Heat Transport by Currents

Across 25°N Latitude in the Atlantic Ocean

Abstract. The heat transported by currents across 25°N in the Atlantic Ocean is
estimated from oceanographic measurements to be 1.1 X 10 watts northward. This
figure agrees, within estimated error, with the value obtained from charts of energy
exchange between ocean and atmosphere but is smaller by a factor of 2 than the
recent value derived from satellite radiation measurements.

Recent studies of satellite radiation
measurements combined with estimates
of atmospheric heat transport have yield-
ed values for oceanic heat transport in
subtropical regions that are approxi-
mately twice as large as those estimated
from charts of energy exchange between
ocean and atmosphere (/). Because stud-
ies of oceanic heat transport based on
oceanographic measurements have ei-
ther avoided regions with western
boundary currents such as the Gulf
Stream or have had great difficulty deter-
mining even the direction of ocean heat
transport across latitudes with western
boundary currents (2), no direct esti-
mates of heat transport by currents have
been made in the subtropical Atlantic
Ocean where indirect methods suggest
oceanic heat transport is largest. To pro-
vide a direct estimate for comparison
with indirect estimates, we compute here
the heat transport by currents across
25°N in the Atlantic Ocean where the re-
quired oceanographic measurements
have been made.

Detailed current and temperature mea-
surements in the Gulf Stream as it flows
through the Florida Straits (3) and a
transoceanic hydrographic section from
the Bahamas to Africa () have been
made. From these measurements and
values of wind stress (5), we estimate the
heat transport by ocean currents across
25°N. To estimate oceanic heat trans-
port, it is necessary first to balance the
mass or volume transport and then to
consider the temperatures of northward-
flowing water and returning southward-
flowing water. The transport multiplied
by the difference in temperature then
yields the heat transport.

Analysis of current and temperature
measurements in the Florida Straits has
shown an annual cycle in volume trans-
port of the Gulf Stream of amplitude
4.1 x 10° m® sec™! about a mean trans-
port of 29.5 X 10 m® sec™! and has sug-
gested a large difference between sum-
mer and winter heat transports (3). The
difference in heat transports, however, is
due to the variability in volume transport
and not to a change in temperature of the
flow (6). In fact, dividing winter heat
transport by winter volume transport
and summer heat transport by summer
volume transport (7) shows that the aver-
age temperature of flow through the
Florida Straits varies only by 0.5°C
about 18.8°C. Hence, we estimate the
average temperature for the northward
flow of 29.5 X 106 m® sec™! through the
Florida Straits to be 18.8°C. For com-
parison with estimates from the trans-
oceanic section, we divide the contribu-
tion of this flow into three parts: (i) a ba-
rotropic (or depth-averaged) geostrophic
flow of 29.4 X 10° m® sec™! at an area-
averaged temperature of 16°C; (i) a
northward wind-driven transport of
0.1 X 10® m® sec™! in the near-surface
layer at an average temperature of
26.4°C; and (iii) a baroclinic heat trans-
port, in which warmer water flows north-
ward relative to the barotropic flow and
colder water flows relatively southward
with no net baroclinic volume transport,
of 0.33 X 10 W northward (Table 1).

Because the Atlantic north of 25°N is
nearly a closed basin with only 1 X 106
m?® sec™! of water entering from the Arc-
tic (8), the northward transport through
the Florida Straits must return south-
ward across the section from the Baha-

mas to Africa. We assume that this re-
turn flow is in geostrophic balance ex-
cept for wind-driven flow in the near-
surface waters. From values of zonal
wind stress 7% (5), the northward wind-
driven transport across this section is
5.0 X 108 m® sec™!. Distributing this
transport in the upper 50 m and calcu-
lating a weighted average of surface and
50-m temperatures, we estimate that this
wind-driven transport occurs at an aver-
age temperature of 26.0°C. Thus, across
the section between the Bahamas and
Africa there must be a southward,
geostrophic transport of 34.5 X 10 m?
sec™', of which 29.4 X 10% m? sec™! bal-
ances the northward geostrophic flow
through the Florida Straits and 5.1 X 108
m?® sec™! balances the wind-driven flow.

