Climatic Fluctuations Due to Deep Ocean Circulation

Abstract. A simple climate model that includes the effect of deep ocean turnover
as a pure time delay exhibits an oscillatory behavior. The deep ocean signal contains
frequencies characteristic of both the forcing function and the deep ocean delay.

Schnitker has reported (/) evidence of
rhythmic fluctuations in the faunal com-
position of deep-sea benthic foraminifera
during the last 24,000 years. He suggest-
ed that fluctuations occur at periods that
are the same order of magnitude as the
turnover time of deep ocean water and
that these fluctuations may therefore be
linked to some internal mechanism in-
volving deep ocean turnover. In this
report we propose a simple climate mod-
el that includes the effect of deep ocean
turnover and explore the possibility of
periodic solutions. Our model solutions
indicate that a strong oscillation in the
temperature of the ocean mixed layer
can occur with a period characteristic of
the deep ocean turnover time and that
the signal may last for several times the
deep ocean turnover time. ‘

We consider a zonally averaged ener-
gy balance model described by the fol-
lowing differential equation:
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The terms on the left side of Eq. 1 are
those usually included in zonally aver-
aged climate models (2). The first term is
the solar radiation absorbed in any lati-
tude band; x is the sine of the latitude,
a(x) is the co-albedo, S(x) is a solar flux
distribution term, and Q is the solar
constant. The second term is the infrared
flux leaving the atmosphere (3); A and B
are taken to be constants, and T(x) is the
zonally averaged surface temperature at
latitude sin~!(x). The third term repre-
sents the divergence of the poleward
energy flux in the form suggested by
Budyko (4); B is a constant, and T is the
hemispherically averaged temperature.
The first term on the right represents the
effect of the heat capacity of any latitude
band; C is generally taken to be the heat
capacity of the mixed layer of the ocean,
and ¢ is time. The final term does not
appear in other zonally averaged, ener-
gy-balance climate models; #" is the
mass flux of ocean water that sinks at
some latitude sin~!(x;), ¢ is its specific
heat, and T(x;) is its temperature. We
assume that this water flows along the
bottom of the ocean, completely insulat-
ed from the mixed-layer water, and up-
wells at some fixed time ¢4 after sinking.
Thus, the temperature of the water reen-
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tering the mixed layer is the same as that
of the mixed layer at latitude sin™'(x;) 74
years ago—that is, T(x,z — t3). Al-
though we realize that the real situation
is much more complex than the one we
are modeling, we emphasize that we
seek here only to examine some of the
effects the deepwater recirculation might
have on climate fluctuations in an inter-
mediate frequency range (periods of 200
to 2000 years). Schnitker has pointed out
(1) that these fluctuations cannot be re-
lated in any obvious way to orbital
changes (10* to 10° years) or sunspot
activity (~ 10 years).

To investigate the nature of transient
solutions of Eq. 1, we first assume that
there is some equilibrium solution T, for
which the sinking and upwelling water
have the same temperature and for
which dTy/dt = 0. We further assume
that the departure from equilibrium,
0 = T — Ty, can be written as the sum of
a hemispherically averaged term 0 and a
departure term A6 whose hemispherical-
ly averaged value is zero: § = § + A@. If
we assume also that the temperature
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Fig. 1. (A) Zonally averaged departure from
equilibrium temperature. Mixed-layer water
sinks at latitude 70° at a rate of 2 x 107 m?
sec”!. The mixed layer is 70 m deep; B = 1.8
W m™2 °C™!, da/dT = 0.0037; da(x,)/dT =
0.013; 74 = 1000 years; 7. = 2000 years. (B)
Same as (A), but with 7. = 500 years.
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distribution adjusts quickly to changes in
8 (dA6/dr=0), Eq. 1 can be averaged
over latitude to yield a hemispherically
averaged energy balance:
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There are two terms in Eq. 2 that
involve albedo feedback. The first term
on the left represents the change in solar
radiation due to global albedo change.
The second term inside the pointed
brackets accounts for the fact that the
albedo feedback at high latitudes where
deep ocean water is usually formed is
larger than the average value. The albe-
do feedback has a more pronounced ef-
fect on the deep ocean feedback.

Owing to the term 9(z — t4), which is
the hemispherically averaged departure
from steady state at some time 4 before
the present, solution of Eq. 2 requires a
knowledge of the temperature history
over a time ¢4 before the solution begins.
To illustrate how this history affects the
solution, we give solutions for two differ-
ent histories. In each case, the ocean
was initially in an equilibrium state and
at some time #. before the present §
decreased linearly until § = 9,. This
might have resulted, for example, from a
glacial surge with subsequent calving of
icebergs into the ocean as discussed by
Ruddiman and Mclntyre (5). We do not
wish to obscure the issue by speculating
about possible causes of a departure
from equilibrium. Our purpose is to pre-
sent a mathematical description of the
nature of the oscillations that can result
from the deep ocean delay.

The two solutions are shown in Fig. 1.
In each case, the solution curve eventu-
ally returns to the steady-state value
8 = 0. The solution curve in Fig. 1A
(. = 2000 years) consists mainly of a
slow approach to steady state with a
superimposed signal that fluctuates with
a period characteristic of the deep ocean
delay (period ~1000 years). The solution
curve in Fig. 1B also contains a fluc-
tuation characteristic of past forcing
(. = 500 years). In general, a solution
curve will contain fluctuations character-
istic of both the period of the forcing
function and the deep ocean delay. An
interesting feature of both cases is that
the approach to equilibrium can be very
much slower than would be predicted if
one thinks of the deep ocean delay as a
kind of time constant. The deep ocean
signal can contain the memory of signals
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that occurred several delay times before
the present.

