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The Seasonal Variation of the Mixed Layer 
and the Pycnocline Under Polar Sea Ice 
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Lamont-Doherty Geological Observatory of Columbia University 

A model of the seasonal variation of the mixed layer and the pycnocline under polar sea ice is 
compared with observations during the Arctic Ice Dynamics Joint Experiment (AIDJEX) 1975-1976. The 
model is of the Kraus-Turner type, extended to include mixed layer and pycnocline. The forcing mecha- 
nisms are the mechanical mixing due to ice keel stirring and the surface buoyancy flux due to melting 
and freezing of sea ice. The model is designed to be used for climate studies in conjunction with 
atmospheric and oceanic general circulation models and with sea ice models. 

1. INTRODUCTION 

Models for the oceanic mixed layer are of special impor- 
tance in climate-related problems, since the mixed layer repre- 
sents the link between the atmosphere and the interior ocean. 
Recently, oceanic general circulation models (GCM's) have 
been improved to include a variable depth mixed layer [Kim 
and Gates, 1980; Adamec et al., 1981; Pollard et al., 1983] in 
order to better represent the upper layers of the ocean and the 
interaction with the atmosphere. These upper-ocean models 
generally consist of a one-dimensional entrainment and retreat 
model and a three-dimensional advection scheme, which are 
embedded in multilevel primitive equation GCM's. 

In this paper we will present an alternative model, especially 
suited for polar oceans, which later will replace the upper 
levels of an oceanic GCM and will be coupled to a sea ice 
model similar to that of Pollard et al. [1983]. Since mixed 
layer models generally contain a number of adjustable param- 
eters, the main purpose of this paper is to objectively derive 
the optimal model structure and the values of the model pa- 
rameters from a least squares comparison to observations 
rather than by intuitively tuning the model parameters. The 
main emphasis will be on the one-dimensional model for the 
vertical exchange processes in the mixed layer and the pyc- 
nocline, since the existing data is insufficient to be used in a 
three-dimensional model fit. However, we will briefly describe 
how advection enters into the model. The time scales dis- 

cussed are seasonal rather than daily. 
There are a variety of models that describe the time evolu- 

tion of the mixed layer properties in the open ocean, where 
wind mixing and seasonal varying heating and cooling are the 
dominant forcing mechanisms that form the mixed layer. For 
a review, see Niiler and Kraus [ 1977]. 

Despite the heavy ice cover, a well-developed mixed layer is 
obsered in the Arctic Ocean [McPhee, 1978; Morison and 
Smith, 1981]. In this case the dominant forcing mechanisms 
are the buoyancy flux associated with the ice freezing (brine 
convection) and mechanical mixing due to keel stirring in- 
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duced by the ice motion. Observations during the Arctic Ice 
Dynamics Joint Experiment (AIDJEX) 1975-1976, show that 
during most parts of the year the base of the mixed layer is 
sharply defined; its depth varies from 60 m in late winter to 
20 m in summer. The salinity varies from 30.5%0 to 29.8%0, 
respectively. The data indicate that the mixed layer temper- 
ature exhibits almost no seasonal cycle and is near the freezing 
point down to well below the winter mixed layer [McPhee, 
1978], i.e., the net heat flux is mainly used to melt and freeze 
ice. The density is predominantly controlled by salinity. 

In this paper a quantitative description of the observed sa- 
linity profiles during AIDJEX is achieved from a one- 
dimensional model for the mixed layer and the pycnocline, 
which is an extension of a polar mixed layer model developed 
by the senior author during the Woods Hole Summer Study 
Program in Polar Oceanography [Lemke, 1979]. The model is 
vertically parameterized and can be integrated sufficiently fast 
in order to be used for climate studies in conjunction with 
atmospheric and oceanic GCM's and sea ice models. 

According to the observed vertical density profiles, which 
are fairly homogeneous in the mixed layer and show a con- 
tinuous increase in the pycnocline, the vertical density struc- 
ture of our two-layer model is described by four parameters 
(see Figure 1): the mixed layer depth h, a constant density p 
within the mixed layer, a scale depth d that describes the 
thickness of the pycnocline, and the asymptotic density p• for 
z • - c•. The density profile is given by 

p(z) = 

p(z) = p• + (p -- p•) exp [(z + h)/d] 

