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Abstract. The 170 excess{’A) of dissolved @ has been the past decade, the application of the triple isotope compo-
used, for over a decade, to estimate grossp@duction  sition (°0, 170, and!80) of dissolved @ as a tracer for
(G'OP) rates in the mixed layer (ML) in many regions of GOP (G-’OP), which was first presented by Luz and Barkan
the ocean. This estimate relies on a steady-state balance ¢2000), has become widespread and has been used to esti-
05 fluxes, which include air—sea gas exchange, photosynthemate GOP rates in many regions of the ocean (Juranek and
sis and respiration but notably, not turbulent mixing with O Quay, 2013, and refs. within).

from the thermocline. In light of recent publications, which

showed that neglecting the turbulent flux op @om the 1.1 GOP from’A

thermocline may lead to inaccuraté @P estimations, we Estimating GOP ¢ he i . . £ di
present a simple correction for the effect of this flux on ML stimating rates from the isotopic composition of dis-

G’OP. The correction is based on a turbulent-flux term be-SOIVecj Q is based on thé’O-excess ](7A) that photosyn-

tween the thermocline and the ML, and use the difference be;hetically produced @hYas in compariso_n to a_ltmospherig O
tween the MLYA and that of a single data-point below the (Luz et al., 1999). Thé’A has been defined in several ways

ML base. Using a numerical model and measured data WéKaiser, 2011). A common definitio_n (Miller, 2002; Luz and
compared turbulence-corrected'@P rates to those calcu- Barkan, 2005), which we use here is

lated without it, and tested the sensitivity of the GOP correc-17A = In(s1’0 + 1) — AIn(s*%0 + 1), (1)
tion for turbulent flux of @ from the thermocline to several
parameters. The main source of uncertainty on the correctio
is the eddy-diffusivity coefficient, which induces an uncer-
tainty of ~ 50 %. The corrected BOP rates were 10-90 %
lower than the previously published uncorrected rates, whic
implies that a large fraction of the photosynthetig i@ the
ML is actually produced in the thermocline.

Wwhere§*O = (*Rsampld™ Rref — 1); * Rsample @aNd * Rref are

the *O/%0 in the sample and the reference, respectively.
1 is the slope of a reference line on adh{O+1) versus
Hn(s180+1) plot, which represents the expected slope of the
relevant processes. Following Luz and Barkan (2005), most
studies use. = 0.518 for the calculation ot’A and atmo-
spheric Q as a standard for the isotopic measurements. To
derive a steady-state expression for GOP in the mixed layer
(ML), Luz and Barkan (2000) used an,@nd1’A 1-box
model. Their derivation yielded the following equation:

174 17
. i i 17 ( Adls Aeq)
Gross Q production (GOP) in the ocean is a fundamental G""OP = K(Oz)eq(—

process in the global cycling of OAs such, accurate es-
timates of GOP rates are essential in order to understand/hereX is the air-sea gas-exchange coefficient){gthe
and model the global cycles of oxygen and carbon. Duringequilibrium concentration of ©with the atmospheré, Agis

1 Introduction

)
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8364 E. Wurgaft et al.: The effect of vertical turbulent mixing on gross @ production assessments

the 17A value of dissolved @ 17A¢q the equilibrium®’A

with respect to atmospheric 0and ’Ap 1A at steady
state between photosynthesis and respiration. Recently, Luz
and Barkan (2000) method for ML GOP estimation (here- mixed layer
after G-’OP g) was revised by Prokopenko et al. (2011) and
Kaiser (2011), who derived equations fot‘@P that use

() A (per meg)

S al .
. . .. . Yy R~ e gradlent
measured’O ands180, the isotopic composition of dis- ""c?re;z;\
solved @ in air-seawater equilibriumst’Ogq and51€0ey), &ati,g;?

depth

and the isotopic composition of photosynthetis @1’Op,
ands180;). Unlike Eq. (2), their equations avoided a num-
ber of numerical approximations. They did, however, rely
on §170p and§t’Oeq which are still subject to disagreement
among researchers in the field (e.g. Kaiser and Abe, 2012).
However, Luz and Barkan (2011a, b) and Nicholson (2011)
showed that if propes’O, ands180, are assigned, the dif-

ferences between@0R g and the G’OP estimated by the /
revised versions are small.

