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Abstract. The influences of horizontal advection and
horizontal diffusion on the variability of sea surface sal-
inity in stochastically forced systems are investigated.
Basic ideas are developed using a two dimensional box
model and then extended to a more realistic three di-
mensional ocean general circulation model. It is shown
that, in the absence of advection and diffusion, the
ocean response is essentially that predicted by Taylor’s
random walk model. Advection becomes important
when the advective time scale is less than the response
time of the mixed layer to the stochastic forcing. Advec-
tion of parcels from regions of upwelling into regions of
downwelling limits their exposure time to the stochastic
forcing and thus the maximum attainable variance in the
system (variance increases linearly with time). Regions
of upwelling and downwelling may be introduced
through the thermohaline overturning circulation or by
the wind driven Ekman transport, depending on the spe-
cific model configuration. Horizontal diffusion is found
to be important when the diffusive time scale is less than
the mixed layer response time. The primary role of dif-
fusion is to reduce the effective stochastic forcing
through rapid mixing of uncorrelated surface forcing
events. Because sea surface salinity does not have a ne-
gative feedback with the atmosphere, it is more strongly
influenced by weak horizontal processes than sea sur-
face temperature (SST). Accurate knowledge of the sto-
chastic forcing amplitude, decorrelation time, and
length scale and distribution are critical to model the
variance of sea surface salinity. Aspects of the ocean
model which strongly influence the variability of sea
surface salinity include the surface velocity, horizontal
diffusivity, and the mixed layer depth. Implications on
modeling of the ocean and coupled ocean-atmosphere
systems are discussed.

Introduction

It is now generally believed that the oceanic thermohal-
ine circulation is an important component of the global
heat and fresh water budgets. One component of the
global system, the North Atlantic circulation, transports
significant amounts of heat towards the pole and fresh
water towards the equator. It has been demonstrated in
a wide variety of models, i.e., ocean box models (Ma-
rotzke 1990; Huang et al. 1992), ocean general circula-
tion models (Marotzke 1990; Bryan 1986), coupled
ocean-atmosphere box models (Birchfield 1989), and
coupled ocean-atmosphere general cirulation models
(Manabe and Stouffer 1988), that the strength and even
the sense of this basin scale overturning mode may un-
dergo catastrophic change as a result of small variations
in the sea surface salinity or flux of fresh water into the
ocean at high latitudes. There has also been some specu-
lation that this process may have been active in major
climate changes in the past (i.e., the Younger-Dryas pe-
riod, Broecker at al. 1985; Maier-Reimer and Mikolaje-
wicz 1989). In addition, a global ocean general circula-
tion model was found to have a dominant internal mode
characterized by oscillations of the thermohaline circula-
tion (Mikolajewicz and Maier-Reimer 1990) which was
intiated by applying a sufficiently strong stochastic fresh
water flux at the surface. Weaver et al. (1992) found
that the strength of stochastic forcing strongly in-
fluenced the frequency and strength of events which re-
lease large amounts of heat into the atmosphere in a
very short time. These previous studies demonstrate that
the interaction of the general circulation with the sur-
face salinity and fresh water fluxes are clearly impor-
tant, timely, and very complex problems. We need to
further our understanding of what determines the ampli-
tude and distribution of variations in sea surface salinity
and how this variability feeds back on the general ocean
and coupled ocean-atmosphere systems. The present
study addresses the first of these two issues.

The purpose of these calculations is not to simulate
thermohaline catastrophies or determine the existence of
multiple steady states. Because the onset of catastrophic
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change is strongly dependent on the specific model phy-
sics, including model dimensions, surface forcing, mixed
layer physics, subgridscale parameterizations, and mod-
el resolution, we seek a more general understanding of
the mechanisms with control variance in a wide variety
of stochastically forced models. The way in which this
variance may interact with the ocean and coupled ocean-
atmosphere systems to introduce abrupt change is, of
course, a very important problem. However, it is em-
phasized here that in order to effectively study and pre-
dict change which results from stochastic fresh water
flux forcing, one must first understand what controls
the amplitude and distribution of the variability in sur-
face salinity.