0>z>-h 

(1) 
-h > z > -h b 

The lower level of our model hb is set at 150 m. The data show 
that generally, h• - h >> d, so that p• = p(-h•) • p•. The den- 
sity p can be interpreted in terms of temperature and salinity, 
but since the density in the Arctic Ocean is dominated by the 
latter, we will restrict our discussion in this paper to salinity S, 
mixed layer depth h, and e-folding depth d of the pycnocline. 
The evolution of these three variables is determined from 

prognostic equations, and p• is given as a boundary condition. 
A similar model has been applied to temperature profiles ob- 
served at North Atlantic weathership stations by Maier- 
Reimer et al. [1982]. 
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Fig. 1. Vertical structure of the mixed layer-pycnocline modelß 

2. DATA 

The main AIDJEX program (1975-1976) was designed to 
obtain data on the meso- and macroscale interactions of the 

wind-ice-water system in order to provide information that 
may lead to improvements in the modeling of an ice-covered 
ocean [Pritchard, 1980-1. The major part of the experiment 

consisted of meteorological and oceanographic programs on 
four manned drifting ice camps in the Beaufort Sea. The 
manned camps were initially established in an array with three 
satellite camps forming a triangle centered around a larger 
main camp. Spacing between the satellite camps was nom- 
inally 100 km and the duration of the experiment was one 
year, April 1975 to April 1976. A map of the AIDJEX oper- 
ational area is _shown in Figure 2, including the beginning and 
ending positions of the manned camps superimposed on the 
dynamic topography of the Beaufort Sea. 

The original main camp was Big Bear, and the satellite 
camps were Snowbird, Blue Fox, and Caribou. During the 
course of the experiment, Big Bear was evacuated due to 
severe ice breakup during late September of 1975. Caribou 
then became the main camp for the remaining duration of the 
experiment. Satellite positioning of the manned camps [Thorn- 
dike and Manley, 1980a, b] was used to provide accurate 
movement of the local ice field (position, velocity, and acceler- 
ation) to determine its response to the driving forces of wind 
and water. 

The oceanographic program was designed to observe the 
temperature, salinity and current structure of the upper ocean 
(above 800 m), thereby providing estimates of the momentum 
and stress balance between the ice and water [Hunkins, 1974, 
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Fig. 2. Beginning and ending positions of the AIDJEX 1975-1976 manned camps superimposed on the mean dynamic 
topography [Newton, 1973] of the Beaufort Sea. Abbreviations are C (Caribou), F (Blue Fox), S (Snowbird), and B (Big 
Bear). Subscripts 1 and 2 indicate the beginning and ending positions of the camps, respectively. 
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Fig. 3. Observed (dotted lines) and optimally fitted model salinity profiles (solid lines) for camp Caribou covering 
AIDJEX weeks 7 to 55. The upper and lower tic marks refer to 30.0%0 and have a spacing of 1%o. 

1975; McPhee and Smith, 1976]. Salinity and temperature ob- 
servations Were taken at each of the manned camps, usually 
once daily to a depth of 750 meters with Plessey model 9040 
STD (salinity, temperature, and depth) and CTD (conduc- 
tivity, temperature, and depth) systems. At the main camp, 
two casts were taken daily as well as a weekly deep cast to 
3000 meters. Reversing thermometers and salinity samples 
were taken at several depths in the water column at each of 
the camps in order to provide accurate sensor calibration. 
Salinity samples taken at the satellite camps were flown to the 
main camp, where they were analyzed. During the yearlong 
experiment a total of 1287 vertical STD profiles were collected 
for the AIDJEX oceanographic data base. More information 
on this data base is given by Bauer et al. [1980a, b, c, d]. 

For this study, only weekly averages of the salinity profiles 
down to 150 m were used. A large number of mesoscale eddies 
were observed throughout the AIDJEX 1975-1976 Experi- 
ment [Manley, 1981] within the depth range of 50 to 300 m 
and as a result would potentially be a source of salinity con- 
tamination during the weekly averaging process. The eddies 
themselves had an estimated average diameter of 20 km and 
thickness of 200 meters. A comparison was made between the 

weekly salinity averages with and without those STD stations 
associated with the eddies. As it turned out, the differences 
were slight, since stations associated with eddies within any 
given week were few when compared to the total number of 
stations, and the salinity deviations associated with the eddy 
field were less than a few tenths of a part per thousand from 
the local norm. As a result, all STD casts were used in the 
averaging process. 