"thermocline" reference point

1.2 The effect of turbulent mixing on Gl’OP estimation

(b) Al gas-exchange
As in Luz and Barkan (2000), the ML ‘BOP equa- vy
tions that were presented by Prokopenko et al. (2011) and < | photosynthesis
Kaiser (2011) were derived with a 1-box representation of —1
the ML in which a steady-state balance exists between the respiration
O fluxes of GOP, respiration and air—sea gas exchange, but ﬂ S _
without accounting for the flux of turbulent mixing with,O turbulent mixing with the thermocline

from the thermocline. This was, in spite of the fact that ver- ig 1. (a)A schematic illustration of a typical mid-oceafA ver-
tical 1’A profiles often show a pronounced increase belowtical profile. The dashed lines, which extend below the mixed-layer
the ML base (Fig. 1; Luz and Barkan, 2000; Juranek andbase define thé’A gradient, which in turn, is correlated with the
Quay, 2005; Quay et al., 2010). Juranek and Quay (2005}7A “flux” into the mixed layer. Depending on the profile shape,
estimated that vertical turbulence had a negligible affect oveithe choice of a “thermocline* reference point at some depth below
G!’OP. However, Nicholson et al. (2012) showed that mix- the mixed-layer depth, results intA gradient which is different
ing of ML O, with high 17A O, from the thermocline into  than the real’A gradient.(b) A conceptual model of the Diso-

the ML (by either entrainment due to ML deepening, or toPologues fluxes inand out of the ML.

by turbulent flux) may result in an overestimation of up to

80 % in ML G/OP. Nicholson et al. (2012) further suggested _ _
that this overestimation was the likely explanation for the While Sarma et al. (2006) and Quay et al. (2010) discussed

higher ratio of G’OP tol*C-based net primary productivity the effect of entrainment on ‘€OP and suggested non-
(GI70P : NPPC); Marra, 2002; Juranek and Quay, 2005; steady-state corrections, and Castro-Morales et al. (2012)
Quay et al., 2010)', comp:ared t(; the ratio of GOP e,stimatédsuggesm‘d a correction for the vgrtiqal qux.qfi@to the.ML’
from 80 incubations to the same net productivity estimatethe effect .Of turbulence on the triple |§otoplc composition and
(G'80P : NPPC)). In addition, Jonsson et al. (2013) found the resulting effect on ML &OP estimations has not been

that the turbulent mixing had a considerable effect on estima—e)qo“cItly examined. In light Of N|cholson et al. (2012) and .
tion of net G production, using @: Ar measurements. Jonsson et al. (2013) results, it is clear that to accurately esti-

As noted above, high’a O, from the thermocline can mate G’OP rates, the magnitude of the turbulent mixing ef-
mix into the ML either by entrainment of water from the fect should be evaluated, and if large, corrected for. The aims
thermocline into the ML, which takes place as the ML baseOf this work were to evaluate the magnitude of the effect of
deepens, or by vertical ’turbulence of ®om the thermo- turbulent mixing on ML G’OP estimation, and to derive an
cline. The latter process dominates when the ML depth isanalyﬂcal correciion for this effect
constant (Fig. 1). Nicholson et al. (2012) did not consider
these two process separately; however, their findings showeg I . .

. Derivation of a GOP equation with a turbulent
that G-’OP overestimated GOP even when the ML depth was mixilr\:g :erm quation wi urou
relatively constant, which indicates that vertical turbulence

7
also affects G/OP. Prokopenko et al. (2011) presented a new equation for

GYOP (G’OPorp), which was obtained by rigorous
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derivation of time variations of @isotopologues. We added 3 60

a turbulent-flux term to Eq. (4) and Eq. (5) in Prokopenko <

et al. (2011). The turbulent flux was calculated between the .5 501 y=0.9x-52
base of the ML and a single point along theA gradient S 40 R2=0.9998
below the ML, which was assigned as “thermocline” (Fig. 1). E

