about 1."2, the true spectral resolution is around
8 A, consistent with the measured width of the
spectral features. The average line profile, con-
structed from the Fe II lines above 6000 A,
appears unresolved. This implies that the ab-
sorbing clouds have a velocity dispersion of
less than 100 km s~ ! in the rest frame.

The observed BATSE gamma-ray fluence of
GRB 990123 is 5.09 = 0.02 X 10~*erg cm ™2 for
energies above 20 keV (/4). In Table 2 we give
the luminosity distance and the inferred isotropic
energy output in various cosmologies for z =
1.600. A lower limit to the isotropic energy
release in gamma-rays alone is obtained in an
Einstein-de Sitter Universe with (Q,Q,) =
(1,0). For a upper limit to the Hubble constant of
H, < 80 km s~ Mpc™ we find a lower limit of
0.5 times the rest mass of a neutron star (1.4 M
= 2.5 X 10°* erg) or ~2.5 times its binding
energy. For a set of currently observationally
favored cosmological parameters (,(Q,) =
(0.2,0.8) and H, = 65 km s~' Mpc ™" we derive
an energy release in gamma-rays equivalent to
1.8 neutron stars. This is 45 times larger than the
total energy emitted in all wavelengths by the
most luminous Type II supernova, including
neutrino emission (15).

If the GRB 990123 is located at z > 1.6 our
upper limit on z translates into an upper limit on
the energy release of 1.3 X 10°° erg for H, > 50
km s™' Mpc™! and (,Q,) = (0.2, 0.8). More-
over, if the z = 1.6 absorption system is associ-
ated with the main mass component along the
line of sight to GRB 990123, the upper limit on
z leads to a required lensing surface mass density
of a factor of about three to four times that in
normal galaxy lenses. This effectively rules out
the possibility that GRB 990123 was lensed
(multiply imaged) (16) by this mass.

Any of the above numbers indicates a huge
isotropic energy release which is difficult to
reconcile with current physical theories. In the
absence of lensing one resolution of this energy
problem is that the gamma-ray emission from
GRB 990123 was not isotropic. This interpre-
tation is consistent with polarimetric observa-
tions (17) and is supported by the breaks ob-
served in the light curve (5, 8, 12) which sug-
gest that the optical afterglow may have been
beamed.
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A Simple Predictive Model for
the Structure of the Oceanic
Pycnocline

Anand Gnanadesikan

A simple theory for the large-scale oceanic circulation is developed, relating
pycnocline depth, Northern Hemisphere sinking, and low-latitude upwelling to
pycnocline diffusivity and Southern Ocean winds and eddies. The results show
that Southern Ocean processes help maintain the global ocean structure and
that pycnocline diffusion controls low-latitude upwelling.

The main oceanic pycnocline delineates the
boundary between light, low-latitude sur-
face waters and dense, abyssal waters
whose properties are set in the high lati-
tudes (Fig. 1A). The physical properties at
work in the pycnocline and the flows driven
by the pressure gradients associated with
the pycnocline affect the transport of heat,
salt, and nutrients through the ocean. Here
I examine the relative importance of sever-
al key processes in setting the structure of
the pycnocline. These are (i) vertical diffu-
sion within the pycnocline, (ii) upwelling
through the pycnocline in low latitudes,
(iii) the conversion of light to dense water
associated with the formation of North At-
lantic Deep Water, (iv) Southern Ocean
winds, and (v) Southern Ocean eddies. Pre-
vious scaling theories of the pycnocline (/)
have only included the first three processes.

The western Atlantic Ocean contains a bowl
of waters lighter than 1027.5 kg m 3 ~1000 m
deep, with some upward deflection at the equa-
tor (2). A tongue of fresh Antarctic Intermediate
Water (AAIW) penetrates northward from the
Southern Ocean and a tongue of salty North
Atlantic Deep Water (NADW) moves south-
ward. In the conceptual framework I propose
(Fig. 1C), surface cooling in the Northern Hemi-
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sphere (NH) leads to the conversion of light
water to dense water, which flows southward at
a rate 7. Some portion of this flux upwells
within the Southern Ocean, where precipitation
causes it to become lighter. This light water is
then exported to the north at a rate 7. That
portion of the NH sinking flux that is not bal-
anced by upwelling within the Southern Ocean
upwells through the low-latitude pycnocline at a
rate T,. I have ignored deep flows associated
with the Antarctic Bottom Water (AABW), as-
suming that they have little direct effect on the
pycnocline as they are returned at mid-depth (3).
Instead I focus on the effect of Northern and
Southern Hemisphere mode waters on the lower
pycnocline.

