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An analytical model has been developed to describe the nature of the winter ocean/sea ice
interaction in the southern ocean, to determine the principal processes responsible for maintaining
stability in this marginally stable region, and to predict the response to changes in the external forcing
and initial conditions. The model accurately describes the sparse winter observations and the general
temporal evolution of the ice, mixed layer depth, and salinity for the period following the elimination
of the seasonal pycnocline by rapid fall ice growth. A scale analysis and sensitivity study reveal the
system parameter dependence. This indicates that the magnitude of entrainment is proporticnal to
F il (hgVS), where F_ is the external salt flux; kg, the depth of the winter mixed layer; and VS, the
salinity gradient through the pycnocline. Thermodynamic ice growth reflects predominantly the
competition between the oceanic diffusive heat gain across the base of the mixed layer and the loss to
the atmosphere through the ice and leads. A strong thermal gradient across the pycnocline leads to a
significant diffusive flux which balances most of the heat lost to the atmosphere. This limits the amount
of ice growth possible and plays the principal role in maintaining the system stability, since the ice
growth is required for destabilization through haline rejection during the growth process. The system
is also sensitive to the large ratio of heat to salt in the pycnocline. This introduces a negative feedback
where increasing ice growth induces entrainment by the associated salt flux, which in turn drives an
entrainment heat flux which compensates for heat lost to the atmosphere. This moderates the ability
to grow ice and drive further entrainment. The absolute strength of the salinity gradient, on the other
hand, dictates the effectiveness which a same magnitude external salt flux will have in driving
entrainment. The effectiveness with which changes in these parameters (as well as several other
external parameters) can influence the southern ocean stability is explicitly evaluated through the

sensitivity study and analysis.

1. INTRODUCTION

The marginal stability of the southern ocean water column
leads to a seemingly precarious air/seafice balance. Each

year a seasonal sea ice cover develops over the marginally

stable ocean surface layer. Haline rejection associated with
the ice growth process further weakens the stability. Too
much ice growth can destabilize the water column, inducing
deep convection. The heat flux associated with such convec-
tion is sufficient to eliminate completely the sea ice cover
while the salt flux conditions the water column for deep
convection the following year, possibly by cooling alone.
Presumably, the presence of the Weddell Polynya in
19731976 [Zwally and Gleersen, 1977] was the surface
manifestation of localized deep convection as suggested by
observations [Gordon, 1978, 1982 4] and related modeling
studies [Killworth, 1979; Martinson et al., 1981; Motoi et al.,
1987]. Therefore the growth of ice can lead to its own
destruction.

The lack of a winter sea ice cover leads to enhanced
ocean/atmosphere exchanges, polar climate moderation, and
deepwater ventilation. With a tenfold to twentyfold increase
in air/sea heat exchange given ice free conditions, a polynya
the size of the Weddell Polynya (~10% of the Weddell-
Enderby gyre) could feasibly ventilate an entire gyre while
producing open ocean deep water. Indeed, deep water
produced by the Weddell Polynya with characteristics pre-
dicted by modeling [Martinson et al., 1981] was observed by
Gordon [19824]. As the polynya suggests, substantial

Copyright 1990 by the American Geophysical Union.

Paper number 90JC00566.
0148-0227/90/90JC-00566$05.00

changes in ice cover and deepwater formation/ventilation
can result from relatively small changes in climate because
of the delicate balance between the ice growth and the weak
ocean stability. Consequently, it is important to understand
the regional air/sea/ice interactions so they may be ade-
quately parameterized for inclusion into large-scale climate
models.

This paper examines the nature of the winter open ocean/
sea ice interaction through the development and analysis of
an analytical model. The analytical system allows explicit
identification of the relative roles of the dominant processes,
external forcing, and initial conditions in controlling the
response and maintenance of the southern ocean balance. In
addition to providing the system parameter dependence and
estimates of the various fluxes, this model provides answers
to the following related questions: (1) How stable is the
present configuration, and why does it not overturn each
year? (2) What magnitude and direction of change in the
forcing or initial conditions can induce deep convection? (3)
What is the probable system response to likely long-term
climatic changes? (4) What are the diagnostic relationships
between the system variables? A companion paper by Gor-
don and Huber [this issue] provides estimates of the average
seasonal and annual fluxes based upon a descriptive analy-
S18.

2. REGIONAL SETTING AND WINTER OBSERVATIONS

The model developed here is applicable directly or with
slight modification (to accommodate subtle differences in
pycnocline shape) to regions with negligible lateral property

- gradients. This inchides most open ocean regions away from
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Region of model focus including (1) the approximate location of September 1986 ice limit; (2) the cold and

warm water regimes (separated by a long light-dashed line indicating the typical position of the front); (3) the area
surveyed by Winter Weddell Sea Project, 1986 (stippled region); and (4) locations within the surveyed region from
which cold and warm regime characteristics were obtained and for which the model results are representative. In the
surveyed region the area encompassed by heavy-dashed lines contained cold regime water, and the area between
light-dashed lines further south contained warm regime water (the region between these two areas is subject to
topographic influences of Maud Rise, so the model is not directly applicable). A large polynya in 1973-1976 occurred
in the vicinity of Maud Rise and into the cold regime to the west.

the infrequeni fronts, topographic features (e.g., Maud
Rise), and western boundaries. The present discussion is
limited to the eastern Weddell Sea area (Figure 1) from
which the only winter oceanographic data exist. This area is
also the least stable in the southern ocean [Martinson et al.,
1981].

Winter observations were collected over a 2-month period
in 1986 during the Winter Weddell Sea Project (WWSP-86)
[Schrack-Schiel, 1987]. These data are supplemented by late
winter/early spring data from the 1981 Weddell Polynya
Expedition (WEPOLEX) [Gordon, 1982b] and passive mi-
crowave satellite data. The WWSP-86 and WEPOLEX data
represent overlapping spatial surveys providing initial con-
ditions and some indication of specific parameter values
[e.g., Wadhams et al., 1987, Gordon and Huber, this issue;
Huber et al., 1989]. The temporal evolution at any one
particular location, however, is only qualitatively indicated
by comparing observations from inbound and outbound
survey tracks where they cross similar environments (e.g.,
streamlines) at different times of the season and by merging
the WEPOLEX and WWSP-86 data at similar locations. This
latter method is of limited reliability given potentially large
interannual variations.

Oceanographically, the region is characterized by a cold
and a warm water regime (Figure 1) (see Gordon and Huber
[1984, this issuc] and Bagriantsev et al. [1989] for a complete
discussion of the regional seiting and typical vertical prop-
erty distributions). Lateral property gradients are essentially
negligible within the regimes except in the vicinity of the
front separating them and near Maud Rise where topo-
graphic influences are significant [Gordon and Huber, this
issue]. Since the front and Maud Rise lie within the study
area, only those stations lying within the bands indicated in
Figure 1 satisfy the reqguirement of negligible lateral property
gradients and are used in this study. This includes station
numbers 6-12, 124-142, and 152-155 in the cold regime and
64—67 and 81-82 in the warm regime (see Huber et al. [1989]
for profiles).