Consequently, th&’A gradient below the ML was assumed & 307

to be linear with depth (we will revisit this assumption in § 20 1

sensitivity tests section). The resulting equation for the rate : 101

of change in*’A in the ML was (full derivation of the equa- 8 0

tion can be found in Appendix A): T i T T '
60 70 80 90 100 110

h(Op) @ = Gl70Pc (%;;f”) _ ( % ) 17A below the mixed layer (per meg)
~ K (O2eq X”z;(éé Y Xlg*u);%g (3)  Fig. 2. Linear regression analysis of model simulation re-
X X sults, showing the increase in mixed-layer GOP overestimation
17_y17 18_ w18 17, 7 i
— % (O (X Xl;<mr> —a (X Xl?rm) ((GY"OPpr0/GORy — 1) - 100) versus-’ A below the mixed layer.

whereh is the ML depth, (Q) is the dissolved @concen-

tration in the ML, « is the eddy-diffusivity coefficient, and Mixing (model equations, parameters and MATLAB files are
Z is the vertical distance between the base of the ML anddiven in the Supplement). An additional layer at the top
the depth assigned as “thermocline”. For convenience, wéf the water column represented the ocean surface. In this
useD = k/Z hereafter. X represents the ratit0/*0. The  layer, () and its isotopic composition were kept in air—
subscripts “p” and “eq” denote “photosynthetic” and “equi- sea equilibrium. The eddy-diffusivity coefficient in the ML
librium”, respectively. Note that as was shown by Luz and (2.5x 10-*m?s™!) was assigned so as to let)dn the ML
Barkan (2009) and Prokopenko et al. (2011), the rate ofo€e fully mixed. The concentration of each isotopologue in
change oft’A is independent of respiration. When steady- the ML was affected by turbulent mixing with the upper-

state conditions in the ML are assumed, the resulting terninost layer, photosynthesis, respiration and turbulent mixing
for turbulent-flux corrected EOP is with the seasonal thermocline residing below. For the sea-
sonal thermocline, we usad= 10~* m? s~ (see sensitivity

x17_x17 x18_x18 .
Xneq)_,\( Xlg%) tests section).

Gl7OPC = K (O2)eq 577 518 We ran two simulations to examine the effect of turbulent

o )M s ) mixing on ML GL’OP. In the “fixed mixing depth” simula-
XU (XX @) tion (Table 1) we ran the model with a constant ML depth
DO x17 x18 of 40 m. The layer directly below the ML base, at 50 m, was

+ D (O2)thr Jsar—a7 x18_x18 - “ . ;

( le7 )_k( pXlB ) assigned as the “thermocline” data point for TFC calcula-

tion. ML 8170, 5180 and1’A values were calculated every

7 - 7 30 model time steps (model month). In the first model month
where G’OF¢ is the 'Gl OP corrected for turbulent flux of of the simulation. G7OPLs and GOPbro Slightly overes.
O, from the thermocline. For convenience we will abbreviate !

the GOP correction for turbulent flux of3rom the thermo- timated (by 7%) the GOP assigned in the model (&@Q@P
cline (the second term on the right-hand side in Eq. 4) to

In the following model months, the overestimation of both
“TFC” hereafter. The numerator of the TFC represents theGl?OH-B and G7ORbro mcrgase@, reachmgv 40% ?ﬁef
contribution of the turbulent flux to the GOP estimated from 2 M0del months. As shown in Fig. 2, the increase |7r! GOP
174 in the ML. overestimation was closely related to the increasé’in
in the seasonal thermocline. However-’GP, which cor-
rects for the turbulent mixing flux of Ofrom the thermo-
3 Simulations by a 1-D numerical model cline, remained constant with a slight underestimation of
~ 7% throughout the entire simulation period. When we ef-
We used a simple 1-D model, which simulated the ef-fectively shut down turbulent mixing in the model by re-
fects of GOP, respiration, gas exchange and turbulence oducing« within the thermocline to 1 m?s-1, G1’OR g
each Q isotopologue, to compare the!@®P rates obtained and G’OPbsro Were in good agreement with GQP This
by Eqg. (4) with those obtained without applying the TFC. indicates that turbulent flux was indeed the cause of the
Briefly, the model simulated the water column up to a depthoverestimation.
of 300m, which was divided into 30 layers of 10m each, In the “varying mixing depth” simulation, ML depths
and calculated the fluxes of each @otopologue in each were allowed to change, roughly according to the typi-
layer produced by photosynthesis, respiration, and turbulental monthly variations in BATS station (Table 2). When