In order to verify the model briefly outlined in the introduc- 
tion, profiles of the form (1) were fitted to the observed 
AIDJEX salinity data. The mixed layer depth h was given as 
the smallest depth at which the salinity increases by more than 
0.1%o. The mixed layer salinity S was determined as the verti- 
cal average from 0 to h. Sb was taken as the observed salinity 
at 150 m, and d was deri,•ed from a least squares fit to ob- 
served salinity data between h and hb. Examples of the optimal 
profile fit (solid lines) are shown in Figures 3 and 4 for Cari- 
bou and Snowbird data (dotted lines), respectively. The two- 
layer fit represents many profiles comparatively well, es- 
pecially for Snowbird, where the remnant of the winter pyc- 
nocline is visible only during the short summer and is de- 
stroyed by turbulent processes later in the year. During the 

7 9 11 13 15 17 19 21 

25m ..... i ' 1 ' i :' 
lOOm ] •, ., :" 125m J 
150m / ........ 

7 9 1• 1•3 1•5 l•r ' 1• 2'1 

23 25 27 29 

I i i i i .. i 

2'3 ' 

31 33 35 37 39 41 43 45 47 49 51 53 55 57 

3'1 ' 3'3 ' 3•5 ' 3•r ' 3½ ' ,•J ' 4•3 ' 4•5 ' 4• 4½ ' 5'1 ' 5'3 ' 515 ' 5• ' ' 

Fig. 4. Observed (dotted lines) and optimally fitted model salinity profiles (solid lines) for camp Snowbird covering 
AIDJEX weeks 7 to 55. The upper and lower tic marks refer to 30.0%0 and have a spacing of 1%o. 
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Fig. 5. Least squares fitted salinity profile variables during 
AIDJEX for camp Caribou: mixed layer salinity S, mixed layer depth 
h, salinity at 150 m depth S b, and e-folding depth of the pycnocline d. 

short retreat of the mixed layer in summer the stratification 
shows two exponential layers below the mixed layer rather 
than one, but this will not be pursued further in this paper. 
Compared to the treatment of the upper ocean in oceanic 
GCM's (usually three layers of fixed depth in the upper ! 50 m, 
with depth independent density within each layer), the present 
model, with variable mixed layer depth, salinity, and pyc- 
nocline thickness as described in the next section, should pro- 
vide an improvement in the modeling of the vertical density 
structure. 

The time series of the fitted parameters for the model profile 
for Caribou are shown in Figure 5. The corresponding time 
series for Snowbird and Blue Fox show similar characteristics. 

It is seen that the seasonal cycle is limited to the mixed layer 
depth h, the mixed layer salinity S, and the e-folding depth d 
of the pycnocline. The salinity at 150 m depth, Sb, shows no 
seasonal variation. 

It is also seen that the data are not cyclostationary. The 
observed annual increase in $, Sb, and d and decrease in h may 
have been introduced by noncyclostationary surface fluxes 
and/or advection in the ocean, but we believe that this trend is 
largely due to the drift of the ice floes on which the AIDJEX 
camps were located (see Figure 2), thereby collecting infor- 
mation on tracks of several hundred kilometers length. With- 
out additional data on the time histories (seasonal cycles) of 
surface fluxes, ocean currents, and horizontal gradients of the 
salinity field, these three effects cannot be distinguished from 
each other. The drift of the AIDJEX camp presumably repre- 
sents the largest source of data contamination because the ice 
velocity was generally larger than the ocean currents. 

3. MODEL 

The mixed layer model presented in this section is divided 
into two parts. A one-dimensional entrainment and retreat 
model of the Kraus-Turner type, extended to include the pyc- 
nocline, describes the vertical mixing processes. Here the evo- 
lution of the three prognostic variables, S, h, and d, is deter- 
mined through the conservation of salt in the two-layer water 
column, potential energy considerations, and a closure hy- 
pothesis that correlates changes of d with changes of the 
mixed layer depth h and salinity S. The change of the profile 
parameters $, h, and d due to advection is addressed in a 
three-dimensional model by using the continuity equation and 
the conservation of salt in both layers separately. There is no 
exchange between mixed layer and pycnocline in this part of 
the model: that is taken care of by the one-dimensional en- 
trainment model. 

For the open ocean, where the density is dominated by the 
temperature, a similar model may be applied for temperature 
T, mixed layer depth h, and thermocline thickness d, the con- 
servation of salt being then replaced by conservation of heat 
[Maier-Reimer et al., 1982]. Generally, both the temperature 
and salinity equations have to be used in global oceanic circu- 
lation models. 

