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a b s t r a c t

Ocean upwelling rates are difficult to measure because of the relatively small velocities involved, and

therefore are typically inferred from indirect methods such as heat budget estimates or tracer

observations. Here we present the first results using a novel technique, based on the isotope 7Be, to

infer rates of upwelling along the equator. Beryllium-7 (half-life¼53.3 d) is a cosmic-ray produced

radioactive nuclide that is deposited by rainfall upon the ocean surface and subsequently enriched and

homogenized within the mixed layer. Previous investigations have utilized the penetration of

characteristically high mixed layer concentrations into the upper thermocline to trace ocean ventilation

and subduction over seasonal timescales. Here, the tracer is used in a reverse sense; that is, the 7Be

concentration in the usually 7Be-rich surface mixed layer will be diluted from penetration of 7Be ‘‘dead’’

water upwelled from below. This dilution provides a means to infer upwelling rates. Furthermore, with

knowledge of upwelling rates, 7Be profiles can be used to constrain vertical diffusivity within the upper

thermocline. These ideas were tested with samples collected during the Tropical Atlantic Climate

Experiment (TACE) cruise (May 22–June 27, 2009). The observations indicated a nearly linear

relationship between 7Be inventory and mixed layer temperature, as with increased upwelling, lower

mixed layer temperatures correspond to greater 7Be dilution from depth. With this data, upwelling

rates were estimated at a number of stations near the equator between 01E and 301W within and

adjacent to the equatorial cold tongue. The derived upwelling rates ranged from 0 to 2.2 m/d, with

maximum values found between the equator and 21S. The corresponding Kz values derived for the

upper thermocline were in the range 1–4�10�4 m2/s.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Upwelling is an important component of the global ocean
circulation, which affects biogeochemical cycling, climate
dynamics, and sea-surface temperature. Determination of upwel-
ling rates by direct measurement is difficult because of the
relatively small velocities involved, and they must therefore be
inferred by indirect methods such as those provided by tracer
observations. Such tracers derive from the presence, in surface
water, of properties characteristic of thermocline water, which
have been emplaced by the upwelling process. Examples include
surface anomalies in 14C, d13C, AOU (apparent oxygen utilization),
d3He, pCO2, SCO2, and temperature (Broecker and Peng, 1982;
Broecker et al., 1978; Quay et al., 1983; Wanninkhof et al., 1995;
Klein and Rhein, 2004; Rhein et al., 2010). Several of these
properties have been used to constrain rates of upwelling.
ll rights reserved.

adko),
For example, the maintenance of a CO2 anomaly in the equatorial
surface ocean in the presence of gas evasion and plant production
demands that upwelling rates be at least tens of meters a year
(Broecker and Peng, 1982). However, uncertainties with respect
to gas exchange, primary production, and an air–sea equilibration
time of �1year limit the effectiveness of CO2 for analyzing local
and time-dependent upwelling rates. In another example, the
helium isotopic disequilibrium (excess d3He) in the mixed layer of
upwelling regions can only be maintained by upward vertical
motion, and was used to derive values of vertical velocity in the
range of �1–2 m/d for the equatorial Atlantic (Klein and Rhein,
2004; Rhein et al., 2010), comparable to calculations based on the
Ekman divergence for that area (Xie and Hsieh, 1995). The
timescale of gas transfer (days) allows this tracer to analyze local
upwelling but relies on accurate assessment of the gas exchange
rate and vertical diffusivity at the base of the mixed layer.

Here, a novel technique based on the isotope 7Be is used to
infer rates of upwelling. Be-7 is a cosmic-ray produced isotope
(half-life¼53.3 d) that is deposited upon the ocean surface
primarily by rainfall and subsequently homogenized within
the surface mixed layer (e.g. Silker, 1972; Aaboe et al., 1981;
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Young and Silker, 1980; Kadko and Olson, 1996; Kadko, 2000,
2009). In the absence of physical removal processes other than
radioactive decay the water column inventory of the isotope
represents an integration of the atmospheric input flux over
approximately the previous mean-life (77 d) of the isotope.

Typically, penetration of the characteristically high mixed
layer concentrations of 7Be into the upper thermocline has been
used to trace ocean ventilation and subduction (of water mass,
heat, and chemical properties) over seasonal timescales within
numerous ocean regimes (e.g. Kadko and Olson, 1996; Kadko,
2000; Kadko and Swart, 2004; Kadko and Johnson, 2008). In these
works, the penetration of high 7Be below the mixed layer is used
to infer ventilation rates of water that had previously been near
the surface within the timescale of the isotopic mean life of 77 d,
and derive mixing rates between the mixed layer and the upper
thermocline. Here, a method is described how the tracer can be
used in a reverse sense; that is, the 7Be concentration in the
usually 7Be-rich surface mixed layer will be diluted from pene-
tration of 7Be ‘‘dead’’ water upwelled from below. This dilution
provides a means to infer upwelling rates. Furthermore, with
knowledge of upwelling rates, 7Be profiles can be used to
constrain vertical diffusivity within the upper thermocline. These
ideas were tested during a cruise to the equatorial Atlantic in June
2009 as part of the Tropical Atlantic Climate Experiment (TACE).
2. Methods