Key features of the typical 1986 winter property profiles

include a deep-surface mixed layer, 100-150 m deep, under-
lain by a pycnocline ~20 m thick and a nearly hemogeneous
deep water (Weddell Deep Water (WDW)} to the bottom,
~4.5 km deep. WDW temperatures below the pycnocline are
~1°C in the warm regime and =0.4°C in the cold regime. In
both regimes this represents a strong source of heat isolated
from the surface by a very thin and weak pycnocline; the
Brunt-Vaisala frequency across the pycnocline is typical of
values in the deep ocean elsewhere [Gordon, 1981].

Mean mixed layer thickness shows an increase of 1 m after
2 months of winter, but this is buried within a 16-m rms
scatter. Comparison of individual stations from the inbound
and outbound cruise tracks along suspected streamlines
suggests a possible 1-10 m deepening, though this is derived
from only a few station comparisons, so it too is question-
able. The reoccupation of a single station in late winter over
Maud Rise shows a mixed layer salinity increase of ~0.1%e
after ~4.5 months. How representative this increase is of
regions not subject to lateral property fluxes is unknown.
Sea ice undergoes rapid initial growth, ~30 cm within the
first few days, followed by slow to no thermodynamic
growth throughout the remainder of winter [Wadhams et al.,
1987]. Wadhams et al. [1987] find a weak temporal (and
spatial) correlation, suggesting a winter ice growth rate of
~(.4 cm d ! after the initial rapid growth, though the scatter
in the data (distributed along the entire cruise track) is large.
The ice thickness observed in late October during WE-
POLEX was ~75 cm thick [Ackley er al., 1982]. Ignoring
interannual differences and the possibility of early melting
influencing the WEPOLEX value, this suggests a thermody-
namic ice growth of only ~25 ¢cm over winter, following the
initial rapid growth. Lead area was consistently ~35%
throughout winter 1986 [Wadhams et al., 1987] and spring
1981 [Ackley et al., 1982].

3. MobDEL

The present model, one-dimensional in the vertical, in-
volves two key assumptions. (1) Consistent with WWSP-86
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Fig. 2. Schematic showing dominant modeled processes. Heat
is lost by conduction through the ice/snow and directly through
leads. Wind mixing maintains a well-mixed surface layer which
expands by free convection; ice growth introduces a salt flux. Heat
and salt are diffusively fluxed across the thin pycnocline. Freshwa-
ter input (snow) enters through leads (a negligible amount). The
mixed layer stays at the freezing point.

and WEPOLEX observations [Gordon and Huber, 1984, this
issue] and numerical modeling results, the Tole of wind-
driven stirring during winter is limited to maintaining the
established deep mixed layer depth, not increasing it. That
is, stirring by the wind plays no direct role in entrainment
(mixed layer deepening). It only serves to keep properties
uniformly mixed throughout the mixed layer by mixing
downward positive buoyancy introduced at the surface and
mixing upward properties fluxed across the base. The basal
fluxes, if not mixed upward, would decrease the mixed layer
thickness and smooth the sharp interface observed at the
base. In this respect, wind stirting plays an important role in
the vertical flux process. However, given its nature, this role
is implicitly included by simply maintaining a well-mixed
surface layer throughout winter. Entrainment is driven
solely by free convection induced by salt rejection during ice
growth. (2} Mixed layer heat storage can be ignored since it
influences system behavior over relatively short time scales
only. This is consistent with observations [Gerdon and
Huber, 1984, this issue] and numerical modeling [Lemke,
1987].

The above assumptions lead to the following conservation
equations for temperature (T), salinity (S), and depth (&) of
the mixed layer and ice thickness (%;), over the winter period
(see Figure 2 for a schematic of modeled processes and the
notation list):
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where ¢ is time; T, is the freezing point (—1.88°C, assumed to
be constant with respect to a reference salinity; this con-
straint is evaluated later); w, is the entrainment velocity;
AT, A8=T and§  jumps across the mixed layer base;
VI,V§ =T and § gradients through the permanent
pycnocline (depth increases negative, so negative gradients
reflect increasing T and § with depth); k; and kg are the
turbulent diffusivity coefficients for Tand S in the permanent
pycnocline; F,, is the freshwater flux; A is the fraction ice
cover; o; is the factor converting ice growth rate to fresh-
water flux (= 30%. for 5% sea ice salinity); p; is the ice
density (900 kg m™3); L, is the latent heat of fusion (2.5 X
10° Tke™Yy; P, 18 the reference water density (10° kg m3);
¢, is the heat capacity of water (4.18 x 10° T kg ™' °C™'); F,,
is the air/sea heat flux through leads; F; is the air/sea heat
flux through ice/snow cover; and w is the upwelling rate.

The system is closed by defining w,, w, A,S, and AT,
Entrainment is given by

dh, dp

L Vp

o o )

We
where /s, is the mixed laver depth due to entrainment
deepening, ignoring upwelling, and Vpis the density gradient
through the pycnocline. Density is assumed to be a linear
function of T and § (nonlinearities are considered in a later
section); thus Vg = aVT + BVS, where « is the thermal
expansion coefficient (—0.023 x 107* kgm ™ °C~1) and Bis
the haline contraction coefficient (0.79 % 107> kg m > %o "),

Observations show a linear relationship between T and 5
through the pycnocline, so VI = rp VS and Vp = (arys +
B)VS. In the mixed layer, aT/3: = 0 so dp/dt = B 85/3r and
(5) can be rewritten as

(6)

where w¥ = ah%/or = (95/30)/VS is the haline entrainment
rate; /% is the mixed layer depth attributed to w%; and g* =
Bilarys + B) is the thermal enhancement factor. If T was
constant through the pycnocline, then VI = 0, ryy = 0, and
B* = 1, so w, = w’. Instead, T increases with depth, so
rrs > 0, 8% > 1, and w, > w?, reflecting the destabilizing
influence of increasing temperature.

The temperature jump across the mixed layer base is
A,T = T|,-4, — Ty (Figure 3a), where T{,_, = VI(h, — hg)
+ T¢ and ky is the initial mixed layer depth. Therefore the
entrainment heat flux is

W, = Brw}

w AT = wVT(h, — hy) W)

For salinity, A,§ = §|,., — § and S|, = VS(h, — hg) +
8¢, where S, is the initial mixed layer salinity. Taking
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Fig. 3. Schematic across the pycnocline which shows how the
thermal AT) and salt (AS) jumps develep with increasing entrain-
ment. Note that 3h%/dt = (35/30/VS, so Ak} = ASIVS.

advantage of w®, AR® = b% — hy = AS/VS, s0 5 = VSARL +
Sy (see Figure 35) and the entrainment salt flux is

WA S =wVSh, —h} ®

Note that if VT = 0, then w, = wh, ki, = %, and w,A S = 0.
Finally, for upwelling

w = —V - ¥y = specified )]

where Vg is the horizontal ocean velocity vector. Two cases
are considered for the treatment of upwelling: (1) assume
w = 0, and (2) assume the opposite exireme: w = —w,. With
w = (0 the absolute depth of the mixed layer is controlled by
entrainment alone, so A = h,. With w = —w,, upwelling

balances entrainment so there is no net increase in absolute-

mixed layer depth, and # = hy. In a steady system, w =
—w,/2; afull year of upwelling is balanced by ~6 months of
winter entrainment. The two limiting cases bracket this
steady balance but also allow consideration of a nonsteady
balance expected during climatic transitions or reflecting
natural interannual variations. The amount of actual mixed
layer deepening will ie somewhere between no deepening
and an amount equal to the entrainment. Any imbalance
from w = —w,/2 reflects the degree of nonstationarity which
influences interannual cycles.