www.biogeosciences.net/10/8363/2013/ Biogeosciences, 10, &353-2013
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Table 1. Results of model simulation with a constant mixed-layer depth of 40m GOP-M — input GOP rH®PG — Luz and
Barkan (2000), ’OPpro— Prokopenko et al. (2011),)30P; — this work includes a correction for turbulent flux of @om the thermo-
cline. All GOP rates are in mmol Ti? dayfl. In the columns marked with &, = 10~4 m? s~1, whereas in the columns marked with st=
10-8m2 s, which effectively shuts down the turbulent flux of ®etween the thermocline and the mixed layer.

d 17, 17, 17, 17, t 17, t
Timestep GOP-M Gl'OR, GY0R,,, G!OR. GloRy Gl'oPY.,

(day)

30 112 117 98 100 104

60 126 132 101 102 106

90 134 140 101 102 107
120 139 146 101 102 107
150 143 149 101 103 107
180 107 146 152 100 103 108
210 148 155 100 103 108
240 150 156 100 103 108
270 151 158 100 104 108
300 152 159 100 104 109
330 153 160 100 104 109
360 154 161 99 104 109

ML depth underwent rapid changes (in the model monthsbase and the “thermocline” reference point increased. As-
corresponding to January—March and August—-December irsuming that the TFC calculated using the “thermocline” im-
BATS), the steady-state assumption was not valid, and neimediately (10 m) below the ML is the most accurate, we con-
ther G’ORg and G'OPbro, Nor GIYOR: yielded GOP  sider the difference between this value and the TFC calcu-
rates comparable to GQP On the other hand, when the lated for other “thermocline” depths as the error induced on
ML depth experienced small variations (in the months whenthe TFC by the selection of the “thermocline” depth. Using
ML depth corresponded to April-August in BATS)1®Pc the same 1-D model simulations, we calculated the effect of
rates were close to GQR while G1’OPR g and G’'OPpro  the analytical error associated wikhA measurements on the
were about 60-90 % greater than GQP magnitude of the TFC. For this end, we calculated the TFC
three times per each “thermocline” depth. The first TFC was
calculated without error off A values, whereas for the other
two, a 7 per meg error was either added or subtracted from
the 1’A values of the ML and the “thermocline”. The com-
In addition to simulating the effect of turbulent mixing on Pinations which yielded the maximal deviations from the no-
GOP estimations, we used the 1-D model to test the sensi€0" TFC are illustrated by the vertical error bars in Fig. 3a.
tivity of the TFC to the depth of the “thermocline” reference The magnitude of this error decreased with increasing depth

point, to the analytical error associated wihn measure- of the “thermocline”. Finally, we estimated the combined ef-
ment’s and to the ML depth fect of the choice of the “thermocline” depth and the ana-

The choice of the depth which represents the “thermo—lytical error on the TFC, by propagating these two errors.

cline” point can affect the resulting GOP (Fig. 1). While the The resulting error is illustrated in Fig. 3a. For the scenario

TFC assumes a line&fA gradient between the ML and the US€d in our tests, the minimal error @0 %) was observed
“thermocline”, the actual’A gradient is not necessarily so. at 20 m below the ML base. We note that this error is likely