The starting point of the following discussion is the
simple system where the surface salinity S is forced by a
local fresh water flux p(?), and S, denotes the partial
derivative of S with respect to #:

S;=p () M

This forcing is intended to represent the net effects of
evaporation, precipitation, and ice melt at the surface.
For statistically stationary forcing p(#), the response is
nonstationary with the variance increasing linearly in
time for time scales long compared to the forcing time
scale (Taylor 1921)

(§'3=2Dt, )

where S’ is the deviation of salinity from the mean, (:)
indicates the ensamble average, and

0

D=1 | R@dr. 3)

The parameter R is the covariance function defined as:
R(@)={p(t+p@). C))

Early climate models have taken advantage of the
separation in time scales between atmospheric forcing
and oceanic response to demonstrate that the essentially
red spectrum of low frequency oceanic variability is a
natural response to a random white noise forcing by the
atmosphere (Hasselmann 1976; Frankignoul and Hassel-
mann 1977). The present study builds on this previous
work by seeking to determine the influences of horizon-
tal advection, horizontal diffusion, and atmospheric
forcing parameters on the amplitude of the sea surface
salinity variability. This is an important next step in the
path toward a general understanding of the variability
of the oceanic thermohaline and coupled ocean-atmo-
sphere general circulations, and in developing the ability
to predict climate change. Knowledge of the critical pa-
rameters which control the amplitude of variability is
necessary in order to effectively monitor, model, and
study the ocean and coupled ocean-atmosphere climate
systems.

The paper is outlined as follows. A two dimensional
model of the thermohaline circulation is used in the sec-
ond section to demonstrate the basic influences of hori-
zontal advection and diffusion on the variability of sea
surface salinity. In the third section these ideas are used
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to interpret the salinity variance in three dimensional
general circulation models and summary and discussion
are presented in the final section.

The meridional plane model

A simple two dimensional box model is used to investi-
gate the basic consequences of horizontal advection and
horizontal diffusion on the variance of sea surface salin-
ity. Although such a model is clearly a very idealized
representation of the actual ocean, it does provide a use-
ful stepping stone between the single point mixed layer
model of Hasselmann and the complex, three dimen-
sional general circulation models used for predicting cli-
mate change. The insight gained from this simple model
will be used in the next section to aid in the interpreta-
tion of more realistic general circulation model results.

The numerical model

The model variables are horizontal velocity, vertical vel-
ocity, temperature, and salinity. The grid scheme is
shown in Fig. 1. Each box is assumed to have uniform
temperature 7 and salinity S. The horizontal velocity is
calculated at the interfaces between density boxes and is
proportional to the horizontal pressure gradient.

u=—cpP, ®

The proportionally constant ¢ is a free parameter. A ba-
rotropic component of velocity is subtracted such that
the depth integrated transport is zero. The vertical vel-
ocity into each grid box is calculated from the continuity
equation

Wy= —Uy. (6)
Q 1 I p(D)
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Fig. 1. Schematic of the box model for grid i. The two layers have
thickness 4, and 4,. There are N= 10 grid points in the horizontal
each with uniform spacing a
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The vertical velocity at the surface and bottom are zero.
The density is calculated from a linear equation of state
as

p=BS—aT, ™)

and the pressure is calculated from the hydrostatic rela-
tion

P.=—gp (®)

where g is the gravitational acceleration.

The temperature and salinity are calculated from ad-
vection/diffusion equations with surface forcing. Heat
flux is parametrized by a relaxation condition propor-
tional to the difference between the temperature of the
surface box (7,) and a prescribed atmospheric tempera-
ture which is a linear function of latitude (7*). The time
scale of the atmospheric feedback is y. The salinity is
forced at the surface through a prescribed flux which
may be a function of time, p(#). The horizontal Lapla-
cian diffusion coefficient is denoted by X.

T+ulA+wl,=KT+(T*-Ty)/y )
S;+uSy+wS,=KS,+p(d (10)

The model has solid walls at the northernmost and
southernmost interfaces. The boundary conditions are
no normal flow for velocity, no flux of temperature and
salinity. This model is similar to that used by Huang et
al. (1992) to study the stability and existence of various
thermohaline modes which may exist with mixed bound-
ary conditions.

The model is designed to approximately represent the
meridional overturning circulation with the northward
transport occurring in a relatively thin upper layer and a
slower return flow of dense water in the thick deeper
layer. It is intended to provide a means to understanding
the basic consequences of horizontal processes on varia-
bility, not to give an actual prediction of the observed
variability of sea surface salinity. It is inexpensive to
run, thus allowing for many calculations and extensive
exploration of parameter space. The model does not in-
clude rotational effects, wind forcing, and mixed layer
physics. Although this makes it less realistic with respect
to the real ocean, it does isolate the most basic conse-
quences of the processes of interest.