Samples were collected during the R/V Endeavor (cruise EN463,
May 22–June 27, 2009) at a total of 19 stations along the cruise
track (Fig. 1), mostly along three cross-equatorial sections at
231W, 101W, and 01E. The subsequent analysis followed proce-
dures described in detail elsewhere (Kadko, 2009). Briefly,
7Be was collected at selected depths by pumping 400–700 L of
seawater via a 1.5 inch hose into large plastic barrels on deck.
From these barrels, the seawater was then pumped through iron-
impregnated acrylic fibers at �10 L/min (Lal et al., 1988;
Krishnaswami et al., 1972; Lee et al., 1991). The efficiency of
the fiber for extraction of Be from seawater was determined by
adding 500 ml of a 1000 ppm Be atomic absorption standard to a
drum containing seawater. The seawater was pumped through an
iron fiber cartridge and at every 100 L the Be content of the
cartridge effluent was measured by atomic absorption. From this
data, the integrated Be extraction efficiencies were calculated. For
sample volumes in the range 400–700 L, the extraction efficien-
cies were respectively 82–76%. On land, the fibers were dried and
then ashed. The ash was subsequently pressed into a pellet
Fig. 1. Cruise track for the R/V Endeavor (cruise EN463, May 22–June 27, 2009) indica

squares).
(5.8 cm diameter) and placed on a low background germanium
gamma detector.

The 7Be has a readily identifiable gamma peak at 478 keV. The
detector was calibrated for the pellet geometry by adding a
commercially prepared mixed solution of known gamma activ-
ities to an ashed fiber, pressing the ash into a pellet, and counting
the activities to derive a calibration curve. The uncertainty of the
extraction efficiency (4%) and the detector efficiency (2%) was in
all cases smaller than the statistical counting error and the
uncertainty in the blank.

Th-234 samples were collected by pumping seawater into 10 L
plastic jugs. The samples were then acidified with HCl and spiked
with a yield tracer (Th-230) and an iron chloride solution. After
equilibrating overnight, thorium was co-precipitated with FeOH3

by adding a sodium hydroxide solution. The precipitate was
filtered and then passed through ion exchange columns to remove
uranium (Bhat et al., 1969). The Th was electroplated on stainless
steel planchets (Anderson and Fleer, 1982) and counted on
calibrated alpha and beta detectors.

Particle samples were collected by passing 200 L seawater
samples through 142 mm GF/F filters by vacuum filtration. The
filters were leached with boiling HCl and HNO3 in the presence of
stable Be and 230Th spikes. The leachate was precipitated with
iron hydroxide, dried in a petri dish, and placed on the gamma
detector for 7Be analysis. Subsequently, the dried precipitate was
dissolved in 1 N HCL. An aliquot of this was used for analysis of
stable Be, by AA, to determine the 7Be recovery. The remainder
was treated for 234Th analysis as described above.
3. Results and discussion

The 7Be data are presented in Table 1. At each station, a full
depth CTD cast was also performed, so that the corresponding
temperature profile and mixed layer depth are known. Surface
mixed layer 7Be samples were collected at all 19 stations, and
at 9 of the stations (which we refer to as ‘‘profile’’ stations),
7Be samples were collected at 4 additional depths within the
upper thermocline. The purpose of these profile stations was to
estimate the total water column inventory of 7Be at a number of
sites where strong upwelling was anticipated to be taking place,
as well as at a few locations where upwelling was expected to be
weak or zero.

The 7Be activity in the mixed layer (Tables 1 and 2) exhibits a
total variation of about a factor of four, between low values of
�200 dpm/m3 found in areas with cooler sea surface tempera-
tures (SSTs) and high values of �800 dpm/m3, which are
ting location of the 7Be samples (mixed layer samples only, circles; full profiles,



Table 1
7Be water column data.