Therefore, the closer the “thermocline” point to the ML base to be an overestimation of the actual error which results from

the better it represents the actual fluxes efi€dtopolouges these two factoE,, S|ncel\7/ve used the maX'mal analytical er-
between the ML and the thermocline (Fig. 1). On the other" 0N both ML=’A and ™" A, values simultaneously, and

hand, the difference in the isotopic composition between thd" réverse directions, which yielded the maximal effect on
ML and the “thermocline” has to be considerably larger than

the resulting’ A gradient. Moreover, as the MY/ A value is

the analytical error associated withA measurements<(7 usuglly an average of several measurements, it is likely to be
per meg: e.g. Reuer et al., 2007). In order to assess the senguPiect to a much smaller error than 7 per meg.

tivity of the TFC to the depth of the “thermocline” reference 1€ Magnitude of the TFC is linearly dependent on the
point and to the analytical error oA, we calculated the Value Ofx used in Eq. (4). However, our smﬂaﬂgn_slalso
magnitude of the turbulence correction with different “ther- s_howedﬂthat using values smalle_r than 2 10 m=s =
mocline” reference points. As illustrated in Fig. 3a, the mag-Y/€!ded™"A values in the thermocline that were higher than

42117
nitude of the TEC decreased as the distance between the M£C0 Per meg, and when we used- 0.5x 107" m*s™= A

4 Sensitivity tests

Biogeosciences, 10, 8368371 2013 www.biogeosciences.net/10/8363/2013/
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Table 2. Results of model simulation of GOP with varying mixed-layer depth ML — mixed layer, GOP-M — input GOP td@BPG —
Luz and Barkan (2000), 8OPpro— Prokopenko et al. (2011),)30P¢ — this work includes a correction for turbulent flux of @om the
thermocline. All GOP rates are in mmolTA dayfl. In the columns marked with &, = 104 m?2 s~1, whereas in the columns marked with
nt, x = 1005 m2s~1, which effectively shuts down the turbulent flux of ®etween the thermocline and the mixed layer.

Time step (day) ML depth (m) GOPM GY0R; GYOR, ., GlYOR. Gl'oRy Glor,,

30 200 226 111 115 132 112 116
60 250 226 136 142 162 137 142
90 10 30 87 91 82 84 88
120 20 58 91 95 54 58 61
150 20 58 97 102 51 55 58
180 20 58 103 108 51 56 58
210 20 58 107 112 50 56 59
240 40 107 204 212 129 228 237
270 80 180 332 341 258 410 418
300 90 193 264 273 224 262 271
330 100 204 249 257 220 253 262
360 140 226 273 281 262 305 313
0 . (BATS) station (Nicholoson et al., 2011). Moreover, Nichol-

_ 10 609 N I _ son et al. (2012) used similar values (8«20 >mZs1)

5 20 1 5 &> % FS0 o z to reproduce the physical conditions (ML depth, heat con-
0 301 F40 T tent and sea surface temperature) in the upper 1000 m in the
S g0y 30 é ) BATS and in HOT. Therefore, we estimate that our choice of

£ Zg ‘ I ?g = g x was rather accurate for the processes of turbulent mixing

o - OE'”°' o . between the ML and the seasonal thermocline. Apparently,

0 20 40 60 80 100 120 140 in spite of the fact that ¥ 10~*m?s~1 is almost an order of
Depth of the “Thermocline™ ref. point below ML base (m) magnitude higher than the value estimated frorg Bffease

& g0 experiments in the permanent thermocline300 m, Led-
2 w{o well et al., 1993)« values near the interface between the ML
g 015 and the thermocline are higher than those which characterize
P ig ] O the thermocline at greater depths where 8fease experi-
5 | O o ments were conducted. Given the highly unrealistic profiles
.;f 20 A Oo oFe we obtained for lower values and the agreement between our
5 109 Co 00000 model and the model used by Nicholson et al. (2012), we
2 0 T T T T T £ . .
E 0 20 40 60 80 100 120 140 assume an uncertainty ef 50 % on this value, and conse-

quently, a 50 % uncertainty on the TFC term.