Parameter sensitivity

For the experiments discussed here the density is as-
sumed to be proportional to temperature only, f=0 in
Eq. (7). Of course this limits much of the model physics
and, in particular, prohibits the shutdown of deep water
formation. This limitation of the model is justified here
because we are not interested in the onset of the thermo-
haline catastrophe, or the existence of multiple equili-
bria states. The present simplified model allows us to ex-
plore a wider range of model parameters and to isolate
the processes of interest more effectively than can be
done with more complex models. The results found here
are not qualitatively changed for small values of 8, how-
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ever the interpretation is clearer if we consider only the
B =0 cases. The resulting velocity field is essentially con-
stant so that the present analyses are relevant for other
steady forcing mechanisms such as the wind driven Ek-
man transport.

The model is run under mixed boundary conditions
with a restoring condition for temperature and a flux
condition for salinity. The perturbation salinity flux is
applied to the surface randomly in time in a series of
uniform patches with length scale L. The value of the
flux is constant over each patch and uncorrelated be-
tween adjacent patches. The amplitude of the perturba-
tion is held fixed for r time units and then changed to a
new random amplitude between *p. The Taylor diffu-
sion coefficient for a single point exposed to this type of
atmospheric forcing is calculated from Egs. (3) and (4)
as

D=1p%t. (11)

Equation (2) indicates that the variance should in-
crease linearly with D. This relation is tested in the box
model by setting the horizontal advection and diffusion
to zero (c=0, K=0) and varying the amplitude p and
decorrelation time 7 of the forcing. The results are
shown in Fig. 2, where the variance plotted is the aver-
age of the variance in all of the upper layer boxes. The
variance increase very nearly linearly with the Taylor
diffusion coefficient D, as predicted by Eq. (2). Thus, in
the absence of advection and diffusion, the upper ocean
salinity responds to local stochastic forcing as the non-
stationary integrated response to uncorrelated forcing
events. Note that since there is no direct feedback be-
tween salinity and the atmosphere, in the absence of ho-
rizontal processes the salinity variance will grow un-
bounded. We will show that both horizontal advection
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Fig. 2. Variance of sea surface salinity versus the Taylor diffusion
coefficients D. The circles correspond to variations in the forcing
amplitude between 3.7 mm month = and 370 mm month ~! with 7
fixed at 36.5 days and the squares correspond to variations in the
decorrelation time between 36.5 days and 20 years with the forcing
amplitude fixed at 3.7 mm month ~*



154

and horizontal diffusion limit the maximum attainable
variance through two very different mechanisms.

The influences of advection and diffusion, and their
relationship to the scale of the atmospheric forcing, can
be more fully understood if we consider the nondimen-
sional form of the layer 1 salinity equation.

K LE
Si=—uS,—wS,—— V2§ +——r(t
N ) ve'® {12

The length scale of the atmospheric forcing is L, V is the
characteristic horizontal velocity, H is the depth of the
mixed layer, and E is the amplitude of the stochastic
forcing, and r(f) is a random number between £ 1. The
coefficient in front of the stochastic forcing term meas-
ures the relative influence of random forcing compared
to advection. It may be thought of as the advective time
scale over the time scale of the mixed layer response to
the atmospheric forcing. The ratio of the stochastic
forcing term to the diffusive term is a measure of the
relative importance of diffusion and may be interpreted
as the diffusive time scale over the stochastic forcing
time scale. Thus, the relative influences of advection
and diffusion are measured by the time scale ratios 7,
and 74, where

VH KH 13)
Ta=——, Tg=——5.
EL ‘T EL?

Increasing the mixed layer depth, or decreasing the forc-
ing amplitude, decreases the effective forcing in both
advective and diffusive systems. Increasing the velocity
or decreasing the length scale of the atmospheric forcing
increases the importance of advection, while increasing
the diffusion coefficient or decreasing the length scale of
the atmospheric forcing increases the importance of dif-
fusion. Analogous time scale ratios may be calculated
for the variability of SST which are appropriate for time
scales less than the feedback time scale with the atmo-
sphere.

