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Abstract. During the Surface Heat Budget of the Arctic Ocean (SHEBA) project in 
October 1997 the first measurements of 7Be ever made within the Arctic Ocean were used 

to reconstruct the evolution of the mixed layer over the previous season and confirmed 
that the reservoir of heat beneath the fall mixed layer was emplaced in the summer, rather 
than input cumulatively over several seasons or advected in from distant sources. As 
suggested by McPhee et al. [1998], several times as much heat was emplaced at SHEBA 
than at Arctic Ice Dynamics Joint Experiment 20 years earlier. A likely mechanism for this 
would be substantially greater lead opening coupled with the positive feedback loop 
between increased open water, increased heat absorption, and further ice melting. In 
addition, a rate of net primary production >_ 13 gC m -2 for the preceding spring-summer 
period was derived using this mixed layer history with an oxygen profile from the fall. 

1. Introduction 

One of the important considerations in the summer surface 
energy balance of the Arctic Ocean is the fate of the energy 
input (mostly shortwave radiation) in the heterogeneous ice- 
ocean system during the melt season. Downwelling solar radi- 
ation through leads is the primary source for the direct heating 
of the ocean, but the fate of the solar energy absorbed through 
the leads is not well understood [Rind et al., 1995]. It is not 
known for example, the extent to which this heat laterally melts 
the ice in contact with the leads, is conveyed to depth and melts 
the ice from below, or is transported away from the ice. The 
fate of the heat has direct consequence therefore upon the 
persistence of the ice cover and the associated summertime 
albedo. 

The Surface Heat Budget of the Arctic Ocean (SHEBA) 
program was undertaken in October 1997 to study the feed- 
backs associated with the ice-water albedo system, in which the 
disposition of the summer heat input is of primary importance 
[e.g., Ingram et al., 1989]. The initial observations made in the 
Fall of 1997 indicated that the upper ocean was less saline and 
warmer than expected [McPhee et al., 1998]. The temperature 
above freezing (tST) of the mixed layer during SHEBA (1997) 
had increased by a factor of 2.5 over that which occurred 
during an earlier program, Arctic Ice Dynamics Joint Experi- 
ment (AIDJEX) (1975). Additionally, the mixed layer salinity 
in 1997 was ---27.6 ppt, compared to 29.7 ppt in 1975 [Maykut 
and McPhee; 1995; McPhee et al., 1998]. From this data it was 
concluded that the oceanic heat flux was considerably greater 
during the 1997 summer. Because the albedo of open water is 
considerably less than that of sea ice, it was suggested that the 
percentage of open water between 1975 and 1997 had tripled 
to allow a greater amount of heating to occur [McPhee et al., 
1998]. It is possible, however, that the heat stored in the 
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SHEBA mixed layer was the result of cumulative input over 
several summers or was advected in from elsewhere. Basically, 
the observations at SHEBA during the fall of 1997 offered only 
a "snapshot" of the system because no observations were made 
during the preceding summer. It is therefore difficult to recon- 
struct the mixed layer evolution and heating history of this site 
prior to the initial SHEBA occupation. 

To address this question, the heat exchange between the 
leads and underlying mixed layer of the SHEBA site is evalu- 
ated here using a naturally occurring radioactive tracer, 7Be. 
Beryllium 7 is a cosmic ray-produced species that is delivered 
to the Earth's surface and, as such, is a form of proxy for 
incoming solar radiation. Because of its 53.3 day half life, it is 
an ideal tracer of water that has been in contact with the sea 

surface over the past season [Kadko and Olson, 1996]. Profiles 
of 7Be measured in the fall provide an integration of the mixed 
layer behavior over the previous summer and can offer insight 
into the mixed layer evolution and heating history. 