To determine the distribution of the
southward return flow and its average
temperature, northward currents are cal-
culated geostrophically for each adjacent
pair of stations in the transoceanic hy-
drographic section at 24.5°N ). The ref-
erence level is chosen so that the verti-
cally averaged baroclinic current is zero
for each pair. Hence the total geostro-
phic northward velocity, v, for each pair
is the sum of a reference level velocity,
vy, Which is constant over depth and a
baroclinic velocity profile, v'(z), with ze-
ro depth-averaged value

v =v'@2) + v

Likewise, the average potential temper-
ature, 6, for each adjacent station pair is
the sum of the depth-averaged potential
temperature, 6,, and a baroclinic poten-
tial temperature profile, 6'(z) with zero
depth-averaged value

6 =20 + 6,
The baroclinic heat transport,
[[dx dz p Cy v'0’

where x is eastward and z is upward dis-
tance, p is the seawater density, and C,
is the specific heat capacity of seawater,
is estimated in a straightforward manner
to be 0.93 x 10 W southward; that is,
the baroclinic flow is such that warmer

Table 1. Northward heat transport by currents across 25°N in the Atlantic Ocean. Positive values denote northward heat transport or northward

volume transport.

Wind-driven Baroclinic Volume transport
Component Barotropic flow 1 heat transport and average
ow
W) temperature
Florida Straits +29.4 x 10°m?® +0.1 X 10°m® +0.33 x 105 +29.5 x 10°m?
sec™!at 16°C sec™!'at 26.4°C sec'at 18.8°C
Sections from the Bahamas to Africa +5.0 X 10°m? -0.93 x 10"
sec™'at 26.0°C 29.5 x 106 m®
Compensating return flow across the section —29.4 X 10°m? =5.1 x 10°m? sec™'at9.7°C
from the Bahamas to Africa sec™!at 5.4°C sec™!at 5.4°C
Heat transport by ocean currents +1.27 X 105 W +0.43 X 105 W —0.60 x 105 +1.10 X 10®° W
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water flows southward relative to the
depth-averaged current while colder wa-
ter flows relatively northward.

Although the distribution of reference
level velocities across the section is un-
known, the vertical and zonal integral of
v, across the section must equal the
southward geostrophic transport of
34.5 x 10 m® sec™!. Since 6, for each
station pair is nearly constant across
most of the section (Fig. 1), we assign its
zonally averaged value of 5.4°C to the
barotropic southward return flow of
34.5 x 10 m?® sec™'. The value of 6, vari-
es significantly from its zonal mean only
in shallow regions along the continental
slopes near the Bahamas and Africa and
over the Mid-Atlantic Ridge. Although
there are no current measurements from
which to determine barotropic currents
in these shallow regions, we used an in-
verse method solution (9) to estimate a
northward transport of 2.1 X 106 m?®
sec™! along the Bahamian continental
slope, direct current measurements at
21.7°N (I0) to estimate a southward
transport of 1.1 X 10 m® sec™! along the
African continental slope, and direct cur-
rent measurements at 27.5°N (/]) to esti-
mate a northward transport of 8.7 x10¢
m?® sec™! over the Mid-Atlantic Ridge. If
we had included these transports and
their average temperatures, the heat
transport by barotropic flow in Table 1
would have increased by 0.09 x 10> W
northward, or less than 7 percent.

The heat transport by currents across
25°N in the Atlantic Ocean then is esti-
mated from the sum of three components
(Table 1). The barotropic heat transport
due t0 29.4 X 10° m?® sec™! of 16°C water
flowing northward through the Florida
Straits and returning southward across
the section from the Bahamas to Africa
at 5.4°C is 1.27 x 10" W northward. We
associate this component with the large-
scale, anticyclonic horizontal circulation
in the North Atlantic. The heat transport
due to wind driving 5.1 X 10 m3 sec™! of
26°C water northward with 5.4°C water
returning southward is 0.43 X 10> W
northward. We associate this component
with the vertical-meridional, wind-driv-
en Ekman circulation. The large-scale
horizontal circulation then transports ap-
proximately three times as much heat
northward as the Ekman circulation. The
baroclinic heat transport due to warmer
water flowing southward relative to the
barotropic current with colder water
flowing relatively northward is 0.60 X
10> W southward. We associate this
component with the vertical-meridional,
geostrophic circulation. The net heat
transport by currents across 25°N in the
Atlantic Ocean then equals the sum of
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the three components which is 1.10 X
10> W northward.