Finally, we tested the sensitivity of the TFC to the ML
Fig. 3. Sensitivity of the turbulent-flux correctiofa) The sensitiv-  depth. The results (Fig. 3b) show that as the ML depth in-
ity of the GOP correction for turbulent flux of Jrom the thermo-  creases, the contribution of turbulence to the uncorrected
cline (TFC) to the depth of the “thermocline” reference point below GOP decreases. This implies that correctir’rﬁ@:’ rates for
the mixed layer (ML). The error bars represent the maximal error ongyrpulent fluxes of @ isotopologues from the thermocline is

the TFC, induced by the analytical error associated Mth mea-  egpecially important in ocean areas in which the summer ML
surements (7 per meg). The error resulting from the combination of;

these two factors (circles) on the TFC shows a minimum at 20 mIs relatively shallow, such as in BATS.

below ML. (b) The relative contribution of turbulent mixing flux to

estimated G170P as a function of the ML depth. Model conditions

for each sensitivity test are described in Sect. 4 in the text. 5 The effect of turbulent mixing on measured
GOP rates

ML depth (m)

values in the thermocline approached maximal value250  To estimate the effect of turbulent mixing ot ®P estima-
per meg), whereas observed summer values in the thermdions in the ocean, we compared previously published GOP
cline do not exceed 160 per meg (Juranek and Quay, 2005ates from BATS (Luz and Barkan, 2009) with equivalent
Quay et al., 2010) in the Hawaii Ocean time-series (HOT)GOP rates. In addition, we used published data (Nichol-
station and similar values in Bermuda Atlantic time-seriesson et al., 2012) to calculate and compare betwe€D8 g

www.biogeosciences.net/10/8363/2013/ Biogeosciences, 10, &353-2013
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and G-’OPc in Hawaii Ocean time series (HOT). To use the 6.1 Applying GOP correction for turbulent

TFC, we chose months in which vertical profiles'éA and flux of O, from the thermocline in oceanographic

O were measured and published (Nicholson et al., 2012). measurements

Following our conclusions from the 1-D model simulations,

we compared months in which there were no major change®©ur results showed that when the ML depth does not change

in ML depth. Thek values for BATS and HOT were both considerably, the effect of turbulent flux on ML GOP esti-

taken from Nicholson et al. (2012). mation can be corrected. However, to apply the correction,
ML depth was determined as the depth in which a differ- at least one point of data, which includes;]J@nd its iso-

ence of 0.5% in @ concentration relative to the sea surface topic composition below the ML is necessary. Such data

was observed (Castro-Morales and Kaiser, 2012). The “therpoints are easy to obtain in time-series study sites, such as

mocline” reference point was assigned as the depth nearest ATS and HOT, but can complicate basin-widé’GP esti-

the ML base in which’A was at least 14 per meg larger than mations, which usually rely on underway seawater systems

17A in the ML. In BATS, K values were obtained from Luz installed on ships of opportunity for sampling (Juranek and

and Barkan (2009). In HOT, wind speed data freh0 days  Quay, 2010; Juranek et al., 2012). In the future, such studies

before the cruise were obtained from QuickScat databaseyould need to either collect several representative “thermo-

andK was estimated according to Sweeney et al. (2007). Theline” samples from the thermocline along the cruise route,

results (Table 3) showed that'G®Pc rates were 65-100 %
lower than G’OP_g in BATS, and 10-40 % lower in HOT.

or use existing data if available to apply the TFC. Such cor-
rections could also be applied to existing data.

These results are in agreement with Nicholson et al. (2012), The TFC is sensitive to the exact depth of the “thermo-

who estimated the effect of mixing as 60—90 % 3f GP. We

cline” data point (Fig. 3a), and to the analytical error'dn

note that Luz and Barkan (2009) used Wanninkhof (1992)measurements. Technical improvements which would reduce

parameterization foK in BATS. Applying more recent pa-

the error ont’ A measurements would also increase the ac-

rameterization (Ho et al., 2006; Sweeny et al., 2007), whichcuracy of G’OP estimations in general, and the accuracy of
gives lower estimates of gas-exchange rates, would result ithe TFC in particular. As shown in Fig. 3a, the error induced

an even greater contribution of the @rbulent flux from the
thermocline.