Station Lat.–Long. Depth (m) 7Be (dpm/

1000 L)a

ML temp.b

Sta001 4139.4150S 15 837743 29.11

41S 26149.0000W 45 101720

75 8.3722.4

110 4.8712.6

125 bd

Sta002 5101.2940S 11 739741 28.95

51S 23100.1330W 45 171728

76 44.3719.6

110 bd

145 bd

Sta007 2131.1300S 15 597737 29.00

2.51S 23100.8560W

Sta011 0159.5280S 7 369735 28.78

11S 22159.4900W

Sta014 00100.0960N 9 343726 28.10

01 22158.3390W 40 211722

70 bd

104 12.5725.7

137 bd

Sta017 01100.6010N 9 3947 36 28.2

11N 23101.2320W

Sta020 02102.7430N 18.5 410744 28.31

21N 23100.6500W

Sta022 03100.2530N 15 556740 29.00

31N 23100.1210W 45 175730

78 21.2720.3

112 bd

144 bd

Sta028 02129.5710N 22 1049768 29.10

2.51N 10100.0140W

Sta032 01100.3050N 15 784761 28.37

11N 10101.1120W

Sta035 00100.5320N 7 297723 26.31

01 09159.4180W 33 123714

64 24.5714.0

100 bd

145 bd

Sta038 00159.9540S 10 216736 26.09

11S 09159.8610W

Sta043 2130.2060S 15.5 243737 25.81

2.51S 10100.4820W

sta048 5100.2260S 15 327736 26.96

51S 09159.6800W 68 113720

87 9.8719.8

110 bd

134 bd

Sta051 4159.6420S 17 312738 26.67

51S 0010.0630W 60 32.0731.8

90 8.2712.9

113 –

154 4.6727.7

Sta056 2129.9890S 12 178738 25.47

2.51S 0100.9210W 39 13.7723.6

63 3.0718.5

104 bd

146 bd

Sta060 0159.0540S 17.6 270739 25.5

11S 0100.7110E

Sta064 0101.6790N 16 368741 27.16

01 0103.8010W 42 61.4726.4

76 18.8716.0

106 bd

132 bd

Sta068 0159.9670N 15 432745 27.42

11N 0100.3110W

bd¼below detection.

a dpm¼60 bq;
b ML¼mixed layer.
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associated with warm SSTs. The cooler temperatures along the
equator are associated with the seasonal development of the
equatorial cold tongue in April–May, as easterly winds increase
along the equator and drive upwelling through enhanced surface
Ekman divergence. The decrease in mixed layer 7Be activity with
decrease in temperature occurs as 7Be-‘‘dead’’, cold water is
upwelled from below. Profiles comparing temperature and 7Be
from upwelling and adjacent non-upwelling stations clearly show
the deficit of 7Be in the upwelling water column where deep
colder water reaches the surface (Fig. 2, Table 2). The point made
here is that the ‘‘deficit’’ of the 7Be inventory relative to the non-
upwelling stations can provide a measure of the upwelling rate.

3.1. Estimating upwelling rates from 7Be profile data

We consider a model of the upper ocean consisting of a surface
mixed layer with constant 7Be concentration (C0), and an under-
lying ‘‘tail’’ layer where the 7Be concentration decays C(z) to zero
at some depth z0 (Fig. 3). This depth was typically of the order of
70 m, while the corresponding mixed layer depths varied from
about 10 to 40 m.

Under the assumption of steady state, and neglecting horizon-
tal advection (see Appendix), an equation can be formed that
relates the upwelling at the base of the mixed layer (wH) to the
total water column 7Be inventory (Cinv):

wHC0 ¼ F�lCinvþ

Z H

z0

CðzÞ
@w

@z
dz ð1Þ

where

Cinv ¼

Z 0

z0

CðzÞdz¼ C0Hþ

Z H

z0

CðzÞdz

Here F is the 7Be surface flux into the mixed layer, l is the 7Be
decay constant, and H is the mixed layer depth. If the vertical
velocity is assumed to be uniform between the base of the mixed
layer and the depth z0 where the 7Be signal decreases to zero,
then (1) becomes

wH ¼
1

C0
ðF�lCinvÞ ð2Þ

In the case where upwelling is negligible, (1) is simply

F ¼ lCinv

which represents a balance between the atmospheric input of 7Be
to the ocean and its radioactive decay. Thus, the water column
inventory (i.e. the depth integrated decay) of 7Be at non-upwel-
ling stations can be used to estimate the regional surface 7Be flux.
In this manner the control flux F (dpm/m2) determined by the
water column inventory of non-upwelling stations serves as the
regional atmospheric flux and anchors the relationship. This flux
will differ regionally, but within narrow regional locations, the
use of a control flux as representative of the atmospheric input for
that region is a reasonable assumption. For this study we used the
average atmospheric input obtained from our stations 1 and 2,
which were taken near 51S and 251W, to the west and south of the
main upwelling region.

This assessment of upwelling does not require consideration of
vertical mixing because we are concerned only with the inte-
grated inventory of 7Be over the mixed layer and the upper
thermocline (the ‘‘box’’ illustrated in Fig. 3). Vertical mixing
is internal to this box and will influence the shape of the 7Be
profile (see Section 3.2). For example, if vertical mixing is weak,
then the tail layer will be thin and most of the 7Be inventory
will be contained in the mixed layer. In the limit of no vertical
mixing, and a vanishing tail layer (see Appendix), (2) reduces to



Fig. 2. 7Be and temperature profiles for upwelling (blue) and non-upwelling stations (red) from the TACE expedition along the equatorial Atlantic. Note that the cold, upwelled

water corresponds to lower water column 7Be.

Fig. 3. Conceptual model used in upwelling calculation. C0¼[7Be] mixed layer,

Cz0¼[7Be] at depth¼Z0, W¼constant upwelling velocity through the upper

thermocline (m/d), and H¼depth of mixed layer. The dashed line is the 7Be

concentration profile (C(z)) internal to the box comprising the mixed layer and the

upper thermocline. The dashed arrows indicate relative divergence of horizontal

flow in the mixed layer and the convergence in the thermocline.

Table 2
Inventories and box model calculation.