Salinity conservation is now rewritten by substituting (3),
(7), and (8) into (2) and defining the relationship between kg
and ky. Muench er al. [1990] conclude that double diffusion
is important in the western Weddell Sea, and Fosrer and
Carmack [1976] consider it feasible in the castern Weddell
Sea. Its influence on the fluxes is considered here by
following Turner [1973], so ky = rakg and ry; = 3.3 for double
diffusion; r; = 1 otherwise. Then

iA)
b=y = weVSLhe — hY ~ y(h, — h)] T ksVS(1 = yrz)

entrainment diffusion

+ Fp ¥ AFSm  (10)

fresh ice

where ¥ = Aoryspc,/p:L; is a flux efficiency factor, Fy, =

(ai/p L) Fy is the salt flux driven by ice growth, and
Fum = [(1 — AYF,, + AF;].

Equation (10) shows the relative influence of each of the
various processes affecting salinity, which are discussed
specifically below.

Entrainment flux. The entrainment flux term reflects the
competition between the entrainment salt flux [w,VS(h, —

k®)} and the freshwater flux (ice melt) driven by the entrain-
ment heat flux [w,VSy(h, — hg)l. Since ¥ > 1 and |(/r, — hy)|
> |(h, — H7%)|, the ice melt denominates this term, and the net
effect of entrainment is a decrease in salinity. Note that the
heat flux need not actually melt ice, Instead, it drives an
“effective”” freshwater flux by compensating for some of the
heat lost to the atmosphere, thus reducing ice growth and the
associated salt rejection.

Diffusive flux. Diffusive flux is similar to the entrainment
flux. This term reflects the competition between the diffusive
salt flux and the corresponding freshwater flux (ice melt)
driven by the diffusive heat flux. Here ~y is modified by r,,
reflecting the efficiency of the turbulent heat diffusion relative
to that of salt.

Freshwater flux. Freshwater flux represents freshwater
(or salt) input by processes unrelated to ice growth/melt
(predominantly snow input through the leads). The role of
sea ice divergence on the freshwater balance does not enter
through this term but instead is implicit in the initial condi-
tions as discussed later.

Ice growth. Ice growth represents the salt flux associ-
ated with ice growth driven by heat loss through leads (F,)
and icefsnow (F}).

Equation (10) is simplified by substituting (6) into (10) and
rearranging to give

a8 -
—=% 1i
TMe at A ( )

where 7, is an effective mixed layer depth subsuming the
inflzence of entrainment and dependent upon the treatment
of upwelling; and ¥ is the external forcing, expressed as a
salt flux (%o m s™!). Specifically,

e =Ahe = v*ho (12)

where A=(2 ~ B* + ¥ v =(B*y —n);n=0forw =10
(h="h,),and n = 1forw = —w, (h = hy); and

Fg = kVS(1 — rgy) + Fyo + AF . (13)

F¢ is assumed to be steady over winter as a convenience,
not as a restriction (a point discussed later).

The magnitude of 7, reflects an effective increase in mixed
layer thickness due to entrainment. This is revealed by
rewriting (12), forn=0,as 9, = A, — B*[Ak {1l — v) — Ah%]
which shows that true depth (in this case, %,) is inflated by a
term representing the net decrease in salinity due to entrain-
ment. This salinity decrease is introduced by making the
effective depth deeper than the true depth so the external salt
flux is weakened by diluting it over a larger depth range. A
similar argument applies for n = 1.

Equations (6) and (11} allow solutions for Ak, w,, and
AS:

Aho=p'"? = (u + 00)"? (14)
— 15
YT o t e (15)
vs
A5 =L !~ (u + 00"] (16)

where p = hi(r, — 1), r, = y*A, and 6 = 28*F5/AVS.
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Equation (3), describing ice thickness, can be rewritten as

ok;
E= amgS-FFH (17)
where
1
Fg= T (yraksVS — AF§in (18)
; 4
and
yB* 12
8, = 1- - (19)
Ao (w + 00

The parameter &,, converts the external forcing (¥g) into an

equivalent melt rate because of its driving an entrainment

heat flux; Fgy is the net outcome between the oceanic

diffusive heat gain and the heat loss to the atmosphere.
Equation (17) is solved fo yield

¥

Y8 Y
Ahy= Fst + — p 298w — (p + 00V + Fye
Ao Ao

Q0

The above system describes the winter evolution, which is
representative of conditions after the fall erosion of the
seasonal pycnocline by cooling and initial ice growth. The
magnitude of fall ice growth (h}’) must be sufficient to
eliminate, by salt rejection, the salt deficit built up by
freshwater input during ice free months and stored in the
seasonal pycnocline. Therefore

1 ) tw
h? 2 — f S(z) dz + f (ksVS + Fp,) dt 1)
h 0

a; "

where hy is the depth to the top of the permanent pycnocline
(which is the winter initial mixed layer depth); §' = S(z = Ay)
— 3(z2), where S(z) is the early fall salinity profile; and ¢,, is
the time required to remove the seasonal pycnocline.

The first integral in (21) represents ihe total (seasonal) salt
deficit; the second is a correction term accounting for salt
diffusion and freshwater input that modify the salt deficit.
For typical values the correction term compensates ~6—10
cm of ice growth. The fall growth can quickly achieve
substantial thickness since the heat content of the seasonal
pycnocline is relatively small and the large lead area initially
allows a substantial heat loss to the atmosphere. Total
{thermodynamic) ice thickness is given by k; = Ak, + k).
Note that neither (20) nor (21) considers the role of increas-
ing ice thickness via ice dynamics as suggested by Wadhams
et al. {1987] or the influence of ice flooding due to a low
freeboard [Ackley et al., 1990}.