In our one-dimensional model the salt balance states that 

the change of salt content of the two-layer ocean column is 
balanced by the effective salt fluxes at the surface, Qs, which 
are due to the melting and freezing of sea ice. With the as- 
sumption h• - h >> d, the salt content 

H = S(z) dz 
hb 

is given by 

H = (S- S•)(h + d) + S•h• (2) 

Taking the derivative with respect to time yields 

g(h + d) + (h + d)(s - sp (3) 

with 

• = Qs (4) 
The term accounting for changes in Sb is omitted in the en- 
trainment part of the model, since variations in S• are believed 
to be caused by advection rather than by vertical mixing pro- 
cesses which originate at the sea surface. S• is treated as a 
given boundary condition, which will be determined by the 
coupling to the deep ocean part of the oceanic (}CM. 

The data (Figure 5) indicate that during deepening of the 
mixed layer the steepness of the profile in the seasonal pyc- 
nocline is increased, whereas it is decreased during the retreat 
of the mixed layer, i.e., the correlation between d and h is 
negative. Allowing also for changes in d with respect to the 
mixed layer salinity, our assumption for the second prognostic 
equation is 

d = -•h + •2•q (5) 

F ,., melt• freezing am 

-af t"' tm •• tm+t' 
Fig. 6. Annual cycle of model surface salt flux. 
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This is an empirical relationship which will be tested by a least 
squares fit to observations (section 5), which will also provide 
the optimal values for the constants • and •2-Inserting (5) 
into (3) we find for the mixed layer salinity 

• = Qs + (S•, - S)(1 - cz•)/• (6) 
h + d - cz2(S•, - S) 

The first term in the numerator on the right-hand side of (6) 
describes salinity changes in the mixed layer due to surface 
fluxes, and the second term denotes the effect of the en- 
trainment flux, i.e., the exchange of salt between the mixed 
layer and the pycnocline. It is clear from (6) that for mean- 
ingful results • is limited to the range 0 < • < 1 and 0• 2 < 
(h + d)/(Sb- $). It will be shown in section 5 that this is 
consistent with observations. It is also clear that as long as 
• :/: 1, there is no need to introduce a density discontinuity at 
the mixed layer base to generate an entrainment buoyancy 
flux, as is usually done in Kraus-Turner type models [see 
Niiler and Kraus, 1977]. The data actually do not show pro- 
nounced discontinuities but more or less sharp continuous 
profiles below the mixed layer base. 

Although not originally designed as a microprofiler, the 
Plessey did record step structure of the order of 2 meters in 
thickess and greater. This was primarily evident on the high- 
resolution digital data and was more commonly found in the 
depth range of 100 to 500 meters. The thickness of the pyc- 
nocline is generally substantially larger than the resolution of 
the Plessey. 

As usual in Kraus-Turner type models the closure for the 
mixed layer depth is taken from potential energy consider- 
ations. The first closure we investigated was the assumption 
that the surface kinetic energy input due to wind or ice keel 
stirring balances the potential energy change in the two-layer 
column (mixed layer plus pycnocline). It turned out that in the 
Arctic Ocean, where the stability is relatively large, the season- 
al variations of the pycnocline thickness, which are largely due 
to vertical mixing process, represent the dominant term in the 
potential energy balance. 

The assumption of a negative correlation between vari- 
ations in d and h (equation (5)) created a singularity in the 
differential equations for a particular value of the constant 
0• 1 -' 0•crit. The critical value 0•crit is a function of the profile 
parameters and of cz 2 and is generally of the order of 0•crit < 
0.3. Physical meaningful results are only obtained for cz• < 
0•crit. This model provided a relatively good description for the 
annual variation of mixed layer salinity and depth and a 
somewhat poorer modeling of the pycnocline, but the main 
disadvantage was that the parameters cz• and cz 2 had to be 
chosen to be near the singularity. 

Therefore in the following we will restrict the potential 
energy considerations to the mixed layer alone, the assump- 
tion being, as in Kraus-Turner type models, that wind or ice 
keel stirring provides the only energy (Jw needed to balance 
the increase of the potential energy due to the surface and 
entrainment salt fluxes, Qs and Qe, respectively. We will 
assume that there is always enough turbulence in the pyc- 
nocline layer to provide energy required for changes of the 
pycnocline shape (equation (5)). 