2. Background 

Beryllium 7 is a cosmic ray-produced radioactive nuclide 
with a radioactive mean life of 76.9 days (the mean life is defined 
as the 1/e decay level or half life/0.693) and, as such, is well 
suited for studying seasonal phenomenon. Beryllium 7 is de- 
posited upon the Earth's surface by precipitation and is 
homogenized within the surface mixed layer of the ocean rap- 
idly with respect to its decay rate [e.g., Silker, 1972; Young and 
Silker, 1980; Kadko and Olson, 1996]. In snow the 7Be activity 
(equivalent to concentration, here expressed as disintegrations 
per minute (dpm) per m 3) is ---2 orders of magnitude greater 
than that in the ocean mixed layer because a given 7Be flux is 
diluted in mixed layers typically tens of meters deep but de- 
posited in snow layers (over a 77 day period) that are at least 
an order of magnitude shallower, thereby concentrating the 
nuclide relative to the surface ocean [e.g., Cooper et al., 1991]. 
In the ocean the mixed layer depth is a critical parameter that 
largely determines the 7Be surface activity because for a given 
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Figure 1. Location map of the Surface Heat Budget of the Arctic Ocean (SHEBA) project site. Point A is 
the initial deployment location in October 1997. Point B is the location in July 1998. 

7Be input, the activity is concentrated in shallow mixed layers 
and diluted in deeper mixed layers. As will be described below, 
water in contact with the ocean surface is "tagged" with 7Be, 
and profiles of this isotope provide a record of the seasonal 
changes in the mixed layer depth. 

3. Methods 

Vertical profiles of 7Be were collected in the Beaufort Sea 
from October 8 to 12, 1997 (Figure 1). To collect the samples, 
a hydrohole was melted through -2 m of ice through which 
samples for 7Be were collected by pumping. In this process, 700 
L of seawater were passed through iron-impregnated acrylic 
fibers packed in cylindrical cartridges [e.g., Krishnaswami et al., 
1972; Lal et al., 1988; Lee et al., 1991; Kadko and Olson, 1996]. 
The water was taken at various depths through a 1.5" hose at 
the end of which was a conductivity-temperature-depth (CTD) 
system. The pumping was achieved with a centrifugal pump, 
powered by a gasoline-fueled generator on the ice, at a rate of 
-14 L min. -• Thus each sampled depth required -50 min. In 
most cases, double or triple samples were collected at any one 
depth and later combined. On one cast (October 8), where 
only single cartridges were used at each depth, three samples 
from different depths in the mixed layer were combined as 
representative of the mixed layer activity. The fiber efficiency, 
tested with stable Be in the lab or by counting two cartridges 
placed in series was 0.90 _+ .02. This is an improvement over 
earlier fibers [Kadko and Olson, 1996] and reflects a higher 
retention of iron in the fibers produced in the laboratory for 
this study. 

On land the fibers are dried and then ashed. The ash was 

placed in a marenelli beaker, which in turn was placed over a 
low background germanium gamma detector. The 7Be has a 
readily identifiable peak at 478 keV. The detector is calibrated 
for this geometry by adding a commercially prepared mixed 
solution of known gamma activities to an ashed fiber and 
counting it in the marenelli geometry. The counting efficiency 
for the 478 keV gamma in this configuration was 0.03. The 
limit of detection used in this work defined at the 99.7% con- 

fidence level, is SL = --> 3frO, where O'b is the standard 
deviation of the blank measurements [Rubinson, 1987]. The 
detection limit of a sample increases with time because of 7Be 
decay and, for our system, is (12.7/V) x[exp (XD)] dpm m -3, 
where D is the number of days after sample collection, V is the 
volume (m3), and X is the decay constant (0.013 d-•). 

To estimate the atmospheric deposition of 7Be, samples of 
snow (m 2 in area) were taken, and also, plastic buckets were 
deployed to collect fallout over known time periods. The snow 
was melted, and 0.5 mL of concentrated HC1 and stable Be 
yield tracer were added [e.g., Dibb, 1990]. The 7Be was re- 
moved by coprecipitation with iron hydroxide, dried, and 
counted by gamma spectrometry. The stable Be in the precip- 
itate was then measured by atomic absorption to calculate the 
7Be recovery during precipitation. The buckets were deployed 
for periods ranging between 1 and 3 weeks in October 1997 
and July-August 1998. After collection the buckets were rinsed 
with dilute HC1. Subsequently, the HC1 rinse was treated as the 
snow samples described above and counted [e.g., Baskaran et 
al., 1993]. The counting system is calibrated for all samples by 
preparing a commercial standard in geometries identical to the 
samples. 