Station ML temp. (1C) ML 7Be (dpm/m3) ML depth (m) 7Be inventory (dpm/m2) Apparent flux (dpm/m2/d) Fraction 7Be inventory W (m/d)

001 29.11 837 31 35,320 459 1 0.0

002 28.95 739 35 34,500 449 1 0.0

014 28.10 343 20 18,460 240 0.53 0.62

022 29.0 556 34 25,284 329 0.725 0.225

035 26.31 297 10 10,111 131 0.29 1.09

048 26.96 327 55 22,064 282 0.63 0.53

051 26.67 312 40 15,909 207 0.46 0.79

056 25.47 179 20 5232 68 0.15 2.16

064 27.16 368 20 12,835 167 0.37 0.78
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the ‘‘slab’’ model:

wH ¼
1

C0
ðF�lC0HÞ ð3Þ

which permits a qualitative estimate of the upwelling strength
from just the mixed layer 7Be concentration.

7Be inventories were calculated at the profile stations by
assuming uniform concentration in the mixed layer, and fitting
a shape-preserving (Akima) cubic spline to the 7Be data in the
upper thermocline. The mixed layer depth H was taken from the
corresponding temperature profiles, defined as the depth where
the temperature changes from its surface value by 0.5 1C (Hayes
et al., 1991). The 7Be inventories and the calculated upwelling
rates, using Eq. (2), are presented in Table 2 and plotted against
mixed layer temperature in Fig. 4. With decrease in temperature
the inventory decreases, as the calculated upwelling rates
increase, as would be expected. The range of wH calculated from
the 7Be deficit, 0–2.2 m/d, is comparable to the few available
results using other methods for this region (e.g. Xie and Hsieh,
1995; Klein and Rhein, 2004; Rhein et al., 2010), and with typical
values found in the Pacific equatorial cold tongue region
(e.g. Wang and McPhaden, 1999).

Uncertainties in the upwelling estimates due to the neglect of
horizontal advection of 7Be can be evaluated based on the
observed horizontal gradients of 7Be and typical magnitudes of
surface velocities in the region. For example, in Eq. (3) there



Fig. 4. (A) The 7Be inventory and (B) the calculated upwelling rate (W) plotted against mixed layer temperature from the TACE expedition along the equatorial Atlantic.

The circled points are from the warm, non-upwelling stations.

Fig. 5. Station track superimposed over SST for June, 2009. (A) 7Be inventories, as a fraction of the control flux, (F¼1), are indicated. (B) The derived upwelling velocities

(W, Eq. (2)) are indicated. The relationship between the inventories, W, and SST is clearly seen.
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would be a term �Hðu0@C0=@xþv0@C0=@yÞ on the right hand side
(see Appendix), and the uncertainty in wH caused by this can be
estimated by comparing this term to the size of the atmospheric
flux F. Along the equator, in the band of minimum 7Be concentra-
tion, meridional advection is negligible ð@C0=@y� 0Þ and zonal
gradients of the mixed layer 7Be are weak, of the order 0.05
(dpm/m3)/km, leading to uncertainties of the order (10–15%) in
wH for typical zonal velocities of 0.5 m/s (Lumpkin and Garzoli,
2005). Off the equator, meridional gradients of 7Be become
relatively large, of the order 0.5 (dpm/m3)/km, and with typical
off-equatorial meridional velocities of 0.1 m/s the errors can reach
30%. The tendency of this advection is to spread the 7Be depleted
waters from the equator, poleward, resulting in an overestimate
of upwelling for off-equator sites. Thus, we conclude that the
near-equatorial upwelling estimates, in the areas where upwel-
ling is the strongest, are not significantly affected by horizontal
advection, but that accurate estimates in the off-equatorial
regions will normally require taking horizontal advection into
account.

In Fig. 5, the station track is superimposed over SST for late
June 2009. The SST data were obtained from the NASA Tropical
Rainfall Measuring Mission (TRMM) TMI weekly-averaged satel-
lite sea surface temperatures (http://www.remss.com/tmi). In
Fig. 5A the 7Be inventories are plotted with the control inventory

http://www.remss.com/tmi
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stations from the non-upwelling sites (warmest water) normal-
ized such that their inventories are 1. The other sites have some
fraction of that inventory (o1). The corresponding upwelling
velocities are shown in Fig. 5B. Despite the slower response time
of the 7Be signal relative to SST, the relationships between
decreasing 7Be inventories, higher wH, and lower SST described
graphically in Fig. 4 are clearly seen.

As discussed in the Appendix, the wH estimate derived from
Eq. (2) is a lower bound, as the actual wH will be higher if the
upwelling velocity is not constant, as assumed, but decreases
with depth. The last term in (1) is then non-zero and positive, and
can be estimated given an assumed structure of w(z). Taking the
simplest case, where w decreases linearly to zero over a depth
scale zw below the mixed layer (e.g. Quay et al., 1983), dw/dz¼