Other turbulent kinetic energy sources for the mixed layer 
besides surface stress and convection are neglected. The verti- 
cal shear in the Arctic Ocean is relatively small, and the im- 
portance of internal waves on the Arctic mixed layer has not 
been demonstrated yet, although it has recently been shown in 

laboratory experiments that up to 30% of the apparent drag 
on an ice keel may be due to the interactions between the keel 
and interfacial internal waves on the pycnocline [Muench et 
al., 1983]. Whether or not the internal waves would lead to 
local mixing or propagate from the region taking energy with 
them remains, for now, an open question. 

The potential energy balance for the entrainment phase of 
the annual cycle then reads 

h 

Qw -- e = • •t]•(Qe - Qs) (7) 
where •/ is the gravitational acceleration and /• is the ex- 
pansion coefficient of the density with respect to salinity; e 
denotes a dissipation term which will be explained later. From 
(6) we find the entrainment salt flux Qe through multiplication 
of the entrainment-induced salinity change with the mixed 
layer depth: 

Qe = h (Sb - S)(1 - cz 1)h (8) 
h + d - cz2(S• - S) 

inserting (8) into (7) and rearranging terms leads to 

h 2 (S• - S)(1 - CZl)h h 
g/5 -•- h + d - cz2(S • - S) = (Jw + g15 5 Qs- • (9) 

The left-hand side of (9) represents the work per unit time 
necessary to mix the dense entrained water through the mixed 
layer. (Jw is the rate of working by the wind or ice keel stirring, 
and the second term on the right-hand side denotes the rate of 
potential energy change produced by fluxes across the sea 
surface. For d = • = •2 = 0, i.e., when there is a step at the 
mixed layer base, (5), (6), and (9) reduce to the well-known 
Kraus-Turner type model. 

The dissipation term e in (9) is parameterized according to 
Niiler and Kraus [1977] in terms of the active turbulence 
generating processes' windstirring (Jw and convection (second 
term on the right-hand side of (9), in winter only when Qs is 
positive). Equation (9) then reads 

fi = 2QwDw + hQsDs [h + d - •2(S•- S)] (10) 
h2(Sb - S)( 1 - •z •) 

where Qw = (jw/g/L 
Dw and D s describe the depth-dependent dissipation of me- 

chanical and convective energy input at the surface. This 
depth dependence is assumed to be exponential [Niiler and 
Kraus, 1977]: 

Dw = exp ( - h/hw) (11) 

Ds=O Qs<O 

D s = exp (-h/he) Qs > 0 

where hw and hc are the scale depths of dissipation for surface 
mechanical energy input and convection, respectively. 

Introducing the dissipation also for convection takes care of 
one problem that occurs in one-dimensional mixed layer mod- 
eling: the net annual kinetic energy input due to the surface 
stress leads to a continuous deepening of the mixed layer. In 
order to obtain a stable seasonal cycle, this excess energy has 
to be destroyed by mechanisms like a "background dissi- 
pation" [Niiler, 1977], by a small upwelling, or by dissipating 
convective energy. All three methods reduce the potential 
energy of the system. There is no general consensus on which 
mechanism should be preferred. Introduction of an upwelling 
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Fig. 7. Observed detrended salinity profile variables for camp 
Caribou (dots, crosses) and optimally simulated equilibrium annual 
cycles for model Ia (solid lines) and model Ib (dashed lines). 

also requires a net surface buoyancy source in order to bal- 
ance the net entrainment of denser water into the mixed layer 
and thereby obtain a cyclostationary response. Both the dissi- 
pation mechanisms do not require this extra source. 

Equations (5), (6), and (10) apply for the entrainment phase 
of the seasonal cycle (h > 0). If the right-hand side of (10) 
becomes negative, the stress induced energy at the sea surface 
is insufficient to overcome the stabilizing effect of the surface 
buoyancy flux. This phase of no entrainment occurs during 
the period of increased heating (melting). The mixed layer then 
retreats to an equilibrium depth (the Monin-Obukhov length) 
h which is, as usual, diagnostically determined from (10) with 
h=Oor 

2QwDw + liQsDs = 0 (13) 

where Dw and D s are given by (11) and (12) with h replaced by 
h. The evolution of the mixed layer salinity S and the pyc- 
nocline thickness d follows from (5) and (6), where the en- 
trainment rate h is now replaced by the diagnostic retreat 
Ah/At of the mixed layer. This method (henceforth called 
model IIa) was found to provide the smallest least square 
error between model and observations. We also investigated a 

model that treats the mixed layer and pycnocline as being 
decoupled during the retreat phase (model IIb), i.e., 

Qs At 
AS - fi (14) 

and from salt balance below the mixed layer, we find for small 
AS, 

d 
Ad - AS - Ah (15) 

S•- S 

i.e., during the retreat phase, model IIb is equivalent to model 
IIa with • = 1 and • = d/(S• - S). The entrainment phase is 
the same in both models. Model IIb resulted in a better de- 

scription of the annual cycle of d, but at the same time the 
model was poorer for S and h, so that the total error (scaled 
by the amplitude of the corresponding annual cycles) was 
larger for the model where the retreat was described by decou- 
pled mixed layer and pycnocline (see section 5). 