Before moving on to the general advective/diffusive
problem, we first start with two simpler systems by ini-
tially neglecting advection and then neglecting diffusion.
A series of calculations have been done in which ¢=0
and the diffusion coefficient K and the atmospheric
forcing scale L are varied, the results are shown in Fig,.
3a. Small values of 7, indicate that the diffusive time
scale is much larger than the forcing time scale and the
variance is the same as for the single point model
(D=10"" in Fig. 2), independent of diffusion. As 1,
becomes greater than 1 the diffusion becomes important
and the variance is decreased. This may be thought of as
the oceanic response to an atmospheric forcing which is
effectively decreased through rapid horizontal mixing
across the forcing decorrelation scale. For sufficiently
large K the effects of the finite basin size become impor-
tant and variance approaches a steady amplitude which
is independent of-K but dependent on L. In the large K
limit, the effective forcing is reduced by L/NA (because
there are that many uncorrelated forcing events in the
basin) and the ocean response is reduced by (L/NA)?,
compared to the inviscid limit. It is important to note
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Fig. 3.A, B. Variance of sea surface salinity versus A diffusive
time scale 7,; B advective time scale 7,. Symbols x indicates L =1
grid space; A indicates L =2; and O indicates L =35

that this effect is independent of the specific form of the
horizontal mixing.

We now investigate the influence of horizontal advec-
tion in the absence of diffusion by setting KX=0 and
varying ¢ and L, the results are shown in Fig. 3b. For
very small values of 7, the variance is independent of the
forcing scale and the same as the single point model.
The variance remains approximately constant until 7, is
greater than one. At 7,=1 the time it takes to advect a
parcel horizontally across. the scale of the atmospheric
forcing is the same as the time scale of the surface salin-
ity response to stochastic forcing of amplitude E.
Beyond this value, the variance decreases linearly with
increasing 7,. As the horizontal advection speed in-
creases, the parcels are exposed to the atmospheric forc-
ing for shorter amounts of time, i.e., the amount of
time it takes for a parcel to be advected from equator to
pole. The linear decay is simply the result of the linear
relationship between the variance and time in the simple
stochastically forced system (Eq. 2).
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A general circulation model

The results from the previous section related the relative
influences of horizontal advection and diffusion to the
inherent time scales of a very simple two dimensional
system. We are interested in how these basic ideas carry
over into a more realistic application which includes a
three dimensional ocean, wind forcing, convective over-
turning, large-scale mean fresh water flux, variable
depth mixed layer, and a general equation of state.
While the main focus of this study is to expose the basic
consequences of horizontal processes, it is impotant to
demonstrate how the concepts developed with the very
idealized model manifest themselves in the more general
case.

We use the version of the GFDL primitive equation
general circulation model distributed by Pacanowski et
al. (1991 unpublished manuscript), which is based on
the model documented by Cox (1984) and the equations
described by Bryan (1969). The ocean basin is a 67.5°
wide section which extends from the equator to 72°N
and has a 4500 m flat bottom. The horizontal resolution
is 3.75° in longitude and 4° in latitude and there are 15
levels in the vertical with grid spacing increasing from 50
m near the surface to approximately 570 m in the deep
ocean. Statically unstable density profiles are treated by
increasing the vertical diffusion coefficient to 1000 cm?
s !, elsewhere it is constant at 0.5 cm? s ~!. The hori-
zontal coefficients of viscosity and diffusivity are
2.5x10° cm® s ! and 1x 107 cm? s 7!, respectively, and
the vertical coefficient of viscosity is 1.0 em? s~ !. The
model is forced with a zonal wind stress which approxi-
mates the zonally averaged wind stress over the North
Atlantic, Fig. 4. This configuartion is very similar to
several previous general circulation models which have
been used for climate studies (e.g., Bryan 1986; Ma-
rotzke 1990; Weaver et al. 1992) and the resolution is
close to what is commonly used in coupled ocean-atmo-
sphere general circulation models.