wH/zw in Eq. (1) and the resulting wH is

wH ¼ ðF�lCinvÞ C0�
1

zw

Z H

z0

CðzÞdz

� ��
ð4Þ

The three different values of wH obtained from Eqs. (2)–(4) are
listed in Table 4 and compared in Fig. 6, where in (4) we have
used a decay scale for w of zw¼100 m. This is a reasonable
assumption based on inferences from observations and model
results in the equatorial regions (e.g. Harrison, 1996). The slab
mixed layer model estimates (Eq. (3)) tend to be the largest, and
exceed the inventory method estimates (Eq. (2)), by 35725% on
average. The variable w estimates (Eq. (4)) are intermediate
between the mixed layer (slab) and the inventory method
estimates for the lower range of upwelling rates and tend to
exceed the mixed layer model estimates at higher upwelling
rates. On average the variable w estimates are larger than the
inventory method estimates by 21715%. We believe the variable
w estimates are probably the most realistic, and so the inventory
method values are likely to underestimate the actual upwelling
rate by �20%. Interestingly, the average difference between the
slab mixed layer model estimate and the variable w estimate is
only 8712%, so that the slab model estimate, though based on an
unrealistic assumption of zero vertical mixing, provides a reason-
able estimate of the upwelling rate even though it relies on only a
single measurement of the 7Be in the mixed layer.
Fig. 6. A comparison of upwelling rates derived from the inventory model (Eq. (2))

to those derived from the slab mixed layer model (Eq. (3)) and the linearly

decaying W(z) model (Eq. (4)).
3.1.1. Potential complications

Two potential complications must be considered here. One is
the possible particle removal of 7Be from the surface ocean, which
would tend to enhance the calculated upwelling velocity. The
other is variability of the input flux (F) across the study area.

In regards to particle scavenging, 7Be is considered a conser-
vative tracer in the open ocean regime. Numerous studies have
shown that 7Be is quite soluble in the relatively low particle
environment of the open ocean, thus allowing particulate trans-
port to be ignored. Silker (1972) found that o10% of 7Be was on
the insoluble fraction in the water column during his study at
Bermuda. Aaboe et al. (1981) measured 7Be in the western
Sargasso Sea and found that the calculated standing crop in the
Sargasso Sea is equal to that predicted from precipitation collec-
tors, as have Kadko and Prospero (2011) from the same area.
Recently, to test the extent to which 7Be is associated with marine
particles, Andrews et al. (2008) pumped �1000 L of seawater
through a 1 mm Hytrex filter from surface water of the Sargasso
Sea and found that the particulate matter had a 7Be activity below
the detection limit. Here, 234Th in the water column and particu-
late 7Be and 234Th were measured to determine the degree to
which 7Be might be scavenged from particles in more biologi-
cally productive regions associated with upwelling. Th-234
is a naturally occurring, highly particle-reactive radioisotope
(T1/2¼24.1 d) that is widely used to study particle removal and
associated elemental export rates from the surface ocean on
timescales of days to weeks. Briefly, the degree of radioactive
disequilibrium between 234Th and its parent 238U in the upper
ocean yields a measure of the scavenging removal of the particle-
reactive Th from the surface to depth (e.g. Matsumoto, 1975;
Coale and Bruland, 1985, 1987; Bruland and Coale, 1986). In the
simple formulation, the particle removal flux, PTh, of 234Th is
proportional to the integrated 234Th deficit in the upper ocean:

PTh ¼Sð238U�234ThÞlThDz ð5Þ

where lTh is the decay constant of 234Th, 234Th and 238U are
isotope concentrations, and Dz the depth interval between sam-
ples. The observed deficiency of 234Th (PTh) can be used to
determine the scavenging removal of other elements (e.g.
Bruland and Coale, 1986; Buesseler et al., 1992, 1995; Weinstein
and Moran, 2005). Thus, removal of 7Be by particle scavenging, PBe,
can be related to 234Th removal by multiplying the ratio of the
particulate isotope activities by the 234Th flux:

PBe ¼
7Be=234Th
h i

particle
PTh ð6Þ

Ship time and resource limitations precluded the collection of
full 234Th and particle profiles for integration, so a single mixed
measurement of 234Th and the particle activity ratio, deemed
representative of the mixed layer, was used to estimate the
magnitude of 7Be removal. A scavenging depth of 20 m (approxi-
mately the mixed layer depth) was used for integration. Results
(Table 3) indicate that the removal flux of 7Be from the mixed
layer was no greater than 10% of the atmospheric flux determined
from the proximate non-upwelling stations (Table 3). Ignoring the
upwelling of relatively 234Th enriched deep water to the surface
likely leads to an underestimate of PTh by 25–50% (Buesseler et al.,
1995). However, there are large uncertainties in the particulate
7Be activities due to the very small signal/noise ratio of the
sample peak for these samples. In almost all cases the sample
counts were below the limit of detection defined at the 99.7%
confidence level, by 43sb, where sb is the standard deviation of
the blank measurements (Rubinson, 1987). This implies that
these calculated removal fluxes are an upper limit. Another
approach for evaluating scavenging is to use results from
Honeyman and Santchi (1988), which show that the partition



Table 3
7Be and 234Th from the TACE (June 2009) cruise transect across the Equatorial Atlantic.