The error for each measurement is the statistical counting 
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error •r and the uncertainty in the blank, X/o -2 + •r2t,, multi- 
plied by 

[(XCT)/[1 - exp (-XCT)]][exp (XD)/(CE. FE ß PE)], 

where CT is the counting time, CE is the counting efficiency of 
the 478 keV gamma, FE is the fiber (or precipitation) effi- 
ciency, and PE is the photon emission fraction (0.104) for 7Be. 

4. Results and Discussion 

The typical temperature and salinity profile from SHEBA in 
October 1997 is shown in Figure 2. The mixed layer extended 
to •30 m depth, below which was found a layer •0.5øC 
warmer than the mixed layer. McPhee et al. [1998] note that 
this layer is appreciably warmer than a similar layer measured 
during AIDJEX in 1975. The salinity of the mixed layer in 
SHEBA is also considerably freshet than that of AIDJEX. The 
?Be measurements in October 1997 are presented in Table 1 
and displayed with the •T (temperature above freezing) profile 
in Figure 3a. In two cases the values are close to or below the 
detection limit defined earlier but are retained because of 

consistency with the other values (Table 1). The remnant ?Be 
below the mixed layer marks the warm water as having been in 
contact with the sea surface within the previous 77 days. Thus 
the heated layer beneath the October mixed layer at SHEBA 
was remnant of an earlier, deeper mixed layer and was the 
result of very active heat input during the previous late spring- 
summer. The ?Be shows that the higher heat layer could not 
have been advected from afar or emplaced cumulatively over 
several seasons. 

Corresponding to the heat and 7Be beneath the mixed layer 
is a peak in oxygen (Figure 3b; profile collected by E. Sherr). 
The 7Be gives some insight, at least qualitatively, into the 
history of this as well. First, it suggests that there had to be 
substantial primary production early in the melt season when 
the mixed layer was deep (of the order of 50 m). The presence 
of substantial open water, a suggested by McPhee et al. [1998], 
would have contributed to sufficient light being available to 
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Figure 2. Temperature and salinity profiles from October 11, 
1997. This profile was typical of those taken between October 
8 and 12. 

Table 1. Beryllium 7 From SHEBA, October 1997 

Date Depth, m 7Be, dpm m -3 Comments 

Oct. 8 10, 20, 25 100.8 _+ 16.6 three samples combined 
Oct. 9 24 103.5 _+ 15.0 

35 24.8 _+ 17.7 D.L. a= 30.6 
Oct. 11 25 133.45 + 14.0 

33 30.2 _+ 9.2 

39.6 19.1 _+ 6.4 
45.5 5.95 + 6.00 D.L. a= 12.4 

Oct. 12 25 104.7 _+ 5.9 

34 17.8 _+ 3.75 

45 12.5 +_ 5.2 

aD. L. is the detection limit. 

allow phytoplankton activity. Second, while the initial oxygen 
content is not known and an absolute 02 utilization rate cannot 
be determined, the persistence of the oxygen peak well into 
October suggests that the bacterial respiration rate is low. As 
discussed below, the data and model presented here allow 
some estimate of primary production for the summer of 1997 
to be determined. 

The flux determinations are presented in Table 2. For 1997, 
if it is assumed that by October 13 snow had been accumulating 
for 3 weeks at the SHEBA site, then the flux determined by the 
snow inventory agrees with two out of the three bucket deploy- 
ments at that time. The average for these measurements is 
0.0020 +_ 0.0009 dpm cm -2 d -•. In the summer of 1998 the 
average flux from nine bucket deployments was 0.0122 _+ 
0.0070 dpm cm -2 d -•. 

4.1. Modeling the Mixed Layer Evolution 

The distribution of ?Be can provide quantitative information 
on mixed layer evolution because features of the 7Be distribu- 
tion demand certain aspects of mixed layer history. For exam- 
ple, the presence of 7Be at a depth of 50 m requires the mixed 
layer to have been that deep early in the melt season. Further- 
more, the mixed layer had to persist long enough at that depth 
to accumulate sufficient 7Be to be detected months later in 

October. In the following the 7Be is used to derive a mixed 
layer history that then can be applied to other tracers, notably 
heat. 