There are four parameters that determine the dynamics of 
the models IIa and IIb, two dissipation scales h w and hc, and 
• and •, which correlate profile variations in the pycnocline 
with the entrainment rate and the rate of change of the mixed 
layer salinity. In order to determine whether the parameter •. 
was significant, we additionally tested the models Ia and Ib, 
which are equivalent to the models I!a and IIb, respectively, 
but with • - 0. For given fluxes at the surface and with given 
boundary conditions at z - -ht,, the evolution of the proper- 
ties of the mixed layer and the seasonal pycnocline due to 
vertical mixing processes can now be described. 

In addition to vertical mixing processes the profile parame- 
ters may be influenced by the oceanic flow field. Since the 
appropriate data set for comparing model and observed ad- 
vective effects on the profile parameters during AIDJEX is not 
available, we will only briefly discuss how the advective 
scheme will be implemented into the coupled mixed layer- 
deep ocean model. Assuming that the velocity u(z) in the 
ocean is given from the momentum balance, the rate of change 
of the profile parameters due to advection is determined from 
the continuity equation and from the salt balance in both 
layers separately. There is no exchange of salt and heat be- 
tween mixed layer and pycnocline in the advective scheme. 
The vertically integrated continuity equation yields an ex- 
pression for the rate of change of the mixed layer depth 

•h 

0--•- = - V. (ha) (16) 
where u is the velocity in the mixed layer. The conservation of 
salt in the mixed layer determines the rate of change of the 
mixed layer salinity. 

(Sh) + V. (Shu) = 0 (17) 
Jt 

Inserting (16) into (17) yields 

- u. VS (18) 
Jt 

The conservation of salt in the pycnocline states that 

-- S(z) dz + V . S(z)u(z) dz = S•% (19) 
Jt h• -h• 

where w• is the vertical velocity at z = -h•' 

I ø % = -V. u(z) dz (20) 
d-hb 
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6500 LEMKE AND MANLEY' MIXED LAYER VARIATION UNDER ICE 

Vertical integration of the first term on the left-hand side of 
(19) together with (1) yields the rate of change of the pyc- 
nocline thickness' 

c•t - Sb S V . S(z)u(z) dz- SbW b -[- d c•S -- hb •t 

t•h t•Sbl 
- + - - 

The advective change of S• is determined through the coupling 
with the dccp ocean part of the GCM. 

The complete set of prognostic equations for the profile 
parameters is then given by the superposition of the advective 
effects (equations (16), (18), and (21)) and the changes duc to 
the vertical mixing processes (equations (5), (6), and (10)). 

4. APPLICATION TO AN ICE-COVERED OCEAN 

The one-dimensional mixed layer model described in the 
previous section is now applied to an ice-covered ocean. In 
this case the seasonal variation of the air temperature (heating, 
cooling) has only a small effect on the temperature of the 
mixed layer. Observations during AIDJEX 1975-1976 indicate 
that the mixed layer temperature exhibits nearly no seasonal 
variation and is near the freezing point down to a depth of 60 
m throughout the year [McPhee, 1978]. All net heat fluxes are 
used to freeze and melt ice. During ice melting, fresh water is 
added on top of the mixed layer that tends to stabilize the 
stratification. During the freezing period, brine is excluded 
from the newly formed ice, a layer of dense salty water desta- 
bilizes the stratification, and brine convection starts to devel- 
op. 

Therefore the seasonal variation of surface air temperature 
manifests itself in a seasonally varying buoyancy flux, mainly 
due to positive freshwater flux in summer and negative fresh- 
water flux (out of the mixed layer) during wintertime. Conse- 
quently, in contrast to the open ocean, the main variables of 
the dynamics of the polar mixed layer are salinity and depth. 