The surface heat flux is parameterized by a relaxation
of the temperature in the uppermost grid box to a zonal-
Iy uniform “atmospheric” temperature (7%) which de-
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creases from 27 °C at the equator to 0°C at 72°N follow-
ing the cosine law

T*(y)=27(1+cos(yn/L))/2. (14)

The surface heat flux in the ocean is reasonably parame-
terized as being proportional to the difference between
the ocean sea surface temperature and the atmospheric
temperature. The atmospheric forcing for salinity is
nearly independent of the sea surface salinity, so that a
similar relaxation approach is not appropriate. Howev-
er, the mean evaporation minus precipitation at the
ocean surface (E-P) is not well known and the south-
ward transport of fresh water in the slope region off the
continental United States is not well represented in such
large-scale models. We follow the traditional modeling
approach by initially running the model with a relaxa-
tion condition on the sea surface salinity until the model
arrives at a steady state (10000 years). The form of the
relaxation salinity is

S¥(¥)=33.54+2.5(1 +cos(yn/L))/2, (15)

which gives a maximum salinity at low latitudes and a
minimum at high latitudes. The relative changes in sur-
face temperature and salinity from equator to pole
would indicate that the sea surface salinity is important
to, but does not dominate, the state of the thermohaline
circulation (Weaver et al. 1991). The mean E-P at the
surface (p) is diagnosed from the steady model fields
and specified as a mean flux condition for the perturba-
tion experiments. The model is then run for an addition-
al 2500 years under mixed boundary conditions, relaxa-
tion for temperature and flux for salinity. The model
circulation remains essentially constant for the 2500
years when forced by the relaxation on temperature and
the mean flux condition for salinity with no perturba-
tion added.

Each of the stochastic forcing experiments discussed
in this section undergoes a transition from the initial
spinup state to another, slightly different, steady state
under the flux boundary conditions for salinity. The
strength of the meridional overturning cell increases
from 8.5x10° m® s ™! to 12x10° m® s ! over the first
several hundred years. The upper ocean generally be-
comes fresher and the deep ocean becomes saltier. This
transition also occurs when a fresh water anomaly is ad-
ded to the surface layer at high latitudes upon switching
to flux boundary conditions, even when the forcing re-
mains steady. A similar shift between steady states was
found by Marotzke (1990) and Weaver et al. (1991) un-
der steady forcing. It is concluded that this transition is
characteristic of the model response to mixed boundary
conditions, it is not dependent on the nature of the sto-
chastic forcing, and it will not be discussed further
here.

Parameter sensitivity experiments
A series of stochastically forced experiments have been

carried out starting at year 10000 under mixed boundary
conditions. The fresh water flux at the surfce is specified
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as the mean (p) plus a random perturbation (p). Follow-
ing the two dimensional model, the perturbation flux is
assumed to be uniform over a horizontal length scale L
(now in the zonal and meridional directions) and is un-
correlated at distances greater than L. The anomalous
E-P events persist for a period of 7 time units and then
attain a new, uncorrelated amplitude for the next 7 time
units, We are interested in the variability of sea surface
salinity as a function of the perturbation length scale L,
its amplitude p and time scale 7, and the model horizon-
tal diffusion K.

The central experiment is forced with a random E-P
of amplitude +30 mm month ™! and a decorrelation
time scale of T=4 days. This amplitude is approximately
35% of the RMS E-P over the North Atlantic and repre-
sents a relatively weak, but realistic, input by random
storms, ice melt, and evaporation. Although such ho-
mogeneous forcing is idealized with respect to the actual
forcing, we use it here because it lends itself to analysis
in terms of simple models and is in keeping with the
present process oriented approach. The time scale ratios
discussed in the previous section are now calculated for
the three dimensional model. The advective time scale
ratio 7,= VH/EL = 125 indicates that the advective time
scale is much shorter than the response time to the at-
mospheric forcing, so we expect that horizontal advec-
tion is limiting the amplitude of the variance. The diffu-
sive time scale 7,=KH/EL?=31 for forcing on a one
grid point scale and 7,=0.1 for forcing on the basin
scale. Thus, for small-to intermediate-scale forcing, the
diffusive time scale is also much less than the forcing
scale so we expect that horizontal mixing by the subgrid-
scale diffusion will reduce the effective amplitude of the
stochastic forcing for these cases.

We first want to see if Taylor’s model holds for the
more general ocean model used here or if other proc-
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esses, such as internal variability, are dominant. The
variability of the sea surface salinity as a function of the
Taylor diffusion coefficient D=1 p*t is shown in Fig.
5. The variance has been averaged beiween 4°N and
60°N at —35°W, this longitude was chosen as represent-
ative of the ocean interior, away from boundary in-
fluences. There is a nearly linear relationship between
variance and the diffusion coefficient, similar to that
found for the two dimensional model and in agreement
with the simple single point theory. We note, however,
that the variance predicted by the single point model (in-
dicated by the circle) is approximately 35 times larger
than that found in the general circulation model with the
same stochastic forcing. This is very close to the factor
of 30 predicted by the two dimensional box model for
7,= 125, 1;,=31 in Fig. 3a,b and indicates that horizon-
tal processes are strongly limiting the variability of sea
surface salinity in the three dimensional model.