The major features of oceanic 7Be profiles can be generated 
by accounting for the seasonal deepening and shoaling of the 
mixed layer on the basis of empirical observations of the mixed 
layer history. For a given input of 7Be the mixed layer depth is 
a critical parameter that largely determines the 7Be surface 
activity; shallow mixed layers concentrate 7Be while in deeper 
mixed layers the concentration is diluted. The model used here 
is not dynamically driven, in that there are no surface forcing 
terms, but simply illustrates how 7Be (and other surface trac- 
ers) will respond to a prescribed mixed layer history, an input 
function, and relevant tracer decay terms. With this under- 
standing an observed 7Be profile along with knowledge of 7Be 
input can yield insight into the mixed layer history. 

Details of the model are presented elsewhere [Kadko and 
Olson, 1996]. It is based on the finite difference form of the 
one-dimensional analytical expression governing the 7Be dis- 
tribution: 0c/0t = gzO2C/OZ 2 - •c, where c is the concentra- 
tion of 7Be and K z is the vertical eddy diffusivity. The 7Be is 
assumed to be mixed rapidly with respect to its radioactive 
decay in the mixed layer and is mixed with a finite K z in the 
pycnocline. As an illustration, the model representation of a 
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Figure 3. (a) The 7Be measurements in October 1997 are displayed with the •T profile. The profile is similar 
to that expected from the model (Figure 4c). (b) The difference (02 concentration minus 02 saturation) 
plotted versus depth for October 24, 1997 (data courtesy of E. Sherr, Oregon State University). 

generic seasonal cycle of mixed layer depth is shown in Figure 
4a, where at some time (Tmax) the mixed layer is at its deepest 
(Lmax). In this example, Tmax is 50 m, and K z for the pycno- 
cline is assigned a value of 10 -6 cm 2 s-•. 

Monthly profiles of ?Be activity are generated as the mixed 
layer shoals, leaving water beneath the mixed layer that is 
isolated from the atmospheric input I, which is chosen to be 
constant in this example. The ?Be activity in the shoaling mixed 
layer increases, while the ?Be isolated at depth decays radio- 
actively, which produces the observed profiles (Figure 4b). In 
the Arctic, in late Spring and Summer, the mixed layer will 

shoal as a result of heat and fresh melt water input until 
cooling recommences and deepening occurs. 

As the mixed layer once again deepens (Figure 4c), the 
mixed layer ?Be concentration decreases because of dilution, 
and the upper thermocline activity is truncated. This is because 
the ?Be deposited much earlier in the year has now decayed 
away. This is what was expected at SHEBA in October 1997, at 
which time the leads and melt ponds were frozen and mixed 
layer deepening had begun. 

In this work the basic model of Kadko and Olson [1996] is 
modified for the SHEBA site. The parameters used for the 

Table 2. Flux Measurements 

Sample Collection Dates 

Collection 

Time, Flux, 
days dpm cm- 2 d-i 

Bucket 1 

Bucket 2 
Bucket 3 
Snow 1 

Snow 2 

Average Oct. 1997 
Bucket 4 

Bucket 6 

Bucket 7 
Bucket 8 

Bucket 9 
Bucket 10 
Bucket 11 

Bucket 12 

Bucket 13 

Average July- 
August 1998 

Oct. 2-10, 1997 
Oct. 3-15, 1997 
Oct. 4-15, 1997 
Oct. 13, 1997 
Oct. 13, 1997 

July 5-20, 1998 
July 5-20, 1998 
July 6-20, 1998 
July 12-29, 1998 
July 20 to Aug. 8, 1998 
July 20 to Aug. 8, 1998 
July 20 to Aug. 8, 1998 
July 21 to Aug. 10, 1998 
July 30 to Aug. 10, 1998 

7.9 0.0020 
11.8 0.0005 
10.9 0.0021 

21" 0.0031 
21" 0.0022 

0.0020 _+ 0.0009 
15.2 0.0092 
15 0.0028 
14 0.0058 
17 0.0233 
17 0.0192 
17 0.0177 
17 0.0127 
20.1 0.0143 
10.75 0.0052 