4, RESULTS AND MODEL SCALING

General Results

Model parameters are defined from observations as best as
possible and listed in Table 1. The unknown vertical diffu-
sivity coefficient was adjusted (coarsely) within its likely
range of 0.1-1.0 X 107% m? s~! to provide model results
consistent with the observed trends; no other adjustments were

considered. Therefore the model results (Figure 4} are general, |
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TABLE 1. Parameter Values and Model Constants Used to
Generate Plots in Figures 4-7
Cold Water Warm Water
Parameter Regime Regime
hp. m -120 —100
VS, %om™! -0.0173 —0.0100
VT,°Cm™! —0.0936 —0.0990
Frss °C %! 5.41 9.90
B* 1.19 1.40
Fu,ms™! 1.86 x 10°¢ 3.42 x 1078
Fpe» %oms™! 0 0
Fom, Wm™? -30 —35
Fg, Boms™! ~0.88 x 107° —1.17 x 1076
Constant Value

A 0.95

oy %0 30

Py, KE m™3 10°

cpe T kg™l oCT! 4.18 x 10°

pr, kgm™3 900

L, Tkg™! 2.5 x 107

kg, m?s™! 0.2 x 107%

kp, m? s} 0.66 x 1074

ra 3.3

Ty, °C -1.88

o, kg m 3 °C™! —-0.023 x 1073

B ksm™ %! 0.79 x 1073

Parameters are estimated from the WWSP-86 data set (stations
indicated in text).

indicating the nature of the system response and providing a
reference against which to gauge the sensitivity of the system
to changes in the model parameters. Results are given for the
warm and cold regimes and for the two assumptions regarding
the treatment of upwelling. Since upwelling is limited to a
compressional influence only, it does not contribute a flux, and
its treatment alters the winter evolution by =10%. The model
restlts are summarized below.

Winter entrainment (Figure 4a) increases linearly with
time in the cold regime but shows a strong flattening in the
warm regime. The flattening reflects the entrainment heat
flux which stabilizes by freshening the surface layer. In this
Tespect, entrainment serves as a negative feedback: the deeper
the entrainment, the larger the heat flux and the more stabili-
zation inhibiting further entrainment. A zeroth-order expansion
of (15) shows that w, is proportional to ¢/ (h,VS), reflecting
the destabilizing influence of the buoyancy loss (« Fg/hy)
relative to the stabilizing potential of the pycnocline («< ¥5). In
the warm regime a strong buoyancy loss and weak pycnocline
lead to deep entrainment while the large ratio of heat to salt in
the pycnocline (ryg) fuels a strong entrainment heat flux and
negative feedback. The weaker buoyancy loss, stronger pycn-
ocline, and smaller r lead to a negligible feedback in the cold
regime.

Salinity (Figure 4b) changes in proportion to entrainment
since AS = (V8/B*)Ah,. The large warm regime entrainment
is offset by a small V.5/8*, whereas the opposite is true in the
cold regime. Consequently, both regimes show similar AS(z).
Note that the role of upwelling is most clearly revealed by
salinity. The neglect of upwelling (w = 0) leads to a maxi-
mum mixed layer depth and thus a minimal change in S since
a same magnitude forcing is diluted by a larger volume of
water. The opposite is true for w = —w,.

In both regimes, winter ice growth (Figure 4¢) decreases
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Fig. 4. Net amount of (a) entrainment (Ah,), (b) salinity in-
crease (AS), and (c) ice growth (Ak;) as a function of time. Results
are given using parameters {Table 1) representative of the warm and
cold regimes (indicated) and for four different model formulations.
The light solid line indicates the case where upwelling is assumed to
balance entraifiment, so the net mixed fayer thickness does not
change. The heavy solid line is for the case in which upwelling is
ignored, so the mixed layer depth increases directly with entrain-
ment. The squares represent the simple model scalings (see text) at
1-month intervals, and the circles represeni the modified scalings
which include the negative feedback effect. Solid symbols represent
the cold regime; open symbols represent the warm regime.

with time because of the negative feedback, The feedback is
stronger in the warm regime where entrainment is deeper
and the associated heat flux is larger (larger ryg).

Scale Analysis

The solutions for entrainment, salinity, and ice thickness
are approximated here in terms of simple combinations of
the external variables to clearly reveal the system parameter
dependence.

The negative feedback is a consequence of entrainment.

MARTINSON: SOUTHERN OCEAN WINTER MIXED LAYER AND SEA ICE

Ignoring entrainment provides an estimate of the direct
response of the system exclusive of any feedback. For this,
h = hy = h,, and from (11), a8/0t = Fg/h, where the true
proportionality constant is approximated (to within ~5% in
the cold regime and ~13% in the warm regime) by §*. Then,

e~ B0 ——— 2)
¢ hoVS
SO
Ak 2 ¥ 23)
e~ B hUVS (
Fs
AS =~ B* —¢ (24)
g

For ice the feedback is ignored by setting &, = 0 1in (17), so

Ahy = Fyt (25)

Since B*F5/VS = F,/Vp, where ¥, is the external density
flux, the direct response of entrainment is consistent with the
zeroth-order expansion of w, given previously: A#k, is pro-
portional to the net surface buoyancy loss (= &, /h,) relative
to the stabilizing potential of the pycnocline (Vp). Salinity is
then direcily related to entrainment by (6). The direct
response of ice thickness reflects the competition between
the heat lost to the atmosphere and that gained by diffusion
across the mixed layer base.

The approximations given by (23)-(25) are shown in
Figure 4 at monthly intervals. In the cold regime, where the
negative feedback is minor, these approximations are good
to =7% for Ah, and AS and to =17% for Ah;. In the warm
regime, where the negative feedback is stronger, (23)-(25)
are inadequate; ignoring the feedback leads to an overesti-
mate of winter ice growth by nearly 60% and of entrainment
by 40%. Consequently, in the warm regime the feedback
plays a dominant roie.

The entrainment heat flux drives the negative feedback by
effectively melting ice which works against the external salt
flux F¢. This suggests a modification of F by a feedback
Funr of a form g (I — Fup). Since the feedback is
proportional to entrainment, dimensional arguments suggest

gst r —A——];e P )
Furxl — | = 26
NF h(—]lVS h(} (

where Ah, = Fgt/(hyVS) is proportional to the direct
response of entrainment.

Experimentation reveals that p = 5 and that the constant of
proportionality is approximately unity. This leads to a mod-
ified form of the simple scalings (23)-(25) which now in-
cludes the influence of the negative feedback as

Ak, = B¥2ARJ1 — (Ahuthg)'?) (27)
AS = VSB*AR[L — (Ahyhy) ¥ (28)
Ahy = [Fy — B(Ahuho) ]t (29)

Approximations (27)—(29) are presented at monthly inter-
vals in Figure 4. They are consistently good to =15% for all
variables in both regimes and over a wide range of parameter
values. The magnitude of (A%, /Ry (= Fyg) relative to 1
reveals the relative importance of the negative feedback to
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Fig. 5. Summary of system parameter dependence, including (1) model scalings showing dominant time dependent

behavior of entrainment {A#,), salinity (AS), and ice thickness (A#;) as a function of the external variables; (2)
sensitivities to changes in kg (depth of the winter mixed layer), ryg (essentially the ratio of heat to salt across the

pycnocline), VS (pycnocline strength), Fiy, (atmospheric

heat loss), and F, (fresh water input); and (3) diagnostic

relationships between the system variables. Equations given here for the sensitivities and diagnostic relationships are

approximations based upon the simple scalings.

entrainment and salinity while the magnitude of B*Fyz
relative to Fy reveals its importance to ice growth.,

5. MODEL SENSITIVITIES AND ANALYSIS

This section presents (1) system sensitivities to the exter-
nal parameters (the system forcing and irnitial conditions), (2)
an analysis of the sensitivities, and (3) the relationships
between system variables for diagnostic purposes. Figure 5
summarizes the sensitivities with respect to the external
parameters (fy, rzg, VS, Fam, and F,,) and the diagnostic
relationships.