A direct comparison of these results with observa-
tions is not done here both because of the process
oriented nature of the analysis and the lack of extensive
time series of sea surface salinity. The amplitude of the
salinity anomaly predicted by the GCM with reasonable
atmospheric forcing parameters is approximately 0.05
ppt, in general agreement with the observations in the
subpolar gyre (Taylor and Stephens 1980). Several stud-
ies based on observations (Frankignoul and Reynolds
1982; Herterich and Hasselmann 1987; Bryan and
Stouffer 1991) indicate that, in additon to stochastic
forcing by the atmosphere, horizontal advection may be
important in the balance of SST anomalies. This indi-
cates that the advective time scale is less than the SST
feedback time scale which, in turn, implies that advec-
tion is also important to the variability of sea surface
salinity.

The variance found here is a direct response to the
stochastic forcing, it does not represent the natural in-
ternal variability of the model under steady forcing. To
demonstrate this, stochastic forcing was set to zero well
after the initial adjustments of the thermohaline circula-
tion (500 years). The resulting salinity variance was
more than two orders of magnitude less than that for
the stochastically forced case. We also note that the
thermohaline mode does not undergo any catastrophic
collapse as a result of the stochastic forcing for the pa-
rameter ranges reported here. Other model configura-
tions, however, can result in a shutdown of the over-
turning mode for similar forcing parameters.

Distribution of salinity variance

It was shown in the previous section that surface varia-
bility may be limited by horizontal advection if the hori-
zontal motion carries surface parcels into regions of
downwelling and removes them from the atmospheric
forcing. In the two dimensional model this was achieved
with a very idealized thermohaline overturning cell. It is
now demonstrated that the wind and buoyancy driven
surface velocity serves the same purpose in the three di-
mensional general circulation by carrying surface parcels
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from regions up upwelling near the equator and pole
into a region of downwelling in the subtropical conver-
gence zone.

The response of a Lagrangian parcel exposed to sto-
chastic forcing, in the absence of horizontal mixing
processes, is the same as.the Eulerian response described
by Eq. (2). For horizontally homogeneous forcing in the
inviscid limit one would then expect to find a minimum
in surface variance in regions where the parcels are first
exposed to the atmosphere and a maximum in the region
where parcels have been exposed to the atmospheric
forcing for the longest amount of time. For the zonal
wind stress representative of that over the North Atlan-
tic there are regions of upwelling at high and low lati-
tudes and a region of maximum downwelling in the sub-
tropical convergence zone, near 25 °N.

In order to test this hypothesis, we would like to
compare the development of the salinity variance fol-
lowing a parcel trajectory at the surface with that which
is calculated from the single point model exposed to the
same atmospheric forcing. Since we can not integrate
the model without horizontal diffusion, we approach an
effective inviscid limit by decreasing 7, (increasing the
length scale of the atmospheric forcing L). This will in-
crease the time scale of the relevant horizontal diffusion
process and thus minimize its influence on the variance
following the parcel trajectory. The model was run with
forcing parameters p =30 mm month ™!, 7=4 days, and
L=72°, giving 1,=0.1. The resulting variance of sea
surface salinity is shown in Fig. 6a, calculated over the
final 1500 years of integration. The bold lines indicate
the horizontal trajectories of two parcels introduced at
the surface, one in the subpolar gyre and one in the sub-
tropical gyre, and advected with the mean horizontal
velocity field.

The variance is quite large near 50°N, 55°W where
the fresh subpolar gyre water meets the saline subtropi-
cal gyre water as it separates from the western bound-
ary. Small variations in the position of this merger give
rise to vary large salinity variance. The variance is also
large along the eastern boundary near 40°N. This is
where the deep vertical convective region which charac-
terizes the subpolar gyre and the nonconvective region
which characterizes the subtropical gyre meet the eastern
boundary. The surface salinity adjacent to the solid
boundary switches between a fresh value when convec-
tion is not active, and a saline value when the column
vertically mixes. It is possible that both of these large
variances are related to the weak horizontal advection
processes in each region (see Fig. 6b), however, they are
not representative of the large scale balances and will
not be considered in detail here.