0.0122 _+ 0.0070 

aAssumed snow accumulation time. 
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Figure 4. (a) The model representation of an idealized seasonal cycle of mixed layer depth where at some 
time (Tmax) the mixed layer is at its deepest (L r. ax)' In this example the input of 7Be, I, is constant over the 
entire seasonal cycle, and K z in the pycnocline is chosen to be 10 -6 m 2 s -•. (b) The 7Be activity for a shoaling 
mixed layer. Profiles of 7Be are generated for various times (+ days after Tmax). As shoaling progresses, the 
7Be activity of the mixed layer increases, while the ?Be isolated at depth decays radioactively, which produces 
the observed tailing. (c) As the mixed layer once again deepens, the mixed layer 7Be concentration decreases 
because of dilution and the upper thermocline activity is truncated. This is because the 7Be deposited much 
earlier in the year has now decayed away. Profiles that might be expected at SHEBA in the fall during mixed 
layer deepening would be similar to these model curves. 

1997 summer-fall in SHEBA are displayed in Figure 5, and the 
model output is shown in Figure 6. Monthly profiles of 7Be are 
derived as a function of mixed layer evolution and 7Be input. 
Initially, it is assumed that there is no 7Be in the ocean follow- 
ing the winter when the ice-covered upper ocean had been 
isolated from atmospheric input. 

The input function here is somewhat different than that of 
Kadko and Olson [1996] in that input of 7Be is not constant. 
Here it is comprised not only of atmospheric input but addi- 
tionally, during late spring, of rapid input from melting snow 
that has accumulated ?Be over the winter months. The ?Be 
input function consisted of three stages (Figure 5). In stage 1, 
from June 21 (summer solstice) until July 19, ?Be was input 
through atmospheric flux and snow melt. In stage 2, from July 

19 to September 20, there is only atmospheric input. In stage 3, 
there is zero 7Be input because of ice cover. The model is run 
until October 11, at which time the SHEBA site was com- 
pletely frozen and snow covered, i.e., isolated from atmo- 
spheric or melt input. Likely, it had been in this state of the 
order of 3 weeks. Therefore, from September 20 to October 
11, there is zero *Be input (i.e., there is only *Be decay). 

The atmospheric flux is determined as follows: on October 
11 the depth-integrated standing stock of 7Be was 0.357 dpm 
cm -2. Correcting this to September 20, the standing stock of 
7Be before isolation would be 0.463 dpm cm -2, corresponding 
to flux of 0.463X or 0.006 dpm cm -2 d -•, which is the input 
used between July 19 and September 20 (stage 2). It is then 
assumed that the atmospheric flux accumulating in the snow 



3374 KADKO: MODELING THE ARCTIC MIXED LAYER USING 7BE 

ß 40 

-• 50 

ß 60 
x 

:• 70 

180 Jun 21 

I Stage 1 I - 
- I _ 

I 

- I 

, '---------C-- _ I 

, ', _ 
_ I _ 

_ I I 
I Stage 2 I - 
I I 

_ 

- • •Stage 5 
. 

i i i I i i i i I i i , , i i i i • i ! ! ! i i ! i ! i i 

200 220 240 260 28(J 

DAYS Oct.• • 

0.020 m 

0,018 I 
0,016 • 

0.014 
z 

0.012 .-• 
0.010 c 

0.008 

o.006 

0.004 3 
0.002 • 
o.ooo 3 

Figure 5. Parameters used in the SHEBA ?Be model as a function of time. The three stages of ?Be input are 
shown. 

during the winter months was the same as during the stage 2 
flux, and thus the standing stock of 7Be in the snow would be 
0.463 dpm cm -2. Assuming snow melt occurred predominately 
over a month's time, this 7Be is input into the water gradually 
over the 28 day period of stage 1. The formulation for stage 1 is 

Inputtotal = InpUtmelt + Inputatto 

= {(0.463/28)[1 - exp(-(X28)]/(X28)} 

+ 0.006 dpm cm -2 d -•. 
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Figure 6. The model output showing the evolution of the 7Be profile at SHEBA with time. Data from the 
period October 8-12 are superimposed upon the model profiles. The model profile for October 11 is shown 
as a dashed line. 
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From the maximum depth of the 7Be it is surmised that at the 
onset of melting the maximum depth of the mixed layer was 
50 m. This assumes that mechanisms such as downwelling were 
not a factor, which is reasonable as the SHEBA site was not in 
the center of an anticyclonic gyre. Starting June 21 (summer 
solstice) this depth is maintained for 12 days following which 
the mixed layer decreases to a minimum of 10 m on July 19. 
With the 7Be input flux used a late spring mixed layer main- 
tained at this depth for this time period is required to achieve 
the 7Be profile observed in October. The maximum mixed 
layer depth modeled here is similar to that reported for the 
Canadian Basin at ice island T-3 from 1970 to 1973 [Morison 
and Smith, 1981] and for the AIDJEX project in 1975 [Maykut 
and McPhee, 1995]. 