Deep Convection

Open ocean deepwater formation and ventilation, as well
as associated polynya formation, are a consequence of deep
convection. This requires enough entrainment to erode
completely the permanent pycnocline. The physics control-
ling the magnitude of entrainment and its sensitivities to
changes in the external parameters are given by (27); its
derivatives are given in Figures 5 and 6. In general, changes
which tend to destabilize the system (increase entrainment)

increase the likelihood of deep convection. Destabilization is
driven by (1) decreasing pycnocline depth (Jk|), (2) decreas-
ing VI/VS(rrg), (3) decreasing pycnocline strength (= |V.S]),
and (4) increasing heat loss to the atmosphere ([Fy,[). In
particular, the following entrainment variations are observed.

Entrainment varies inversely with Ay (Figure 6a) and is
proportional to Ahg/hy (Figure 5) making the system increas-
ingly sensitive with shallower %y. The moderating influence
of the negative feedback increases inversely with h& (the
negative feedback is proportional to [(A%,) 2 Vhd? = [(Fst!
VS)*2)/hi). Therefore decreasing |hg| (recall that depth
increases negatively) leads to stronger initial entrainment,
but the stronger negative feedback tends to dampen the
entrainment more significantly with time. The opposite is
true for increasing ).

Entrainment varies inversely with ryg (Figure 6b; fixed
VS). Changes in ryg lead to competing effects: (1) Increasing
rrg represents more heat relative to salt in the pycnocline,
enhancing the entrainment heat flux. This effectively melts
more ice, stabilizing the system (through a smaller %) and
Tlimiting further entrainment (the negative feedback influ-
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2 months, etc. The vertical bars mark the location of the current values of Ag, rys, V5, and F,,y, for the cold and warm

regimes.

ence). (2) Conversely, increasing ryg weakens the pycno-
cline because of the destabilizing influence of increasing
iemperature with depth (larger $*), so entrainment is en-
hanced. For an increase in rpg, %y stabilizes ~5 times
greater than B* destabilizes, so the net outcome is stabiliza-
tion. The opposite is true for a decrease in ryzg.

Entrainment varies inversely with pycnocline strength
(IVp| = (args + B) |VS}; Figure 6¢). As with rpg, changes in
VS| lead to competing effects: (1) Decreasing [VS] increases
rzs which stabilizes as described above. (2) Conversely,
decreasing |VS| weakens the pycnocline directly, enhancing
the weakening attributed to increased £* and destabilizing
the system. The outcome of this competition is given by the
ratio of the stabilizing, —kgyrqB**t/hy, to the destabilizing,
(ksVS + F,, + AFg)B*2tihoVS, potential. This ratio has a
magnitude which decreases with decreasing |VS|, indicating
net destabilization. An increase in |VS| stabilizes.

Entrainment varies directly with |Fy| (Figure 6d). Foy
(and F,,) influences Fg, and the ratio of Fs to heVS
dominates the magnitude of entrainment. Since both /¢ and
VS are smaller in the warm regime, this regime is most
sensitive to changes in Fy, and Fp,.

Sea Ice

Sea ice thickness varies directly with |&y| (Figure 7a)
through the negative feedback term alone (see (25) and Figure

5). The feedback, reflecting the entrainment heat flux which
hampers ice growth, increases inversely with hi, as discussed
above. Therefore ice thickness is increasingly sensitive to
shallowing A,. Decreasing |hg| increases the feedback and
decreases the growth rate, The opposite occurs for increasing
|l

Ice thickness varies inversely with ryg (Figure 75; fixed
VS). Increasing ryy hinders ice growth by increasing the
ocean diffusive heat flux and the effectiveness of the negative
feedback. The latter effect reduces entrainment, but does so
by increasing the entrainment heat flux which effectively
melts ice, stabilizing the system while reducing the ice
growth rate. For a large enough ryg, enirainment can pro-
ceed given a net ice melt. Note that the diffusive and
entrainment heat fluxes may balance the heat loss to the
atmosphere, so Ak; = 0. However, ongoing entrainment will
alter this balance with time so that it cannot be maintained
(i.e., all 5 months do not cross A#; = 0 at the same value of
rrg in Figure 7b). Decreasing rrs promotes ice growth.

Ice thickness varies directly with |V.S| (Figure 7¢) through
the negative feedback term alone (see (29) and Figure 5; A
does appear in the direct forcing term Fy in (29) but is
canceled by ryg in 7). Entrainment increases inversely with
|VS| so that decreasing |V$| increases the entrainment and
associated heat flux, inhibiting ice growth. The opposite is
true for an increase in |VS|.
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Ice thickness varies directly with |Fu| (Figure 74). In-
creasing |F,,| leads to enhanced ice growth while simulta-
neously increasing entrainment which inhibits ice growth.
The net effect is enhanced ice growth. For decreasing |F |
the entrainment heat flux begins to dominate when |F,. | =
pckyVT (i.e., the ocean diffusive heat gain is comparable to
the heat loss), after which net melting occurs.

Ice thickness varies inversely with |F | (Figure 5) through
the negative feedback alone. Increased freshwater input
stabilizes the system, decreasing entrainment and enhancing
ice growth. The opposite occurs for decreased |F,|.

Freshwater Balance and Double Diffusion

Because VT = V§, heat fluxes driving ice melt are linked to
salt fluxes driving salinity changes. Only the freshwater
input F,, alters salinity without a directly corresponding
heat flux. Consequently, the covariation of ice growth and
salinity change imposes a constraint on the freshwater
balance not apparent in the salinity balance alone.

The relationship between salinity and ice growth/decay is
seen by rearranging (3) and combining it with (2), (6), (7), and
(8) to give

a5 1 ah;
1];;5:/10',- == | ;-FkSVS(l*FE{}'FFpe
Y

1
+—— Famm
PwlplTs
where ¥ = h + h, + B%hy. ITry = 1 (kS = ky), the diffusive
term drops out. Then, using the observed salinity increase,

(30)
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Similar to Figure 6. Here the sensitivity of the change in winter ice growth is shown.

after 137 days of using ~0.1%¢ as a gui'e a.d assuming a 30
W m 7 average heat loss in the cold water regime and an ice
growth of 25 cm over ~35 months,

*AS 1 Ah;
Fpe*né‘A—t—A(Ii ;—1 E‘;‘

1
e Fam =~ 8.0% 107 %om s~
PwCplrs

31

Alternatively, if double diffision is active, ry = 3.3 [Turner,
1973] and

AS 1 Ah;
Fpezn?E_Aa-i ;“] K;mkSVS(lfrd)

1 9
Fam~83% 10" %% ms™!
Pwlplrs

(32)

Equations (31) and (32) reveal the impact of the various
components on the freshwater balance. Double diffusion
represents a significant reduction (~2 orders of magnitude)
in the freshwater requirements. As k¢ grows larger, (31) does
not change, but the freshwater requirement in the double
diffusive case, (32), grows smaller and changes sign (salt
input).