ML Temp (1C) Station Location Be-7 (ML) particles

(dpm/1000 L)

Be-7 (ML) seawater

(dpm/1000 L)

(7Be)/(234Th) Particle

activity ratio (ML)

(234Th)/(238U) Seawater

activity ratio (ML)

Particle removal

fluxa/Input flux

29.11 001 4139.420S, 26149.00W bd 837743 0 1.0270.04 0

28.95 002 5101.290S, 23100.10W 160795 739741 0.36 1.0370.03 0

29.0 007 2131.130S, 23100.90W bd 597737 – NM 0

28.78 011 0159.5280S, 22 159.4900W 180781 369735 0.21 NM –

28.10 014 00100.1 N, 22158.30W bd 343726 – 0.9970.02 0

29.0 022 0310.2530N, 2310.1210W bd 556740 – NM 0

27.16 064 0101.6790N, 0103.8010W bd 368741 – 0.9770.02 0

26.31 035 00100.50N, 09159.40W 82763 297723 0.26 1.0570.02 0

26.67 051 4159.6420S, 0010.0630W 81772 312738 0.19 0.8770.02 0.09

26.96 048 5100.2260S, 09159.6800W 134791 327736 0.29 0.9570.02 0.05

25.67 060 0159.0540S, 0100.7110E 164762 270739 0.34 0.9170.02 0.11

25.47 056 2129.990S, 0o00.920W 67748 178738 0.19 0.8570.02 0.10

bd¼below detection; NM¼not measured.

a scavenging integrated over 20 m.

Fig. 7. Station track is superimposed over TRMM rain data for May (top) and June 2009 (bottom). The 7Be inventories, as a fraction of the control flux, F¼1, are indicated.
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coefficient (adsorbed/dissolved) of Th is an order of magnitude
greater than that for Be. However, the longer radioactive half-life
of 7Be relative to that of 234Th (2.2) would increase the probability
of particle removal for 7Be. The net effect of these factors is to
make the fraction of Be lost by scavenging (relative to decay) a
factor of about 4.5 less than the fraction of Th lost by particle
removal. The 234Th lost by particles is generally less than 10% in
these samples, so the fraction of Be lost should be less than 2–3%.
Furthermore, as the upwelling rate (w) increases, the flushing of
7Be out of the mixed layer becomes increasingly significant
relative to particle removal; for a particle removal rate kp (d�1),
the ratio H kp/w decreases. Therefore, the large 7Be deficits
relative to input (as high as 85%) compared with those of the
much more particle reactive 234Th (deficits no greater than 15%)
indicate that the significant decrease in 7Be with decrease in
mixed layer temperature resulted from dilution with upwelled
cold, low 7Be water and not from particle scavenging.

To assess the variability of 7Be flux across the study site we
consider the regional rainfall variability, as rain largely controls
the delivery of 7Be to the ocean surface. In Fig. 7, the station track
is superimposed over Tropical Rainfall Measuring Mission
(TRMM) rain data for May and June 2009. It is seen that 7Be
inventories are not related to the rain rate (high rain does not
correspond to high 7Be inventories). Thus, the trend of decreasing
7Be inventory with decreasing temperature is not caused by
variable 7Be delivery. We note that the majority of the stations
were occupied in June when the TRMM data indicate relatively
uniform rain across the study site. The variable rain observed
during May would likely not affect the 7Be inventories measured
in June; although the radioactive mean life of 7Be is 77 d, a 20 m
mixed layer would be flushed of its 7Be in only 20 d with an
upwelling rate of 1 m/d. Thus the system is ‘‘reset’’ on a timescale
shorter than one month and the calculated upwelling rates reflect
relatively recent and localized conditions.
3.2. One-dimensional diffusion-advection model

To model the vertical profile of 7Be, vertical eddy diffusion, as
well as upwelling, must be included. The 7Be concentration in the
‘‘tail’’ layer beneath the mixed layer is governed to first approx-
imation by the one-dimensional vertical advection-diffusion



Fig. 8. 7Be profiles at the stations taken along the equator. The data below the mixed layer have been fit to an exponential profile. Using the fitted value of a and the value

of w derived for each station from the column inventory method (Eq. (2)), profiles with the required value of Kz are derived. Also shown are 7Be profiles if Kz values of a

factor of two greater or smaller are used.

Table 4
Upwelling model calculations.

Station W (inventory)a W (slab)b W(100 m)
c Kz (10�4 m2/s)d

14 0.62 1.06 0.94 4.14

22 0.22 0.37 0.25 0.42

35 1.09 1.40 1.43 4.03

48 0.53 0.67 0.59 0.90

51 0.79 0.93 0.89 0.96

56 2.16 2.28 2.38 1.97

64 0.78 0.97 0.92 1.42

a Based on Eq. (2);
b Based on Eq. (3);
c Based on Eq. (4);
d Derived from the one-dimensional diffusion-advection model (Eq. (8)).
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equation, modified by the 7Be decay (see Appendix):

@

@z
Kz
@C

@z

� �
�lC�w

@C

@z
¼ 0 ð7Þ

The shape of the 7Be profile below the mixed layer therefore
represents a competition between the upwelling, which brings
7Be-depleted water toward the surface, and downward turbulent
mixing of high 7Be concentrations from the surface layer. The
amount of 7Be found in the ‘‘tail’’ layer thus provides information
on the strength of the local vertical mixing. Profiles with a large
fraction of the total 7Be inventory contained in the tail layer
indicate relatively low upwelling and/or large vertical mixing,
whereas those with most of the 7Be inventory confined to the
mixed layer indicate either strong upwelling and/or relatively
weak mixing.