The interior of the basin shows minima in the subtro-
pical and subpolar gyres away from the boundary. The
variance increases toward the middle of the basin near
23°N, and toward the eastern boundary in the subtropi-
cal gyre. Figure 6b shows the mean horizontal velocity
at the uppermost level in the model. The western bound-
ary current and wind forced Ekman transports domi-
nant the velocity field. The wind driven transport is to
the south in the subpolar gyre and to the north in the

157

Latitude

o~
o
|

Latitude
\

'\-\\\\\\\\\\\
AN AR N RN

N
o
1

B \////////' AT
A T O N N T N T

—80 —-60 —40 -20
Longitude

Fig. 6. A Variance of sea surface salinity in the general circulation
model (ppt?) over the final 1500 years of integration; B mean sur-
face velocity field (the contour level has been limited to .0025 for
clarity). Bold line indicates surface parcel trajectories with circles
placed at four year increments

subtropical gyre. The subtropical convergence zone is
clear near 23°N. There is also an eastward component
which results from the geostrophic balance with the
meridional temperature gradient, forcing a convergence
in the eastern portion of the subtropical gyre. A general
trend of increasing variance with increasing exposure
time is indicated by the parcel trajectories.

The Lagrangian interpretation is quantified by com-
paring the model variance interpolated along each of the
parcel trajectories with that which is calculated from the
simple single point model given by Egs. (2) and (3) over
the same time period. The ocean general circulation
model is forced by a net fresh water flux at the surface.
The influence of this fresh water flux on the salinity
over the depth of the mixed layer is calculated as
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Where S is the surface salinity and A is the local mixed
layer depth. Equations (2) is integrated along the parcel
trajectory using this effective forcing p. Although the
maximum attainable amplitude of the fresh water flux E
is uniform in time, the effective forcing p, and thus the
resulting Taylor diffusion coefficient, may be variable
because the mixed layer depth H can vary with position
(and hence time following the parcel). At high latitudes
the mixed layer depth is deep and the effective forcing is
reduced while at mid and low latitudes the mixed layer
depth is shallow and the effective forcing is increased.
The variance interpolated from the model grid fol-
lowing the parcel trajectory is indicated in Fig. 7a by the
solid lines and the single point model integration is indi-
cated by the dashed lines. There are several interesting
results which are summarized in this figure. First, and
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Fig. 7. A Variance following two Lagrangian paths, solid lines in-
dicate variance in the general circulation model, dashed lines indi-
cate variance calculated from Taylor’s random walk model fol-
lowing each parcel; B mixed layer depth versus latitude following
the Lagrangian parcels
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most importantly, the Lagrangian application of the
random walk model gives a good approximation to both
the structure and amplitude of the variance found in the
three dimensional model. The minima at high and low
latitudes and the sharp front located at the latitude of
the subtropical convergence zone are all reproduced.
Away from the boundary regions, the surface variance
increases nearly linearly with the time that the parcels
are exposed to surface forcing. The two dimensional
pattern seen in Fig. 6a is simply a reflection of the two
dimensional nature of the surface velocity field. The
variance in the subpolar gyre is nearly constant, as re-
flected by the slow growth following the subpolar gyre
parcel between 60°N and 40°N. Although the parcel
spends approximately 33% of its time at the surface
north of 40°N, less than 10% of the total increase in
variance is experienced in this region. This is explained
if we consider the mixed layer depth following the parcel
trajectories in Fig. 7b. The nearly uniform variability at
high latitudes is a result of the reduction in effective
forcing where the mixed layer is deep, i.e., the fresh wa-
ter input is mixed over a larger amount of the water co-
lumn so the net influence on salinity is reduced. The La-
grangian single point model predicts this nearly uniform
variance at high latitudes fairly well. Once the parcel is
south of 40°N, the mixed layer rapidly shallows to 50 m
and the variance begins to increase. The strong front in-
dicated at the latitude of the subtropical convergence
zone results from the parcels in this region being ex-
posed to the stochastic frocing for the longest amount of
time. The general increase toward the east along the sub-
tropical convergence zone is a result of the eastward
component of the surface velocity (balanced by the
large-scale meridional density gradient) prolonging the
exposure time at the surface.