Observations suggest that F,, ~ O(10 P G om s,
reflecting 10~30 cm of winter snowfall entering through ~3%
leads [Wadhams er al., 1987]. Neglecting this small F,,
allows the freshwater balance (32) to be written in terms of
ice growth:
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Maintaining the observed 0.1%. salinity increase requires
~24 ¢m of ice growth over 5 months for the double-diffusive
case or ~31 cm of ice melt over 5 months without double
diffusion. Since it is unlikely that ice underwent net melting
over the winter period, the double-diffusive case was used
for the results of Figure 4. However, the present observa-
tions are not adequate to resolve whether or not double
diffusion is active, though (31} and (32} will provide restric-
tive constraints given better time series data (we observed
few step structures in the conductivity, temperature, and
depth (CTD) profiles during WWSP-86 [Huber et al., 1989]
consistent with double diffusion).

Note that sea ice divergence plays a dominant role in the
annual freshwater balance but does not explicitly enter the
winter balance. The net effect of ice divergence is to remove
ice from its formation area. When the ice melts, less fresh-
water is returned to the water column than was originally
extracted during the ice growth (unless additional ice then
enters the area and melts). This imbalance results in a net
salt (or freshwater) flux into the water column. However,
this flux is not introduced until the spring melt period when
the freshwater is put back into the water column. Conse-
quently, ice divergence does not influence the winter balance
directly. Instead, the salt flux serves to alter the upper ocean
property and stability characteristics which in turn influence
the initial conditions for the following winter. In this respect,
ice divergence plays an indirect, but major, role in the winter
balance considered here. Similarly, any annual imbalances
between, say, upwelling and entrainment or year-to-year
accumulations in a property must drive the system toward
increased stability or destabilization by changing the winter
initial conditions.

Diagnostic Relationships

Figure 8 presents the expected change in each system
variable given observed or predicted changes in the other
system variables. These changes are well approximated (to
better than 20%) using the simple scalings of (23)~25),
whose functional forms are presented in Figures 5 and 8.

Entrainment is proportional to the buoyancy loss, which is
proportional to the salinity increases (Ah, = Ap/Vp =
B*AS/VS). Therefore entrainment increases directly with
salinity, with the actual magnitude of A&, being dependent
upon the pycnocline strength Vp (Figure 8a). The relation-
ship between ice growth and entrainment is complicated.
For example, an increase in heat loss, |Fyuml. leads to
increased |Ah,| and Ah; (Figures 64 and 7d), while a
decrease in Ay leads to increased |AR,| but decreased Ah;
(Figures 6a and 7a4). In general, however, the salt flux
associated with ice growth increases salinity (Figure 8¢)
which destabilizes the mixed layer (more entrainment; Fig-
ure 8%). The larger the entrainment heat flux though, the less
destabilizing the ice growth is; hence the steeper cold regime
slopes are seen in Figures 85 and 8c.
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Fig. 8. The sensitivity showing the change in each system

variable relative to a change in the other system variables predicted
by the simple model scalings (see Figure 5): (@) change in entrain-
ment given a change in salinity, (b) change in ice growth given a
change in entrainment, and (¢) change in ice growth given a change
in salinity. Approximate functional forms of these sensitivities are
presented 1n the figures.

Enhanced Negative Feedback
and Deep Convection

The negative feedback driven by the entrainment heat flux
may become enhanced because of the differential evolution
of the halocline relative to the thermocline as the mixed layer
expands by entrainment {Figure 9). Specifically, as entrain-
ment erodes the pycnocline, a thermal jump (A7) develops,
and vertical diffusion, acting to remove this jump, tends to
steepen the thermocline (VT). The slow diffusive time scale
(H glkT = 2 months) suggesis that the thermal gradient
cannot adjust as quickly as the thermal jump develops, so
|¥7] grows slowly, and the jump is likely to survive to some
extent. Salinity undergoes a similar evolution, but given the
smaller AS and the potentially longer diffusive time scale, the
increase in |VS$| can be ignored. As |V7| (and thus rrg)
increases slowly with time, the associated entrainment heat
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Fig. 9. Schematic representation of the upper water column as
it evolves under a sea ice cover. To achieve deep convection, the
heat contained within the pycnocline (the ‘‘thermal barrier’) must
be vented during entrainment to the mixed layer where it will
compensate for some atmospheric heat loss, reducing the amount of
ice growth and thus reducing the associated salt flux. The amount of
salt that must be input (predominantly by ice growth) to destabilize
the mixed layer and force deep convection is indicated by the “‘salt
deficit.”” The shape of the halocline is essentially unchanged with
entrainment. The thermocline, on the other hand, will show a
change in slope (or shape} since the mixed layer is forced to stay
near the freezing point and the temperature at the base of the
pycnocline is presumably fixed by the large-scale dynamics. Ideally,
the thermocline would develop as indicated by the “'new thermo-
cline”” given an entrainment to depth h.. However, the diffusive
relaxation time is slow relative to the entrainment rate, so the
thermocline will not likely have enough time to adjust to the new
slope. Consequently, some form of a thermal jump may be expected
to develop with increasing entrainment. This will drive an enhanced
flux which will draw additional heat from the thermal barrier.

flux increases, and the negative feedback is enhanced.
Therefore the flattening of the slopes of Ah,, AS, and Ah;
with time (Figure 4) may become more pronounced and may
begin sconer.

The ability of this enhanced feedback to prevent deep
convection is limited since its influence is more clearly
related to the rate at which heat is provided to the mixed
layer, rather than the net amount of heat. Consider the two
sources of ocean heat: (1) heat associated with the thermo-
cline (p,, c, J ,f‘; VT dz), representing a *‘thermal barrier” (see
Figure 9) that must be vented before deep convection can
occur; and (2) heat associated with the WDW below the
pycnocline which is vented by diffusion across the pycno-
cline. The existence of the thermal jump will likely increase
the diffusive flux across the mixed layer base relative to the
flux below the jump (across the pycnocline) which increases
slowly with |V7]. This divergence results in the extraction of
heat from the thermal barrier, therefore increasing the rate at
which this heat is vented but not increasing the net amount
of heat available. The enhanced entrainment heat flux also
vents the thermal barrier. This influences the time scales of
deep convection but does not prevent convection when the
forcing is sufficient to overcome the thermal barrier. Only
the additional diffusive heat associated with the slowly
increasing |V7] increases the net amount of heat reaching the
mixed layer from the deep water and makes deep convection
more difficult to attain.
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Sensitivity to Treatment
of Ty, p. Fupm, and A