The effect of different pycnocline Kz on the model results is 
shown in Figure 7. These results suggest that in the highly 
stratified water below the mixed layer (see salinity gradient in 
Figure 2), vertical mixing is not much greater than 10 -6 cm 2 
s -• and that the 7Be profile is mainly a response to the fall 
deepening of the mixed layer. Higher values of Kz would draw 
more 7Be from the mixed layer into the pycnocline water. 

The flux used in the model (0.006 dpm cm -2 d -•) lies be- 
tween the flux determinations of October 1997 (0.0020 dpm 
cm -2 d -•) and July-August 1998 (0.0122 dpm cm -2 d-•). As 
such, the model value is not unreasonable, but there is no 
historical 7Be flux data from this area of the world with which 

to compare it. Taken at face value, the ratio of the model flux 
(based on the summer 1997 water inventory) to the measured 
summer 1998 flux (--•0.5) could suggest that in 1997 the sum- 
mertime lead coverage was of the order of 50%. This appears 
large and is certainly biased by 7Be input from meltwater 
runoff. However, the large heat inventory measured in Octo- 
ber 1997 suggests that indeed, substantial open water must 
have been present. This will be discussed in section 4.2. 

4.2. Modeling the Evolution of Mixed Layer Temperature 
The evolution of the 7Be distribution in the model described 

above is similar to the evolution of bT described by Maykut and 
McPhee [1995]. In late winter, there is a deep, well-mixed layer. 
After 2 months, spanning the summer solstice, there is warm- 
ing throughout the mixed layer and freshening due to melt 
water introduced at the surface. By late summer the mixed 
layer has shoaled, leaving deeper water behind that had been 
heated earlier in the season. The maximum in bT is interpreted 
to be the temperature to which the mixed layer was heated 
around the time of the solstice and, like the deep 7Be is a 
remnant feature of the deeper mixed layer of late spring/early 
summer. In a sense this is a form of subduction in which water, 
initially in contact with the surface, becomes isolated from the 
atmosphere. The heat is trapped in this layer until subsequent 
wintertime convection. 

In the modeling shown below the temperature maximum is 
similarly formed, i.e., as a consequence of meltwater capping 
and represents a residual mixed layer. However, it is shown 
that the bT maximum likely corresponds to the temperature to 
which the mixed layer was heated by mid-July (as opposed to 
the solstice) and marks the depth of the mixed layer at that time. 

The parameters used in the temperature evolution model 
are shown in Figure 8. The model is the same as that used for 
7Be except that there is no radioactive decay term and it uses 
the mixed layer evolution derived from the 7Be distribution 
(compare Figures 5 and 8). The heat input function was de- 
rived from the pattern of summer heat content of the water 
column during AIDJEX in 1975 (Figure 9 [from Maykut and 
McPhee, 1995, Figure 9]). At AIDJEX (Snowbird site), starting 
approximately June 21, the heat content increased at a rate of 
9.64 W m -2 for a period of 28 days (Figure 8, line a). For the 
next 39 days the net heat increase was at a rate of 0.48 W m -2 
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Figure 8. The parameters used in the temperature evolution model plotted as a function of time. The model 
uses the mixed layer evolution derived from the 7Be distribution. 

(Figure 8, line b). Beyond that date, there was a net heat loss 
of -4.4 W m -2 (Figure 8, line c). To achieve the temperature 
profile observed on October 11, 1997, with this model, the 
same relative heat flux for each period was used, but the 
absolute values had to be quadrupled (39, 2, and -18 W m -2, 
respectively). This is consistent with McPhee et al. [1998], who 
suggest that the lead openings in 1997 relative to AIDJEX 
(1975) tripled, and with observations made at SHEBA in Oc- 
tober that indicated extensive summertime melting. These in- 
cluded thinner ice than anticipated (--• 1.2 m as opposed to 3-4 
meters), extensive melt pond (by then frozen) coverage, and 
melt ponds that had melted through to the underlying ocean 
(D. Perovich, personal communication, 1998). This is also con- 
sistent with the high 7Be inventory (relative to flux) of the 
water column measured in October 1997, which requires sub- 
stantial lead opening for the 7Be to enter the upper ocean. 