There are two principle stirring mechanisms that may form 
a mixed layer: brine convection and mechanical mixing due to 
keel stirring introduced by the ice drift. Usually it is con- 
sidered that brine convection is the most important mixing 
mechanism. One purpose of this paper is to show the relative 
importance of the mechanical mixing which has not con- 
clusively been shown in previous studies [Solomon, 1973]. The 
two main driving forces of our polar mixed layer model are 
therefore the kinetic energy input due to mechanical stirring 
by the ice motion and the seasonally varying salt flux at the 
sea surface. 

4.1. Mechanical Mixing 

Since the ice is rather rough at the bottom, ice motion may 
be an effective mixing mechanism. The ice keels have an 
average depth of 5 m but may extend through the whole 
mixed layer (40-50 m). It was one of the major oceanographic 
goals during AIDJEX to express the drag between ice and 
ocean as a function of the speed of the ice relative to the 
undisturbed ocean. It was found that the drag could be ex- 
pressed as 

= ClVI (22) 

over a wide speed range, where IVI is the speed of the ice 
relative to the ocean below the frictional layer and the drag 
coefficient Cw was about 0.0034 [McPhee, 1975; McPhee and 

TABLE 1. Trend and Horizontal Gradients of the Mixed Layer 
Salinity S, Depth h, and e-Folding Depth d of the Pycnocline 

During AIDJEX 

Trend 

AIDJEX S, h, d, S•' 
Camp %o/week m/week m/week %/week 

Caribou 0.013 - 0.16 0.54 0.005 
Blue Fox 0.014 -0.43 1.27 0.006 

Snowbird 0.011 -0.29 0.37 0.002 

Horizontal Gradients 

S, h, d, So, 
%o/100 km m/100 km m/100 km %o/100 km 

Caribou 0.21 - 2.6 8.5 0.08 

Blue Fox 0.13 - 3.9 11.7 0.06 
Snowbird 0.17 -4.6 5.8 0.04 

Smith, 1976]. The rate of working (•w (equation (7)) is then 
given by 

(•w -- V. x - pewIVI 3 cos V (23) 

where 3' is the frictional turning angle, found to be about 24 ø . 
Although a substantial amount of this energy is dissipated or 
carried away by internal waves (both effects are incorporated 
in the dissipation parameter Dw), ice keel stirring may be an 
effective mixing mechanism because typical friction velocities 
in the Arctic Ocean are of the order of 1 cm/s [McPhee and 
Smith, 1976]. The same order of magnitude is observed in the 
open ocean due to wind stress. 

4.2. Surface Buoyancy Flux 
There were no ice thickness measurements undertaken 

during AIDJEX from which the surface buoyancy flux could 
have been estimated. Another way to determine the surface 
salt flux is to vertically integrate the salinity profiles. But it 
appears that the salinity is more variable at 60 m depth than 
at the surface, probably due to submerged eddies. Therefore 
the surface buoyancy flux can not be estimated from data, and 
we assume an analytical (asymmetric sinusoidal) form for the 
time dependence of the surface salt flux, which is determined 
by the melting and freezing rate F (Figure 6)' 

F(t) = a m sin (7rt/tm) 0 • t • t m (24a) 

F(t) = af sin [•r(t + tf -- tm)/tf] t m •_ t •_ t m q- tf 

(24b) 

The amplitudes of melting (am) and freezing (at) in (24) can be 
determined by integrating F over the melting season tm and 
freezing season t t, respectively, which then has to equal the 
thickness A of the seasonally frozen or melted ice' 

a m = AIr/2t m a t = A•r/2t t (25) 

The surface salinity source Qs is now written as 

Qs = - F(S - S,) (26) 

where St is the salinity of sea ice, taken to be 5%0. The surface 
salinity flux depends on two parameters, the annually frozen 
and melted ice thickness ,4 and the length of the melting 
season t m. Both surface flux parameters were determined in the 
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LEMKE AND MANLEY: MIXED LAYER VARIATION UNDER ICE 6501 

TABLE 2. Optimal Values of the Model Parameters •, •2, hw, hc, the Surface Flux Parameters A, tin, 
and the Root Mean Square Deviations Between Model and Data e s, e h, ed Obtained 

From a Least Squares Fit 

AIDJEX e s , eh, %, h w , h c , A, trn, 
Camp Model %0 m m • •2 m m m/yr days 

Caribou Ia 0.070 3.94 10.50 0.57 ... 9.67 31.14 0.85 103 
Caribou lb 0.098 4.55 8.63 0.70 -.. 9.40 20.45 0.96 94 
Caribou IIa 0.075 4.04 9.78 0.69 5.72 9.81 27.56 0.83 96 
Caribou lib 0.091 4.84 8.29 0.75 2.0 9.10 23.55 0.92 88 

Blue Fox Ia 0.124 5.18 10.48 0.44 '" 12.97 23.02 0.87 98 
Blue Flox lb 0.136 6.55 11.44 0.72 ..- 10.31 27.52 0.99 94 

Snowbird Ia 0.076 4.48 13.44 0.57 ..- 10.29 21.41 1.37 99 

Snowbird lb 0.112 4.45 12.60 0.66 -.. 9.69 23.70 1.17 99 

least squares sense from the observed data (Figure 5) together 
with the dynamical model parameters. 