Fichefet and Gaspar [1988] indicate that the variation of
the freezing point temperature (T;) with salinity is important
in the Arctic. This does not appear to be as important in the
Antarctic. Consider a linear dependence of the form Ty = mS5
[see Fofonoff and Millard, 1984}, so that (1) becomes

oT 08
—=m— 34
or ot
Since m < 0, the depression of Ty with increasing §
releases heat energy from the water, introducing a heat flux
(py cph (T4 31)) which is unaccounted for using constant T
and which must be added to the ice conservation equation
(3). This heat flux drives a salt flux (m*h (38/98); m* =
Ao mp c,/p;L;) which is added to (10) and which modifies
the effective depth %, in (11) and (12) by redefining A = (2 —
B* + v* — m®) and v* = B*y — n + nm®*.
The influence of 7,5} is now evaluated by rewriting (12)
as

n,=AAR, + (2 — B* —mMhy (35)
As can be seen from (35), m* modifies #, and for the case of
w = 0 (n = 0) it also affects the negative feedback by
modifying Ak,. Conceptually, m* acts to increase (larger
negative) the effective mixed layer depth. This dilutes the
external salt flux (%) over a larger depth, which decreases
the salinity increase and hence the entrainment. For m =
—0.054 [Foforoff and Millard, 1984], m* = —0.03, and its
constant modification to ky is =5% while its modification to
A#, is a fraction of 1%.

Foster {1972 a] suggests that enhanced convection via
cabbeling due to the nonlinear nature of p(T, .5, p) plays an
important role in the southern ocean. Indeed, as previously
discussed, it is possible that jumps in T and § will form
across the base of the mixed layer since the entrainment rate
appears to be faster than the diffusive relaxation rate. These
jumps increase the likelihood of cabbeling which, along with
penetrative convection and the double-diffusive instability,
also ignored, leads to deeper entrainment and stronger
negative feedback. Note that since entrainment mixes a
small fraction of underlying water into the large volume of
mixed layer water, the cabbeling instability is unlikely to
influence significantly the results of Figure 4.

The treatment of F,,,, as a constant is a convenience. A
time-varying F,,, and % g are easily accommodated since the
conservation equations are separable. In such a case the
solutions in {14) and (16) change by replacing 8r with 8* [}
Fg dt, where 68* = 2B*/AVS; (20) becomes algebraically
tedious. These changes introduce more curvature into the
solutions of Figure 4, reflecting the integrated time history of
Fs.

Finally, the fraction of ice cover (A) is also treated as a
constant. Because the heat flux is 10-20 times stronger
through leads than through the ice/snow cover, lead area
dominates F,,. Changes in F,,, reflecting changes in A can
be handled as described above for time-varying F,,, . Recall,
however, that the winter balance begins after the initial fail
ice growth, so A has achieved its nearly constant observed
value of 3%, and variations in F,,, predominantly reflect
changes in the atmosphere and only small percent changes in
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lead size. In v, A appears as a straight factor, so small
changes in A introduce comparably small changes in v, and
its treatment as a constant in vy is insignificant.

6. DISCUSSION AND SUMMARY

The analytic model developed here allows an evaluation of
the response of the winter southern ocean/sea ice system to
changes in the external forcing (heat and salt fluxes) and
initial conditions (temperature and salinity gradients across
the pycnocline and depth of the pycnocline). The model
analyses and sensitivity study reveal the system parameter
dependence and provide a clear indication of the nature,
trends, and relative magnitudes of change in the system
response given changes in the system parameters (summa-
rized in Figures 5-8). The model scalings (Figure 5) provide
useful means for approximating the full system interactions.

Model simulations capture the general observed features
of the sea ice evolution [Wadhams et al., 1987] and the
winter upper-ocean evolution [Huber et al., 1989; Gordon
and Huber, this issue]. Comparison to the descriptivé anal-
ysis results of Gordon and Huber [this issve] is excellent.
Their Figure 12 shows average winter ocean heat fluxes in
the cold regime (corresponding to the stations used in this
study between ~60° and 63°S) of 25 = 4.8 W m 2 versus ~27
W m 2 determined here and 33 = 2.3 W m~? in the warm
regime (between 67° and 68°S) versus ~32 W m  in this
study. Note that their figure also shows higher heat flux
values to the north and south of the warm regime belt,
reflecting the enhanced vertical fluxes related to the topo-
graphic influences of Maud Rise and the shelf [Gordon and
Huber, this issue].

Key findings and implications of this study include the
following points.

1. In general, stability is maintained throughout winter
by oceanic diffusive and entrainment heat fluxes. The diffu-
sive flux is large (~26 W m ™2}, reflecting the strong thermal
gradient through the thin pycnocline, This prevents signifi-
cant ice growth which would otherwise destabilize the water
column by haline rejection. The average entrainment heat
flux (1-5 W m ~?) serves as a negative feedback by contrib-
uting an increasingly larger flux with increasing buoyancy
loss and entrainment. This feedback moderates the ice
growth which further stabilizes the system. Consequentiy,
as the season progresses, the mixed layer salinity increase,
the mixed layer deepening due to entrainment, and the ice
growth show decreasing rates, reflecting the increasing net
oceanic heat flux.

2. Critical system parameters include (1) the uppermost
depth of the permanent pycnocline (which is the winter
mixed layer depth), (2) the ratio of heat to salt through the
pycnocling, (3) the strength of the pycnocline (proportional
to the halocline strength), and (4) the magnitude of the
external forcing (hcat loss to the atmosphere and freshwater
input). System destabilization is driven by (1) decreasing the
pycnocline depth, so a same magnitude external forcing is
concentrated in a smaller volume, leading to a larger buoy-
ancy loss; (2) decreasing the ratio of heat to salt in the
pyvcnocline which reduces the stabilizing heat flux relative to
the destabilizing salt flux; (3) decreasing the pycnocline
strength which directly destabilizes; and (4) increasing the
heat loss to the atmosphere which leads to increased ice
growth with its associated salt rejection. Opposite changes
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.drive the system toward stability. The negative feedback

always acts to stabilize the system. Typically, over a 5-
month period it decreases the magnitude of entrainment by
~10% in the cold regime and ~40% in the warm regime, and
it decreases the magnitude of ice growth by ~15% in the cold
regime and ~60% in the warm regime. Destabilizing the
system leads to an increase in the relative strength of the
negative feedback since more entrainment leads to a larger
entrainment heat flux driving this feedback. The explicit
nature of the system dependence on these parameters is
approximated in Figure 5.

For the parameter values wsed in this study, the warm
regime (in the southern portion of the study region) shows,
relative to the cold water regime, (1) a shallower pycnocline,
(2) a larger ratio of heat to salt through the pycnocline, (3) a
weaker pycnocline, and (4) a stronger heat loss to the
atmosphere. Most of these differences lead to more destabi-
lization in the warm regime relative to the cold regime,
though the larger ratio of heat to salt moderates this desta-
bilization and increases the influence of the negative feed-
back there.