The model output is shown in Figure 10 comparing the case 
of AIDJEX and SHEBA. It is seen that the &T maximum on 

October 11 corresponds to the temperature to which the mixed 
layer was heated by mid-July and marks the depth of the mixed 
layer at that time. These results are consistent with the con- 
clusion drawn by McPhee et al. [1998] that the mixed layer was 
of the order of 50 m deep early in the summer, was extensively 
heated before shoaling, and by October had given up its avail- 
able heat. By using 7Be, similar conclusions are independently 
drawn. 

4.3. Modeling the Evolution of Mixed Layer Oxygen 
and Implications for Primary Production 

By analogy with the temperature profile the peak in oxygen 
measured in October 1997 is remnant of spring-summer pro- 
duction, while the water above it has subsequently degassed 
during mixed layer deepening. Neglecting for the moment loss 
effects through respiration, the upper 50 or so meters must 
have been at least 0.5 mL L -• or 35 g m -2 above saturation. 
This is of the order of 13 gC m -2 net production but likely 
represents a minimum because (1) if this production com- 
menced in June, then the water column started out below 
saturation as a result of respiration during the dark season, (2) 
02 is lost through gas exchange, and (3) respiration occurred 
subsequent to the summer. The 1998 spring-summer observa- 
tions at SHEBA are consistent with this estimate. Although 
direct comparison may not be possible because the SHEBA 
site had drifted far west from the October 1997 location (Fig- 
ure 2), the June-July net production of oxygen suggested a net 
community primary production of --•17 gC m -2 (B. Sherr, 
personal communication, 1998). 

5. Conclusions 

This paper reports the first measurements of 7Be ever made 
within the Arctic Ocean. The profile from October 1997 was 
used to reconstruct the evolution of the mixed layer over the 
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Figure 9. The pattern of summer heat content of the water column during Arctic Ice Dynamics Joint 
Experiment (AIDJEX) in 1975 [from Maykut and McPhee, 1995]. The heat input for SHEBA (1997) was 
derived by quadrupling the slope of the three lines pictured here. 



KADKO: MODELING THE ARCTIC MIXED LAYER USING 7BE 3377 

(a) delta T (oC) delta T (oC) 
0 0 0 1 0.2 0 0 0.1 0.2 ß 

0 I I I I 

10 7 5 973 8 6 

2o 

• 3O 1 

5 DJEX 1975 
40 

50 •"/ I • I / • I 

0 I I I I I I I I I I 

10 7 5 19 9/13 
7 • 6/ 8 8 

40 /SHEBA 
50 /• • • 

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 

delta T (oC) delta T (oC) 

Figure 10. The model temperature output for (a) AIDJEX and (b) SHEBA. Note the change in temper- 
ature scale. It is seen that the &T maximum on October 11 corresponds to the temperature to which the mixed 
layer was heated by mid-July (as opposed to the solstice) and marks the depth of the mixed layer at that time. 

previous season and confirmed that the reservoir of heat be- 
neath the fall mixed layer was emplaced in the summer, rather 
than input cumulatively over several seasons or advected in 
from distant sources. In addition, a reasonable rate of primary 
production for the spring-summer period was derived using 
this mixed layer history with an oxygen profile from the fall. 

As suggested by McPhee et al. [1998], several times as much 
heat was emplaced at SHEBA than at AIDJEX 20 years ear- 
lier. A likely mechanism for this is substantially greater lead 
opening coupled with the positive feedback loop between in- 
creased open water, increased heat absorption, and further ice 
melting. Note that while the heat observed in October was not 
cumulative (i.e., the heat is reset each winter), a portion of the 
salinity change can be cumulative. Consistent with observa- 
tions of accelerating diminishment of Arctic sea ice [Johannes- 
sen et al., 1995], the change in salinity might be an ongoing 
process that has been occurring over many summers of in- 
creased oceanic heat absorption. 
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