6 Discussion

Our results showed that vertical turbulence of foom the
thermocline, affects ML &OP estimations, such that cor-
rected G’OP rates are considerably lower than the uncor-
rected rates. This indicates that a large fraction of the ML
photosynthetic @is not produced in the ML itself, but rather
in the thermocline below it. However, our results also show
that the turbulent contribution to the MEYA can be cor-
rected in a rather simple manner. While the correction it-
self was derived using several approximations, such as co
stant ML depth, and constadfA gradient between the
thermocline and the ML, most of the resulting uncertain-
ties also exist in the uncorrected equations féf@P (Luz
and Barkan 2000, Prokopenko et al., 2010). These unce
tainties are intrinsic to any extrapolation in time and spac
of GOP rates estimations from a “snap-shot” profile. More-
over, our sensitivity tests showed that the uncertainty on th

in spite of the approximations and uncertainties involved,
using the TFC will improve the accuracy of'!®P esti-
mations. Below, we discuss the technical aspects and th
implications of these findings.

Biogeosciences, 10, 8368371 2013
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TFC is smaller than 50 %, and therefore, we concluded that

on the TFC by the analytical error, decreases with the depth
selected for the “thermocline”, while the error induced by
deviation of the'’ A profile from a linear one increases with
depth. In the depth range immediately below the ML base,
these effects cancel each other to some extent, and an opti-
mal depth can be estimated. This depth is dependent on the
vertical distribution of-’A in each study-site, and on the an-
alytical error associated with tHé A measurement process
applied. In practical terms, we suggest using the minimum
depth in which thé” A value is significantly (within the an-
alytical uncertainty) different than the ML value.

Previous knowledge oft’A dynamics for the study
site would help with choosing the optimal depth to col-
lect the “thermocline” sample. For example, Juranek and
Quay (2005) and Quay et al. (2010) have shown that dur-
ing summer months in HOT, differences greater than 60 per
meg (an order of magnitude higher than the analytical error)
between the ML and thermocliféA could be found within
20-40 m below the ML base. In BATS’A gradients tend
to be smaller, and a difference of 60 per meg can usually be
found 40—60 m below the ML depth (Nicholson et al., 2012).
erefore, the “thermocline” optimal depth is likely to be
shallower in HOT than in BATS, and consequently, associ-
ated with a smaller error.

%.2 Parameterization of gas exchange and
eddy diffusivity

The TFC, and consequently*GDPc are sensitive to the ac-

curacy of bothK and«. While the sensitivity tok charac-
terizes G’OP in general, a combination of errors &nand

www.biogeosciences.net/10/8363/2013/
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Table 3. Comparison of G’OP rates from BATS and HOT ML — mixed layerl@R g — Luz and Barkan (2000), “thermocline” — depth

of the data point representing the thermocliné’@P: — G1’OP corrected for turbulent flux of £from the thermocline. All the parameters

used for the calculations made in BATS were taken from Luz and Barkan (200&)ues and the raw data used for the calculation of
Gl70R g and G7OP:, and the parameters used for the calculations in HOT were taken from Nicholson et al. (2012). ML depth was
determined as the depth in which a difference of 0.5 % jrc@ncentration relative to the sea surface was observed. Gas-exchange rates in
HOT were calculated according to Sweeney et al. (2007) from wind speed data obtained from QuickSCAT.

Location Date K ML (m) “thermocline”(m) G'ORg GOP:
(m?s™1)  depth depth (mmol m? day1)
May, 2000 20 40 29 9
BATS July, 2000 9x10°° 20 80 45 16
September, 2000 20 40 50 —4
May, 2007 5 100 125 131 116
HOT  August 2007 8%10 45 100 37 20
x may yield inaccurate 8OP: rates. We assume that the does not change sharply, and requires measurements of
negative G’OPg rate that we obtained in BATS in Septem- O and its isotopic composition in a single point below
ber 2000 (Table 3) was the result of inaccurate choic of the mixed layer, in addition to the standard measure-
and . We also acknowledge the fact that the uncertainty ments of these values in the mixed layer.

on « is the largest source of error on the magnitude of the

TFC. Since the main aims of this work were to show the im- .