Because we consider this estimate to
be one of yearly averaged oceanic heat
transport, we have used annual averages
of Florida Straits transport and of zonal
wind stress. However, only the single
transoceanic  hydrographic  section,
made during October 1957, is available
for estimating baroclinic heat transport.
The largest error in our estimate of oce-
anic heat transport is due to uncertainty
in using a single section to estimate
yearly averaged baroclinic heat trans-
port. The baroclinic heat transport from
this section of —0.93 x 10> W (Table 1)
can be divided into a contribution due to
zonally averaged baroclinic velocities
and temperatures of —0.64 X 10> W and
an eddy contribution due to deviations of
baroclinic velocities and temperatures
from their zonal averages of —0.29 X
10> W. Because the section is so wide,
traditional error analysis for hydrographic
measurements (/2) suggests that the con-
tribution due to zonally averaged veloci-
ties and temperatures has less than 10
percent error. Because the standard er-
ror of eddy contributions for the 37 sta-
tion pairs is as large as the mean eddy
contribution, the error in eddy contribu-
tion is taken to be =+ 0.29 X 10> W.
Since this is the largest error by far, we
consider the error in our estimate of oce-
anic heat transport across 25°N to be
+0.29 x 10> W.

Two independent, indirect methods
are used for estimating oceanic heat
transport. The traditional indirect meth-
od is to integrate the exchange of energy
between ocean and atmosphere deter-
mined from bulk equations for all regions
poleward of the chosen latitude. The net
energy lost by the ocean then must have
been carried poleward by ocean currents
across the chosen latitude (/3). From the
most modern tables of energy exchange
for the Atlantic (/4), we estimate a net
loss of energy by the ocean to the atmo-

West longitude

sphere north of 25°N of 1.11 X 10" W,
In the second indirect method satellite
radiation measurements are used to esti-
mate combined oceanic and atmospheric
heat transport and then atmospheric heat
transport is subtracted to derive a residu-
al value for oceanic heat transport. The
most recent estimate of oceanic heat
transport for the combined world oceans
at 25°N by this method is 2.5 X 10" W
(1). Using a result from energy exchange
analysis that the Atlantic is responsible
for more than 70 percent of the total oce-
anic heat transport at this latitude (15),
we estimate that this second indirect
method yields a value for oceanic heat
transport across 25°N in the Atlantic of
1.8 X 10" W.

Thus, the direct estimate of heat trans-
port by ocean currents determined here
agrees, within estimated error, with the
indirect estimate based on energy ex-
change between ocean and atmosphere
but is smaller by a factor of almost 2 than
the indirect estimate based on satellite
radiation measurements. The agreement
of the direct estimate with the indirect
estimate based on energy exchange pres-
ents strong evidence that the northward
heat transport by ocean currents across
25°N in the Atlantic is 1.1 + 0.3 x 10
W.

HARRY L. BRYDEN
MinDY M. HALL
Department of Physical Oceanography,
Woods Hole Oceanographic Institution,
Woods Hole, Massachusetts 02543
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Free-Radical Oxidants in Natural Waters

Abstract. Photooxidation of cumene (isopropylbenzene) and pyridine in dilute so-
lution in natural waters gives products characteristic of reactions with alkylperoxy
(ROy) and hydroxyl (HO") radicals. On the basis of the rates of formation of the
products, the average concentrations of ROy and HO- are estimated to be about
10~% and 107" mole per liter, respectively. The concentration of RO, is large enough
that, for some classes of reactive chemicals, oxidation can be an important process

in natural waters.

An amazing variety of synthetic organ-
ic chemicals are found in the waterways
of the United States, many in significant

_concentrations (/). Their fates are
largely unknown, although dilution, bio-
degradation, volatilization, hydrolysis,
and photooxidation processes have all
been implicated in their loss (2). Several
investigators have reported evidence of
free-radical oxidations of chemicals ex-
posed to sunlight (or light of wavelength
above 300 nm) in natural waters but not
in pure water (2). The implication is that
when the natural organics present in
many water bodies undergo photolysis,
they generate free radicals such as al-
kylperoxy (RO,-) or hydroxyl (HO-) and
other oxidants such as singlet oxygen
('O,) (3) and that these oxidants contrib-

ute to the transformation of some syn-
thetic chemicals in water. We have in-
vestigated the importance of free radi-
cals as oxidants for organic chemicals
in a variety of natural waters, using cu-
mene (isopropylbenzene) and pyridine
(C;H;N) to probe quantitively for RO,:
and HO-.

