deriving 234Th and POC fluxes is valid for eddy sys-
tems and if the 234Th flux contributed by lateral transport should
be taken into consideration. Although a 3D physical structure of
the entire anticyclonic eddy was not available, a physical model
could help in simulating the dynamics of the anticyclonic eddies.
Fig. 8 shows both the instantaneous and composite current fields
and the potential vorticity (PV) within one of the anticyclonic ed-
dies. Note that the model-derived physical structures were similar
for all three eddies.

According to Fig. 8, it is probable that in terms of current
fields during the early stage on 2 July 2007, the upward in-
stant velocity (2-6 md~1) could have occurred at the peripheries
of the eddy, while downward velocity (0-2 md~') usually oc-
curred at the center. This was also true if we considered the
composite velocity for the whole lifespan of the eddy. The up-
welling at the peripheries of the eddy might have been induced
by ageostrophic secondary circulation (Mahadevan et al., 2008;
Klein and Lapeyre, 2009). The elevated nutrients and total Chl a
and the abundance of diatoms observed at the edges might be
attributable to such upwelling (supplementary Table S3). The up-
welled water could then have been transported inwards at the sur-
face, as indicated by the horizontal velocity. However, water trans-
port might have a large temporal variation. As shown in Fig. 8, the
instantaneous velocity for inward transport could be >0.1 ms~!
when the eddy was in the early stage. However, the composite
velocity was one order of magnitude lower. We could have ex-
pected that such inward transport would become weaker when the
eddy stabilized and/or decayed. The PV distribution also supports
such water transport. The vertical PV distribution was usually high
at the surface and decreased with depth. Both instantaneous and
composite PV isopleths were overall parallel with isopycnals at the
surface, which implies that water parcels could move freely along
density surfaces between the eddy core and edge (Olson, 1980).

It should be pointed out that Xiu et al. (2010) validated the
eddy-resolving circulation model used here with satellite data. Fur-
ther examination of the modeled SLAs and geostrophic currents
during similar dates to our observations was also carried out in
the model (Fig. 1¢, d) and showed very similar anticyclonic eddies
in the same region. Their SLAs in the eddy cores from left to right
were >25, 25, and 35 cm, respectively, and the geostrophic cur-
rents at the edges were all >5 ms~!, which are similar to those
observed from the satellite data. This suggests that the physical
model was robust enough to reproduce upper ocean dynamics ob-
served in this region. In addition, the values lie well within the
statistical range for modeled and observed eddies (Xiu et al., 2010),
indicating that ACE1, ACE2, and ACE3 were typical mesoscale fea-
tures in the SCS. @

Because of the e nce of inward transport, the 1D model
assumption for estimating the 234Th flux might not be valid. How-
ever, owing to the reliability of our physical model, the derived
results could be applied to calculate horizontal 234Th transport. Us-
ing a first-order estimation, 2>4Th transport flux can be calculated
according to

Aedge — Acore
AX

where Pcore is the 234Th flux in the eddy core during observa-
tion, Acore and Aedge are 234Th activity before horizontal transport
occurred, u is the horizontal transport velocity, and Ax is the dis-
tance between the core and edge. Since the horizontal transport
velocity varied with eddy evolution, it is more reasonable to use
the composite velocity for inward transport compared to the in-
stantaneous velocity during our observations.

If we assume Pcoe = 1007 + 161 dpmm~=2d~' (Table 1),
Aedge = (210.8 £5.9) x 10° dpmm~2 as the average 23*Th activ-
ity in the upper 100 m (assuming the 234Th activity was relatively
stable at the eddy edge), Ax =60 km, and u =0.03 ms~! as the
composite velocity for inward transport, then Ay in the upper
100 m can be calculated as (222.4 +5.1) x 103> dpmm™2. The
“true” 234Th flux in the eddy core after subtraction of horizontal
transport is 506 + 250 dpmm~2d~!, which is similar to flux for
the reference stations (535 dpmm~2d™"). %}