Summary and discussion

The results presented in the two previous sections give a
consistent interpretation of the influences of advection
and diffusion on the variability of sea surface salinity.
Two models were used, a two dimensional box model
and a three dimensional ocean circulation model. The
model configurations were simplified to the extent nec-
essary to illustrate the processes of interest, while still
retaining relevance both to the real ocean and to a varie-
ty-of models used to study climate systems. The primary
influence of horizontal advection is to remove parcels
from the atmospheric forcing by carrying them from re-
gions of upwelling into regions of downwelling. These
regions may result as a consequence of the thermohaline
circulation or the wind driven Ekman transport, de-
pending on the model configuration. Horizontal diffu-
sion limits the variability by reducing the effective forc-
ing through rapid mixing of uncorrelated surface forc-
ing events. The relative influences of advection and dif-
fusion are measured by nondimensional numbers 1, and
74, which are the ratios of the response time of the sto-
chastically forced upper mixed layer to the advective
and diffusive time scales, respectively. In the limit of
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small 7, and 7, the variance of sea surface salinity is ac-
curately represented by the random walk model of Tay-
lor (Taylor 1921). Even with large 7, and 7,4, the random
walk model is still valid with the appropriately reduced
effective forcing period or amplitude.

The implications of these results are that the variance
of sea surface salinity is very sensitive to the atmospher-
ic forcing parameters and ocean circulation physics. Un-
fortunately, the flux of fresh water is one of the least
well-known quantities in the ocean. The validity of the
random walk model indicates that the variance is pro-
portional to the square of the amplitude of the fresh wa-
ter flux so that, as expected, this is a very important
quantity in determining the upper ocean variability.
However, the length scale of the forcing events may also
be quite important, particularly when diffusion is strong
enough to effectively mix surface forcing events (7,>1).
If strong fresh water flux events take place along small
scale atmospheric fronts, because t,~L ~2, then even
relatively weak horizontal mixing may strongly limit the
resulting variance. The variance also increases linearly
with the decorrelation time of the forcing events. If rain
storm events take place on time scales of O (days), then
models which would otherwise permit time steps longer
than this may be constrained by this time scale. Howev-
er, the present results suggest that one may obtain the
same effective forcing with an increase in the decorrela-
tion time, if there is a corresponding decrease in the am-
plitude of the forcing, such that the Taylor diffusion
coefficient remains constant. The ocean model physics
are also important in determining the amplitude and
pattern of salinity variability, especially critical compo-
nents include the surface velocity, model diffusivity, and
mixed layer depth.

In the advective inviscid limit, the variance of sea sur-
face salinity is essentially the integrated response to the
local atmospheric forcing following the parcel trajecto-
ry. The effective forcing may be a function of position
either through a variable depth mixed layer, as in the
present study, or through non-homogeneous stochastic
forcing. This implies that the distribution of salinity var-
iance is determined both by the local forcing and by the
time history of the forcing which the Lagrangian parcels
have experienced upstream. Near surface currents are
strongly influenced by the Ekman drift, so that both
large-scale wind forcing and the geostrophic flow are
important to the pattern of salinity variability. In the
present general circulation model forced with winds rep-
resentitive of the North Atlantic, the salinity variance is
a minimum at high and low latitudes, where parcels are
upwelled to the surface, and a maximum in the subtropi-
cal convergence zone, where parcels have been exposed
to the atmosphere for the longest amount of time before
being removed from the surface layer. The variance at
high latitudes is further minimized by a deep mixed layer
depth, which reduces the effective amplitude of the sto-
chastic forcing. The time required for a parcel to be ad-
vected from either high latitudes or low latitudes into
the STCZ is O (10 years), so that the surface variance in
long model integrations can not grow beyond that which
can accumulate over this time scale.
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There are interesting similarities and differences be-
tween the role of horizontal processes in the variability
of sea surface salinity (SSS) and SST. For time scales
less than the feedback time scale with the atmosphere,
randomly forced SST will be influenced in the same way
as randomly forced SSS and time scale ratios analogous
to those presented here may be calculated. However, un-
like SST, SSS variance will grow unbounded in the ab-
sence of non-local processes because there is no negative
feedback with the atmosphere. Thus, even weak hori-
zontal processes, which may not be important for SST
variability, are very important for SSS because they pro-
vide a mechanism which limits the variability on long
time scales.
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