3. The ability of the system to erode completely the
pycnocline and overturn is ultimately controlled by the
magnitude of the external forcing relative to the magnitude
of the salinity difference between the surface layer and the
deep water (the ‘‘salt deficit’”) and to the magnitude of heat
associated with the pycnocline (the ‘‘thermal barrier’”). As
the salt deficit is eliminated, the pycnocline is eroded, and
the heat in the pycnocline is vented to the mixed layer,
fueling the negative feedback. This introduces an effective
freshwater flux which in turn serves to reduce the effective-
ness of the external salt flux in its ability to overcome the salt
deficit. Because the pycnocline is so thin in the Weddell
region, the thermal barrier only reduces the external salt flux
effectiveness by typically <20%. The net amount of ice
growth required to overcome the salt deficit and thermal
barrier can be computed by examination of the fall temper-
ature and salinity profiles.

4. Diagnostic relationships between the system variables
have been determined {presented in Figure 5). These indi-
cate that an observed (or predicted) increase in ice thickness
corresponds to increased entrainment and a salinity increase
(destabilizing). A decreased thickness indicates the oppo-
site.

5. This study suggests that most of the ice growth takes
place in the fall during erosion of the seasonal pycnocline
which supports the findings of Wadhams et al. [1987]. The
magnitude of this growth is essentially equivalent to that
amount of ice necessary to eliminate the freshwater storage
accumulated in the seasonal pycnocline during the ice free
periods. Since the thermal gradient within the seasonal
pycnocline is significantly weaker than that in the permanent
pvcnocline, this ice growth can proceed essentially uninhib-
ited relative to the winter ice growth period. Once the
seasonal pycnocline is removed, the winter balance (de-
scribed in this paper) is initiated with the stronger feedback
and stronger resistance to further erosion. Note that data do
not exist to allow adequate testing of the fall balance.

6. Regarding the response to climate change, current
model predictions suggest that a greenhouse warming will be
amplified in the polar regions [e.g., Schlesinger and Mitch-
ell, 1983]. If this leads to a decrease in the vigor of the
southern ocean cyclonic gyres, the relaxation of the system
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would coincide with a deeper pycnocline which tends to
stabilize the system. A direct warming also tends to stabilize
{possibly supplemented by weaker ice divergence and
smaller lead area). Therefore ignoring longer-term changes
in the deepwater properties and the inevitable change in the
annual freshwater balance, these anticipated effects may
stabilize the system. During glacial conditions the opposite
of the above scenario is likely, leading to decreased stability.
The cessation or change of North Atlantic Deep Water will
also strongly influence the stability, and thus it becomes
necessary to estimate the properties of the water mass
replacing this deep water. Less salt (relative to today} will
impart a destabilizing influence, as will no change in salinity
but a decrease in temperature., More salt and/or more heat
relative to the salt will stabilize.

7. The need for better treatment of surface layer mixing
and deep convection in climate scale models has been clearly
demonstrated by Smith [1989]. The model scalings (Figure 5)
provide good approximations to these processes in winter in
terms of the external parameters. As such, they offer com-
putationally efficient formula which can be easily incorpo-
rated into such models.

8. Gordon and Huber [1984] observed cells of warm
regime water within the cold regime north of ~63°S during
WEPOLEX, 1981. These cells have weaker pycnoclines at
depths typically 40 m shallower than the surrounding cold
regime waters. Gordon and Huber [1984] suggest that the
shallower and weaker pycnocline would tend to destabilize
the system, making it more prone to overturn. In isolation,
the weak and shallow pycnoclines both tend to destabilize,
but the higher ratio of heat to salt in the warm cells tends to
stabilize. Taken together, however, the simple model scal-
ings show, using the characteristics of the warm cell from
station 32 of Gordon and Huber [1984], that the weaker and
shallower pycnocline reinforce each other to offset over-
whelmingly the stabilizing influence of the increased ratio of
heat to salt. Consequently, while the cold regime is subject
to ~7 m of entrainment over the winter, the warm cells are
subject to ~~40 m over the same period, a nearly sixfold
increase. Therefore in the absence of lateral fluxes destroy-
ing the cells [Ou and Gordon, 1986], it is difficult to imagine
them not overturning, possibly forming chimoeys such as
those observed by Gordon [1978]. These results thus
strongly support the speculations concerning such destabili-
zation by Gordon and Huber {1984] and the numerical model
results of Lemke [1987].

NOTATION

A area of ice cover (fraction).
heat capacity of seawater.

Fam heat loss to the atmosphere [(1 — AYF,, + AF}].
Fton  Faum as salt flux (Fygo/p:L)).

net heat flux ignoring entrainment ([yr ksVS —
AFY VAT

heat loss through snow-covered ice.

negative feedback modifier at Fg.
F,, winter freshwater influx.

F,, heat loss through leads.

h mixed layer depth.

h, entrainment depth (ignoring upwelling).

R entrainment depth from w} only.
thermodynamic ice thickness.
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h{ initial (winter) ice thickness.
ho 1initial (winter} mixed layer depth.
1, depth to the base of the pycnocline.
H, thickness of the pycnocline.
k¢ turbulent diffusivity for salt.
ky turbulent diffusivity for heat.
L; latent heat of fusion for ice.
m  constant converting salinity to T,
m* constant: Ac;mpc,/p;L;.
n index: 0 forw = 0; 1 forw = —w,.
rq ratio of kr/ks.
r, constant: ¥*/A,
rrg ratio of VI/VS.
§  mixed layer salinity.
Sy initial mixed layer salinity.
8|;=s, salinity immediately below mixed layer.
S’ salinity anomaly [S(z = hg) — S(@)].
S, salinity at pycnocline base,
T mixed layer temperature.
Tl,=;, temperaturc immediately below mixed layer.
T; freezing point temperature.
T, temperature at pycnocline base.
¢ time.
t,, time from initial ice formation until seasonal
pycnocline removed.
V- Vu horizontal ocean velocity divergence.
w upwelling,
w, entrainment rate.
w?%  haline-only entrainment rate [(2$/31)/VS].
a thermal expansion coefficient.
B haline contraction coefficient.
B* constant: B/ {aryy + B).
8,, melt factor (equation (19)).
Ah, proportional to direct response of entrainment
[Fgt! (hyVS)].
A.S salinity jump across base of mixed layer.
A T temperature jump across base of mixed layer.
%, external forcing as a density flux.
F¢ external forcing as salt flux (equation (13)).
v flux efficiency factor (Ao rrspe,/piLy).
v* constant: B*y — n + nm*.
Vp pycnocline density gradient.
VS pycnocline salinity gradient.
YT pycnocline temperature gradient,
7, effective mixed layer depth (equation (12)).
ne=h+ h, + B*hy.
A constant: (2 — 8% + y* — m*).
M constant: h&(ry - 1)2
g, density of seawater.
p; density of ice.
;=35 — ice salinity.
§ constant: 28*F/AVS.
0* constant: 28*/AVS.
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