Assuming constant w (Z0) and Kz over the entire 7Be tail layer
results in a simple exponential solution for the profile:

CðzÞ ¼ C0eaðz�HÞ ð8Þ

where the depth attenuation coefficient is given by

a¼ w

2Kz
þ

1

2

w

Kz

� �2

þ
4l
Kz

( )1=2

ð9Þ

Example of 7Be profiles at the three stations taken on the
equator (stations 14, 35, and 64) are shown in Fig. 8, where the
data below the mixed layer have been fit to an exponential
profile. The tail layer fits to an exponential profile quite well
and using the fitted value of a and the value of w derived for each
station from the column inventory method (Eq. (2), where w is
assumed constant through the whole layer), Eq. (9) can be
inverted to solve for the required value of Kz. The corresponding
Kz values are shown in the legends of Fig. 8, where they range
from about 1 to 4�10�4 m2/s. These values are consistent with
typical values found in the upper thermocline of the equatorial
Atlantic region from microstructure observations (Rhein et al.,
2010). Also shown in Fig. 8 are the respective 7Be profiles if Kz

values that are a factor of two greater or smaller are used. The 7Be
profiles are quite sensitive to the assumed Kz values and provide a
fairly strong constraint on the magnitude of the local vertical
mixing. The Kz values derived in this manner for all 7Be profile
stations are presented in Table 4. A general trend of higher Kz

corresponding to higher w is noted.
As discussed earlier, it is unlikely that the upwelling is

constant over the whole depth of the 7Be layer, and it can
generally be expected that w decreases with depth below the
base of the mixed layer, due to lateral convergence within the
upper thermocline (e.g. Wyrtki, 1981). Similarly, the Kz values are
likely to be variable in the upper thermocline and are generally
expected to decrease with depth as well (e.g. Rhein et al., 2010).
Upwelling rates determined from chemical tracers therefore
represent an average over the characteristic timescale of the
tracer and the depths within the thermocline where the tracer
signals are extracted (Wanninkhof et al., 1995); as such, these
methods cannot resolve what is likely a complex depth-depen-
dent upwelling pattern (e.g. Harrison, 1996).

In such instances, modeling the 7Be profile for w varying as a
function of depth would require solving Eq. (7) numerically. As an
example, we show the model results for the case where w decays
linearly to zero at a depth of 100 m below the mixed layer (Fig. 9).



Fig. 9. 7Be profiles at the stations taken along the equator. The data are modeled using the linearly decreasing upwelling velocity shown in Table 4. The left panels show

the data and the model profiles generated from the Kz profiles shown in the right panels.
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In this case the appropriate value for the upwelling rate at the
base of the mixed layer is given by Eq. (4), with zw set to 100 m
(the W(100 m) column in Table 4). Generally the model results
require Kz to decrease with depth as well, consistent with the Kz

profiles determined previously from energy dissipation rate
measurements from the same general area as our study (Rhein
et al., 2010).
4. Summary and conclusions

We have presented the first results using a novel technique,
based on the isotope 7Be, to infer rates of upwelling along the
equator. The method is based on the dilution of the upper ocean
7Be inventory from penetration of 7Be ‘‘dead’’ water upwelled
from below. We calculated the upwelling rates based on three
different approaches that were comparable to within 35%. One of
these approaches relies only on measurement of the 7Be in the
mixed layer, and those estimates were found to agree within
about 10% with the estimates based on the most realistic model in
which the upwelling is assumed to decay linearly below the
mixed layer. The vertical velocity estimates in the cold tongue
region varied from about 0.6 to 2.2 m/d, qualitatively consistent
with estimates produced from other methods.

To model the vertical profile of 7Be, we used a one-dimensional
vertical advection-diffusion equation in which w is assumed to be
either constant or linearly decreasing with depth through the
upper thermocline. An exponential 7Be profile results in the case
of constant w and Kz. The 7Be data were found to fit fairly well to
exponential profiles, and yielded corresponding Kz values in the
range �1–4�10�4 m2/s. In the case where w decays linearly to
zero at a depth of 100 m below the mixed layer, Kz values are
generally required to decrease with depth as well, consistent with
the Kz profiles determined previously from energy dissipation rate
measurements from the same general area as our study (Rhein
et al., 2010). It thus appears that 7Be is a promising new technique
for estimating tropical upwelling rates within seasonal
timescales.
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Appendix. Mathematical formulation of the 7Be model
equations

Equations representing the bulk mixed layer concentration of
7Be and its vertical distribution in the upper thermocline are
given by

Mixed layer : Hð@C0=@tþu rC0Þ ¼ F�Kz
@C

@z

���
H
�lC0HþwHðCH�C0Þ

ða1Þ

‘‘Tail’’ layer : @C=@tþu rC ¼
@

@z
Kz
@C

@z

� �
�lC�w

@C

@z
ða2Þ

where H is the mixed layer depth, and

wH ¼ @H=@tþrðuHÞ

is the ‘‘entrainment’’ velocity at the base of the mixed layer.
Except for the inclusion of the 7Be decay terms, these equations
are identical to those commonly used to describe the budgets of
conservative properties such as temperature and salinity in the
upper ocean (Stevenson and Niiler, 1983; Swensen and Hansen,
1999; Foltz et al., 2003). Here z is positive upwards, so a positive
w value corresponds to upwelling. The left hand sides of these
equations represent the local rate of change and horizontal
advection of 7Be. The terms on the right hand side of (a1) are:
the surface flux of 7Be into the mixed layer (F), the downward
turbulent flux out of the mixed layer, the 7Be decay, and the
entrainment of 7Be into the mixed layer by upwelling and/or
mixed layer deepening. The terms on the right hand side of (a2)
represent vertical mixing, decay, and vertical advection.