portance of turbulence effects and to suggest a correctiorf,PPENdIX A

rather than to perform accurate GOP estimations, we used . . ) i

crude estimations ok andx. However, the fact that’A in Derivation pf the term for correcting mixed-layer gross
the ML depends upon GOP, gas-exchange and turbulent flu2 Production to turbulent flux of O 2 from the

from the thermocline, means that in future studies any ondnérmocline

of these three parameters could be estimated by performin
simultaneous measurements of the other two parameters. F
example, if GOP is estimated B{O incubations and gas
exchange is estimated from wind speed measuremeiis,
profiles could be used to estimaten the seasonal thermo-
cline. Moreover, sincé®0 incubations are not affected by
turbulence, it is likely that provided that K and are ac-

Pike Prokopenko et al. (2011), we consider a surface mixed-
?a{yer subject to respiration, photosynthesis and gas exchange
with the atmosphere, but which also exchanges water with
the underlying “thermocline” layer via turbulent diffusion.

In the current box model framework, we parameterize the
turbulent Q flux with the “thermocline” layer as

curately parameterized, 1BOP: : N1“CP would agree with K

GEOP  NACP (Marra, 2002). ’ —7 (02 = O, (A1)
where (Q) and (Q)ir are the dissolved 9concentrations

7 Conclusions in the mixed layer and in the thermocline, respectivelys

the eddy diffusion coefficient and is the vertical distance
1. Turbulent fluxes of @isotopologues from the thermo- between the base of the ML and the depth assigned as “ther-
cline have a pronounced effect oVén\ values in the  mocline”. For convenience, we ugk= «/Z hereafter. Like-
ML, and consequently, over the accuracy 3fGP es-  wise, turbulent fluxes of @isotopes are parameterized as
timations.
—D ((02) X* = (Ot Xihr) - (A2)
2. An accurate ’OP estimate can be obtained by us-
ing a simple correction for the effect of the turbulent where X represents the ratig/*°0. The mass balances for
fluxes. O, and its isotopes are given by

3. The main source of uncertainty on the GOP correc- ,2(92) _ GOP— R - K ((02) — (O2)eq)
. L at e (A3)
tion for turbulent flux of @ from the thermocline is  —p ((0,) — (O2)y,)
the eddy-diffusivity coefficient, which causes50 %
uncertainty.

3((02)X*) _ _ kYK
4. The GOP correction for turbulent flux ofsJrom the h == _GOP% Ra™X*—K

(Ad)
thermocline is applicable when the mixed-layer depth ((Oz)x* - (Oz)eqXZq) — D ((02) X* = (O2)inr Xiiy)

www.biogeosciences.net/10/8363/2013/ Biogeosciences, 10, &353-2013



8370 E. Wurgaft et al.: The effect of vertical turbulent mixing on gross @ production assessments

whereh is the mixed-layer depth,is time, GOP is the gross Supplementary material related to this article is
Oz production,R is the respiration rate anki is the piston  available online athttp://www.biogeosciences.net/10/
velocity. «* is the fractionation factor associated with res- 8363/2013/bg-10-8363-2013-supplement.zip
piration for each isotopologue. The subscripts “p” and “eq”
denote “photosynthetic” and “equilibrium”, respectively.

The remainder of the derivation is carried out by straight-
forward applications of the steps outlined in Prokopenko et
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al. (2011), _and repeated here for thg sake of .cc.)mpletlon. Thﬁwelr useful advice and support. B. Lazar, H. Gildor and J. Erez also
left-hand side of Eq. (A4) can be written explicitly as
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2((09X") . d(X () on the manuscript. The manuscript benefited from the constructive
hRE2E) = pxx 202D 4 (0p) 25 (A5)  remarks of two anonymous reviewers. We are thankful for that.
This research was supported by the Levi Eshkol Fellowship from
Upon substituting the left-hand side, and the first term onthe Israeli Ministry of Science and Technology, by the Harry and
the right-hand side of Eq. (A3) with Eq. (A4) and Eqg. (A3), Sylvia Hoffman Leadership and Responsibility Fellowship and by

respectively, rearranging and dividing by Xne gets GIF grant 1139/2011.
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