The oscillatory nature of the solutions
persists for fairly wide ranges of the
various parameters. Changes in 74 and ¢
only affect the frequency of B(s). The
second term inside the pointed brackets
in Eq. 2 is a positive number because the
albedo feedback at high latitudes is larg-
er than the average value. The oscillation
tends to become more and more damped
as this term is made smaller, but the
solution retains its basic oscillatory char-
acter even when this term is set equal to
zero (6).
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Biological Control of the Removal of Abiogenic Particles

from the Surface Ocean

Abstract. Concurrent measurements of particle concentrations in the near-surface
water and of particle fluxes in the deep water of the Sargasso Sea show a close
coupling between the two for biogenic components. The concentrations of suspended
matter appear to follow an annual cycle similar to that of primary production and
deepwater particle flux. Although the concentration of particulate aluminum in the
surface water appears to vary randomly with respect to that cycle, the removal of
aluminum to deep water is intimately linked to the rapid downward transport of

organic matter.

For the past 4 years we have continu-
ously sampled the flux of particles to the
deep Sargasso Sea at a site 45 km south-
east of Bermuda (32°05'N, 64°15'W).
Samples were recovered bimonthly from
a sediment trap moored 3200 m below
the surface and 1000 m above the sea
floor (I). We have observed quite repro-
ducible annual fluctuations in the total
particle flux with a maximum range of a
factor of 7 among sampling periods but
generally less than that within 1 year.
Quite similar fluctuations were observed
in individual major constituents, such as
organic carbon and calcium carbonate.
We soon recognized a similarity between
the timing and extent of these variations
and the seasonal changes in primary pro-
duction in the Sargasso Sea as reported
by Menzel and Ryther 20 years earlier
(2): highs in early spring and lows in late
summer and fall. Not surprisingly, these
seasonal changes affect the flux of such
biologically important elements as calci-
um, because the production of coccoliths
and foraminiferal tests (3) is closely
linked to the cycle of photosynthetic
carbon fixation. We were surprised,
however, to find that the flux of particu-
late aluminum in the deep water also
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undergoes annual variations (4) and is, in
fact, quite closely correlated to the flux
of organic carbon (Fig. 1).

By a combination of scanning electron
microscopy and energy-dispersive Xx-ray
spectrometry, we determined that alumi-
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Fig. 1. Correlation between the fluxes of
organic carbon and mostly abiogenic alumi-
num into a sediment trap at a depth of 3200 m
in the Sargasso Sea. Points represent aver-
ages over 2-month collection periods between
April 1978 and April 1982. Carbon and alumi-
num analyses were made on the < 37-um
fraction (after sieving) of material collected in
the traps.

num in the sediment-trap material is pri-
marily associated with clay particles or
at least with apparently nonbiogenic, sili-
con-containing particles. Similar alumi-
num-containing particles were identified
in the suspended load of the surface
water. Some silicon-aluminum spher-
ules, most likely fly-ash particles (mull-
ite) from industrial coal combustion (5),
were also identified in the sediment-trap
material. Deuser et al. had proposed (4)
that the seasonal cycle of the aluminum
flux and the close correlation of alumi-
num with organic carbon in the sedi-
ment-trap samples might be caused by
biological removal of the clay particles
from the surface water. Deuser et al.
suggested that the subsequent rapid sink-
ing of the particles could be accom-
plished as a result of their association
with fecal pellets or other organic aggre-
gates. It was not known, however, if by
coincidence the input of clay to the sur-
face water might also have an annual
cycle similar to that of primary produc-
tion.

In order to obtain a measure of the
particle input to, and formation in, the
surface water, we subsequently began
periodic sampling of the suspended mat-
ter in the top 200 m of the Sargasso Sea
at a site near the sediment trap while also
continuing the sediment-trap collections.
Details of the sediment trap have been
given in (3, 4, 6). Suspended matter was
collected in 10- and 30-liter Niskin bot-
tles, the contents of which were passed
through Nuclepore filters (0.6-um pore
size) into evacuated carboys immediate-
ly upon arrival on deck. Depending on
the suspended load, 2.5 to 12.5 liters
passed through the filters before they
became clogged. The calcium and alumi-
num concentrations in the material on
the filters and in the < 37-um size frac-
tion of the sediment-trap samples were
determined by instrumental neutron acti-
vation analysis (7). Samples were irradi-
ated at the Rhode Island Nuclear Sci-
ence Center in a neutron flux of 4 x 102
neutron cm™2 sec™!' for 10 minutes and
cooled for 5 minutes before counting on
a Ge(Li) detector. We report here the
results of the first year of concurrent
measurements on suspended matter and
sediment-trap samples.

For a comparison of the continuous
flux measurements with the periodic
concentration measurements we show
on the left side of Fig. 2 juxtaposed plots
of (i) the midpoints of seven 2-month
sediment-trap accumulations, expressed
as daily flux per square meter, and (ii)
average suspended-matter concentra-
tions in the surface water (sampling
depths of 10, 25, 50, and 100 m) on 11
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