In our laboratory experiments only
one kind of radical was generated in pure
water; we used azo-bis(2-carbometh-
oxypropane) (MAB) as a thermal source
of RO,- ¢) and 103M H,O, in water,
photolyzed -with > 290-nm light, as a
source of HO- (4a). All the significant
oxidation products from each kind of ex-
periment were measured and identified.

Table 1 summarizes the experimental
results and shows that cumene (CuH) at

Table 1. Distribution of oxidation products from CuH oxidized in pure water at 50°C (concentra-

tions are in M X 10-9).

Radical (CuH] [Products]*
0
(source) Side chaint (§) Ringt (R) SR
RO, (MAB)§ 303 9.27 + 0.5 < 0.02 > 500
RO, (MAB)|| 245 7.65 £ 0.4 < 0.01 > 800
RO, (MAB) 23 3.44 + 0.2 < 0.01 > 300
HO- (H,0,)# ~ 220 2.85 = 0.2 6.68 = 0.4 0.43

*Values averaged from three or more analyses; we analyzed the products by using an hplc C,s u-Bondapak
column (4 mm by 30 cm) and gradient elution of an acetonitrile-water mixture from 10 to 100 percent in
acetonitrile in 30 minutes with 2 ml min~* throughput. An ultraviolet detector set at 254 nm was used to
measure products by comparison with peak areas for known mixtures. +Sum of CuOH, CuOOH, and
CsH;COCH;. $Sum of 2- and 4-hydroxyisopropylbenzenes; identity of these products was confirmed by
gas chromatography-mass spectroscopy. §(MAB], = 1.45 X 10~*M; 24-hour experiment. [IMABJ,
= 1.00 X 10~*M; 24-hour experiment. IMAB], = 1.03 x 10~*M; 72 hour experiment. #[H;0.]o
= 1.0 X 1073M; experiments were carried out at 30°C with a xenon light source (6).
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107*M in pure water oxidizes readily in
the presence of RO,- and O, to give only
products from side-chain oxidation: cu-
myl hydroperoxide (CuOOH), cumyl al-
cohol (CuOH), and acetophenone
(C¢H;COCHj;). However, HO- oxidizes
CuH in water to form both side-chain
and ring oxidation products, including 2-
and 4-isopropylphenols in a 30:70 ratio
(5). The following reactions summarize
the radical oxidation of CuH:

RO,- + CuH — RO,H + Cu-
Cu- + Oy — CuO,-
CuO,- + CuH — CuO,H + Cu-
CuO,- + RO, — CuO- + RO + O,
CuO- - C¢H;COCH; + CHjy-

CH3’ + 02 + Cu02' e CH20 +
CuOH + O, (two steps)

HO- + CuH — H,O + Cu-

HO- + O, + CuH — HOC4H ,-i-C;H,
+ HO,- (two steps)

where HOC¢H,-i-C;H; is hydroxyiso-
propylbenzene.

These experiments provide the basis
for interpreting results from experiments
with CuH dissolved in natural waters
and exposed to light. Photolyses of CuH
dissolved in filter-sterilized natural wa-
ters and then exposed to either sunlight
or to a Xxenon lamp (6) gave mixtures of
the same side-chain and ring oxidation
products found in radical-initiated reac-
tions (Table 1). Table 2 summarizes
these results. In all cases except for pure
water, the proportions of side-chain and
ring oxidation products were such that
participation by both RO,- and HO- is re-
quired to account for the results.

The ratio of products from side-chain
and ring oxidation (S/R) evidently does
not vary widely either in the same water
source sampled at different times or in
difference sources; the Aucilla River, a
highly eutrophic river in northern Flor-
ida, showed somewhat greater activity
than Coyote Creek or Boronda Lake and
also exhibits much higher absorptivity in
the solar region. The different relative
proportions of oxidation products of
RO, or HO- found may be due to dif-
ferent secondary reactions as well as
different spectral, photochemical, and
chemical properties of the waters (7).

We measured the products and the S/R
ratio from CuH at several times in one
experiment with photolyzing Aucilla
River water containing 1 X 107*M CuH.
No significant change in S/R was found
over a 144-hour period (measured at 24,
72, and 144 hours); this result indicates
that phenols did not arise from the
photolysis of initially formed CuOOH.
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