We noted that the SS scenario seems to applicable in this
study. It is known that 234Th can “remember” export events that
occurred >100 days before sampling. Any algal blooms and subse-
quent high particle export during that time interval would elevate
the 234Th flux. Therefore, we tracked the distribution of surface
Chl a from remote sensing data back to a time before the forma-
tion of the three eddies and extracted the Chl a concentration in
the eddy cores identified by the SLA maps (supplementary Fig. S3
compares satellite and field-derived Chl a). The weekly composite
of surface Chl a at the three eddy cores from 25 May to 5 Au-
gust 2007 is shown in Fig. 9. Surface Chl a ranges in the three
eddy cores were 54-103, 54-115, and 52-72 ngL~!, compared to
56-130 ngL~! for the reference stations, which suggests low Chl a
and non-bloom conditions. It is evident that temporal variations
in surface Chl a were similar between eddy cores and reference
stations, where SS 234Th fluxes were 535 dpmm~2d~!. Savoye
et al. (2006) pointed out that SS should be applicable when SS
234Th fluxes are <800 dpmm~2d~!. If we assume that the varia-
tion in surface Chl a is representative of the whole upper ocean
(0-100 m), then the 23*Th flux induced by temporal variation
should be identical between the eddy cores and the reference sta-
tions. In other words, we ruled out the non-SS scenario for the
time scale of our observations.

Therefore, it is very likely that horizontal transport could have
induced elevated particle export in the eddy cores. Moreover, if we
add the eddy core and edge together, the average integrated 234Th
flux would be 938 & 284 dpmm~—2d~!, which is equivalent to a

Pcore = A(Au — Acore) + U s (2)
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Fig. 8. Model-derived sectional distribution of potential vorticity (in 107'© m~'s~'; isopycnals are also shown as contours) and vertical velocity (horizontal velocities in

ms~!

are denoted as contours; the flow directions are marked as solid and dashed lines). The upper panel is the potential vorticity and vertical velocity on 4 July 2007.

(The boundaries of the eddy core are shown as red dashed lines.) The lower panel is the composite potential vorticity and vertical velocity during the entire lifetime of the

anticyclonic eddy.

POC flux of 3.69 mmol Cm~2d~!. This export level is still 1.6-fold
higher than that for the reference stations.

To sum up the above discussion, a conceptual scheme of the
biogeochemical responses coupled to physical dynamics within an
anticyclonic eddy is proposed (Fig. 9). At the eddy edge, subme-
soscale upwelling first induces high nutrient influx into the up-
per euphotic zone and subsequently stimulates the phytoplankton
growth rate and/or PP. We believe that the export events are de-
layed but then responsively enhanced, which would be reflected in
high 234Th removal fluxes. The upwelled water then converges to-
wards the eddy center. The high export events superimposed on
the water movement could ultimately lower the 234Th activity in
the eddy core.

5. Concluding remarks

We demonstrated that the 3D physical dynamics at subme-
soscales in anticyclonic eddies complicated the use of 234Th to

derive POC export fluxes in the ocean. In such eddy systems, any
estimate of vertical export fluxes based on the 1D assumption
at individual vertical horizons such as at eddy cores or at eddy
edges could be misleading. Therefore, the oversimplified estima-
tion based on eddy cores relative to reference sites to derive the
suppression of POC export fluxes might have been biased.

Ideally, sampling at submesoscales of both the circulation field
and 234Th, along with other chemical parameters, to resolve the
3D structure of eddies is important for reliable estimation of the
POC export associated with mesoscale eddies; however, this is not
always possible in practice. Nevertheless, we contend that integra-
tion of eddy cores and edges would provide a first-order estima-
tion of more accurate POC export fluxes.
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Highlights

e Low biomass/high 1D model-based f“Th flux was seen in three anticyclonic cores. @
e The enhancement of f“Th flux in the eddy cores was apparent.
e We revealed dynamic exchanges between the eddy core and edge at the submesoscale.
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