These fluxes can be connected to the depth
of the pycnocline, reducing the equations gov-
eming the large-scale oceanic circulation to a
single cubic equation in the pycnocline depth D.
The first step is to derive an expression for 7,
the NH sinking flux. It is common to assume
that this flow is proportional to the density dif-
ference between the light and dense water Ap
(4). Because northward flow of AAIW and the
southward flow of NADW are essentially pres-
sure-driven, there is a level of no motion be-
tween the two flows at which the velocities and
hence the pressure gradients are negligible. The
mass of water above the level of no motion is
thus the same at all latitudes. Because the warm
waters in low latitudes are less dense, they take
up more volume and the surface height is higher
at the equator than in high latitudes. This surface
height difference will cause a pressure differ-
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ence Ap within the water column
Ap )
T AegDlp = g'D (M

where D is the depth of the light water and g’
is the reduced gravity. According to classical
boundary layer theory (5) this pressure dif-
ference will produce a frictional flow near the
eastern or western boundary (4, 6)

a*v 1 ap AV

i T pay UL

m

h

Cg'D
L (2)

— A}’/SBZB vV =

where V' is the north-south velocity within the
boundary layer, L, = (4,/B)" is the width
of the frictional boundary layer L} is the
north-south distance over which the gradient
in layer depth occurs, 3 is the north-south
gradient of the Coriolis parameter, 4, is the
eddy viscosity, and C is a constant that incor-
porates effects of geometry and boundary
layer structure. The volume flux driven by
such a circulation is then
T, Ce'D” VX D XL 3

n BL;} m ( )
The final expression is independent of the
eddy viscosity.

The Southern Hemisphere (SH) is governed
by different dynamics. Between 55°S and 63°S
(Drake Passage latitudes) there is open water all
around the globe above depths of about
2000 m. Here, frictional boundary currents are
absent in the surface ocean. Instead, the princi-
pal flows are a northward mass flux (the Ekman
transport) driven by the winds (7) and a return
flow of light water associated with mesocale
eddies. The net transport to the north is com-
pensated by a deep pressure-driven flow of
dense water along the flanks of submarine ridg-
es (3). Suppose the eddy component can be
represented by the parameterization of Gent and
McWilliams (8), so that the eddy-induced trans-
port velocity goes as vy, = A4, dS/dz, where
S ~ D/L} is the slope of the upper layer in the
north-south direction and 4, is a diffusion co-
efficient. Such a flow will act to reduce the
north-south slope of the upper layer. The me-
ridional mass transport then is given by

T
TS:<*—Ve ><D> X L,
p}(' ddy 2

_<1_A£>XL 4

where T is the wind stress in the Southern
Ocean, f'is the Coriolis parameter, and L_ is
the circumference of the earth in Drake Pas-
sage latitudes.

The difference between 7, and 7, must
upwell through the low-latitude pycnocline.
In order to maintain the pycnocline structure,
the upward advective flux of dense water
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must be balanced by a downward diffusive
flux of heat by means of turbulent mixing.
These fluxes can be related to the depth of the
thermocline (9), D = K A/T, where K_ is the
vertical diffusion coefficient and 4 is the
surface area of the low-latitude box. The
upwelling is the difference between 7, and T

Cg'
T,D=(T,~T)D — KA = ;. D’
oA e TE (5)
L} pf

This equation represents the following two
important balances:

1) If T, = 0, the quadratic and linear terms
are zero and the effect of Southern Ocean pro-
cesses is neglected. Then the low-latitude up-
welling (constant term) balances the NH sink-
ing (cubic term). In this regime, the pyc-
nocline depth goes as (K, /g')'* and the NH
sinking goes as K23g''3. This is the scaling
previously found (7) that has a strong depen-
dence on vertical diffusivity. In this regime, the
magnitude of the NH sinking depends solely on
processes within the NH and pycnocline.

2) When the vertical diffusivity K and
horizontal diffusivity 4, are vanishingly
small, the constant and quadratic terms in Eq.
5 vanish. In this case, all the water that sinks
in the north is supplied from the Southern
Ocean so that there is a tight linkage between
NH sinking (cubic term) and SH Ekman
transport (linear term).

Southern Ocean eddies can substantially al-
ter either scenario. The horizontal eddy ex-
change coefficient 4, has not been directly mea-
sured, although it has been estimated as being

Northern Oceans

between 100 and 3000 m? s~ ' (10). If it is
large, a considerable amount of light water can
be exported to the Southern Ocean within the
near-surface layer. For other parameters held
fixed, larger values of 4, would imply a thinner
pycnocline and weaker NH sinking. If K is
nonvanishing (but small), the low-latitude up-
welling will be correlated with 4,.