In the entrainment term (the last term of Eq. (a1)), CH is taken to
represent the concentration just below the base of the mixed layer,
and is essentially an arbitrary parameter (e.g. Swensen and Hansen,
1999). It can either represent a physical ‘‘jump’’ in the concentration
profile, such that upwelling across the base of the mixed layer advects
water into the mixed layer with a slightly different concentration
than the mixed layer, or represent the average concentration value
that is stirred into the mixed layer during mixed layer deepening
events. In studies of the surface heat budget, the equivalent tem-
perature value is typically taken to be 1–2 1C cooler than the mixed
layer temperature (Wang and McPhaden, 1999). In the present case
we expect wH to be dominated by physical upwelling into the mixed
layer along the equator, and if the 7Be profiles are continuous then
CH¼C0, and the entrainment term is identically zero. The 2nd and
4th terms in (a1) can be taken together to represent the net vertical
flux at the base of the mixed layer, and for reasonable choices of
CHZ0.9C0, the entrainment term can be shown to be much smaller
than the required mixing flux at the base of the mixed layer (the 2nd
term). In practical terms, the choice of CH does not affect our wH

estimates, since it does not appear explicitly in any of the expressions
for wH derived below for different sets of assumptions.

Assuming a steady state, one-dimensional balance (neglecting
horizontal advection), these equations become

0¼ F�Kz
@C

@z

���
H
�lC0HþwHðCH�C0Þ ða3Þ

0¼
@

@z
Kz
@C

@z

� �
�lC�w

@C

@z
ða4Þ

The presence of a tail layer is indicative of downward mixing
from the mixed layer, as in the absence of vertical mixing the 7Be
would be confined to the mixed layer with a jump to 7Be¼0 at the
base of the mixed layer. In this case (a3) becomes

0¼ F�lC0H�wHC0 ða5Þ

When vertical mixing is active, and a tail layer is present, a
budget model for the 7Be contained in the entire upper water
column can be formed by combining (a3) and (a4). Integrating
(a4) from the base of the mixed layer to the depth where the 7Be
concentration reaches zero (z0):

0¼ Kz
@C

@z

���H
z0

�l
Z H

z0

CðzÞdz�

Z H

z0

w
@C

@z
dz ða6Þ

Integrating the last term by parts gives

0¼ Kz
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and, noting that both the advective and mixing fluxes tend to zero
at z0:

0¼ Kz
@C

@z

���
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�l
Z H

z0

CðzÞdz�wHCHþ

Z H
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CðzÞ
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Adding (a7) to (a3), after cancellation of terms, then provides
the following equation for the total water column from z¼0 to z0:

0¼ F�lCinv�wHC0þ

Z H

z0

CðzÞ
@w

@z
dz ða8Þ

where Cinv is the total water column inventory of 7Be:

Cinv ¼

Z 0

z0

CðzÞdz¼ C0Hþ

Z H

z0

CðzÞdz ða9Þ

If w is assumed to be constant between the base of the mixed
layer and the depth where the 7Be signal vanishes (typically
60–80 m), then the last term of (a8) is zero and a simple equation
results for the upwelling velocity into the mixed layer:

wH ¼
1

C0
ðF�lCinvÞ ða10Þ

If, on the other hand, w is not assumed to be uniform, but is
assumed to decay linearly below the mixed layer over a vertical
scale zw, then (a8) yields

wH ¼ ðF�lCinvÞ= C0�
1

zw

Z H

z0

CðzÞdz

� �
ða11Þ

This is the more realistic case, since it is expected that vertical
velocity decreases over a finite vertical scale of the order 100 m
below the mixed layer (e.g. Harrison, 1996) due to horizontal
convergence within the thermocline. In this case the wH estimate
will be somewhat higher than for the uniform upwelling case.

Therefore, there are three different wH estimates that can be
derived from the 7Be data, using Eqs. (a5), (a10), and (a11),
depending on the model assumptions. The result from the basic
inventory method, Eq. (a10), will always be the lowest of the
three estimates, while the result from the simple mixed-layer-
only model (the ‘‘slab’’ model, (a5)) is of interest because it relies
on only a single measurement of 7Be in the mixed layer.

Finally, if w is assumed to be zero or negligible (i.e. in non-
upwelling regions), then from Eq. (a10), the surface flux can be
estimated from the water column inventory of 7Be by

F ¼ lCinv ða12Þ

which reflects a simple balance between atmospheric flux in the
water column and 7Be decay.
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