For the data used to construct Fig. 1 we
can estimate g’ = 0.0l m s™2, L = L =
1500 km, and a pycnocline depth of 570 m
({1). Giventhat =2 X 10~"' m~'s~ ", L,
= 25,000 km, and 4 = 2.44 X 10'* m?, in
order to generate the observed overturning of
around 17 Sv (12), C = 0.16 (within about
20%). A reasonable value of 4, is 1000 m?
s~ ! (10). The dependence of the pycnocline
depth, NH sinking, and overturning ratio 7,/
T, on SH wind stress and K can then be
calculated from Eq. 5 (Fig. 2).

The observed pycnocline depth can be pro-
duced with low values of Southern Ocean wind
stress and high values of vertical diffusion (0.6
cm? s~ 1). This result agrees with models of the
ocean circulation in simple closed basins. How-
ever, such high values of vertical diffusion do
not agree with observations (/3); values of 0.1
to 0.15 cm? s~ ! seem to be more realistic. Such
high values of K, are also associated with large
amounts of equatorial upwelling, which Togg-
weiler and Samuels (/4) concluded was incon-
sistent with the observed radiocarbon field. The
mismatch between the high values of K seem-
ingly required by the numerical models and low
values observed in the oceanic thermocline is
often colloquially referred to as the “missing
mixing problem” (/5).

The deeper thermocline can be produced
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the pycnocline. Results from a general circulation model are superimposed as x symbols. (A)
Pycnocline depth (in meters). (B) NH sinking T, (in Sverdrups). (C) Overturning ratio T/T,. This
quantity represents the fraction of NH sinking supplied from the south. Negative values mean that
there is net sinking in both NH and SH which is supplied from low-latitude upwelling.
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Fig. 3. Dependence of the (A) pycnocline depth (in meters) and (B) NH sinking and (C) equatorial
upwelling (in Sverdrups) on A, and K. Contours are from solving Eq. 5 with the coefficients as given in
the text given a Southern Ocean wind stress of 0.12 Pa; x symbols are from a general circulation model.

without resorting to high levels of diffusion if
Southern Ocean processes are taken into account
(Fig. 2). As the Southern Ocean wind stress
increases to more realistic values (0.1 to 0.2 Pa)
the pycnocline depth, and thus the NH sinking,
switches over to being primarily dependent on
the SH winds and is relatively insensitive to the
vertical diffusion. The low-latitude upwelling is
very strongly dependent on the vertical diffusion
and weakly dependent on the Southern Ocean
winds. For the parameter values that are thought
to govern the ocean at present (wind stresses of
0.1 to 0.2 Pa, vertical diffusivity of 0.1 to 0.15
cm? s~ 1), the model predicts that most of the NH
sinking is supplied from the Southern Ocean.

The solution is dependent on the parame-
terization of Southern Ocean eddies. As 4,
increases, the pycnocline depth decreases and
the low-latitude upwelling increases (Fig. 3).
When 4, is very large, almost all of the NH
sinking goes into low-latitude upwelling, so
that the overturning ratio is small. When 4, is
small most of the NH sinking does not upwell
in low latitudes, and so the overturning ratio
is large. This highlights the importance of
understanding the dynamical effects of eddies
in the Circumpolar Current.

Results from a general circulation model
(GCM) (16) (symbols in Figs. 2 and 3) show a
strong resemblance to the simple predictive
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model even though the simple model was in-
tentionally not tuned to match the GCM. Both
predict that as the SH winds increase, so do the
depth of the pycnocline, magnitude of the NH
sinking, and the portion of this sinking flux
supplied from the SH (74, /7). The theory does
reasonably well quantitatively. For example, it
explains the rough magnitude of the range in
pycnocline depth versus 4, (~250 m) as well as
the rough magnitude of the change in low-
latitude upwelling versus K, (~20 Sv). It also
predicts the rough magnitude of the increase in
thermocline depth with increases in Southern
Ocean winds (~500 m). Analysis showed that
the value of C that provided the best fit to the
model (0.1) was smaller than that chosen from
the data (0.16). Although the model predicts a
systematically lower NH sinking (and hence
overturning ratio) than the simple theory, the
rough magnitude of the changes in sinking and
overturning ratio with respect to wind stress, 4,
and K are reasonable.
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