5. COMP^RISON WITH AIDJEX 

A complete comparison between observations and the 
model derived in the last section requires knowledge about the 
time histories (seasonal cycles) of the surface fluxes, salinity 
profiles, the ocean currents, and the horizontal gradients of 
the profile parameters at all locations where the model is to be 
tested. Unfortunately, these data are not available. Instead the 
available AIDJEX data provide information on salinity pro- 
files measured from a drifting ice floe which traverses several 
hundred kilometers through different density regimes (Figure 
2), thereby sampling the annual cycle of the salinity field at 
different times of the year at different locations. The observed 
annual increase in S, So, and d and decrease in h (Figure 5) is 
presumably largely due to the drift of the AIDJEX camps, 
since the ocean currents are generally slower than the ice drift. 

There is no chance to rigorously derive advective effects 
from the AIDJEX data or other sources and compare them to 
the three-dimensional model predictions. But we believe that 
the one-dimensional model, describing the influence of surface 
fluxes and vertical mixing processes, which generally are re- 
sponsible for most of the seasonal variations in the upper 
ocean, can be verified. 

The problem arises of how to remove from the AIDJEX 
data information that is not due to vertical mixing processes. 
Since we have no data on surface buoyancy fluxes, we assume 
that the deviation of the surface fluxes from cyclostationarity 
is small and (24) can be used. The local equilibrium response 
of the ocean to cyclostationary surface fluxes is cyclo- 
stationary too. Therefore we have constructed a cyclo- 
stationary time series of the AIDJEX data by removing linear 
trends, such that the beginning and the end of the time series 
in Figure 5 match. The detrended data are shown as dots or 
crosses in Figure 7. The trend magnitudes for all parameters 
and stations are given in Table 1. Also given in Table 1 are 
estimates of the horizontal gradients of the profile parameters 
calculated as the ratio of the trend and the net distance that 

the camps travelled during AIDJEX. These horizontal gradi- 
ents are generally in agreement with the known density field of 
the Beaufort Sea (Figure 2). 

By removing linear trends, we assume that the effects of the 
drift of the AIDJEX camps and advection in the ocean are 
described by a linear function of time. Presumably, the actual 
drift effects are not quite linear in time. However, in view of 
the lack of data to determine the true time dependence and 
the fact that any guessed higher order function of time would 

unavoidably change the amplitude and the phase of the re- 
sidual annual cycle, we think that for the time being our 
method is the appropriate way to create a cyclostationary 
time series which can be compared with the one-dimensional 
model predictions. 

In order to fit our theoretical results to AIDJEX observa- 

tions, we integrated the model outlined in sections 3 and 4 
over 15 years, initialized with typical end of winter conditions 
using a fourth-order Runge-Kutta method and compared the 
last year (equilibrium annual cycle) to the detrended data of 
each AIDJEX camp separately. Then the model parameters 
•, •2, hw, hc and the surface flux parameters A and t m were 
changed, the model was then integrated again over 15 years, 
the final year again compared to data, and so on, until the 
least squares minimum was achieved. This least squares fit is 
preferred because it determines the optimal parameter values 
objectively instead of tuning them intuitively, as is usually 
done. All variables h, $, and d were fitted simultaneously, i.e., 
we minimized the error function E 2, given by 

N 

min E 2 = Z (hi- •i)2Wh2 -It- (Si- gi)2Ws2 -It- (d,- di)2Wd 2 
i=1 

(27) 

where N is the number of weekly data (50, 47, 46 for camps 
Caribou, Blue Fox, and Snowbird, respectively). ,•, n c, and d 
denote the equilibrium annual cycle generated by the model, 
and S, h, and d represent the observations. The weighting 
functions Ws, W•, and W• were chosen to reflect the ratio of the 
amplitudes of the annual cycles of S, h, and d, so that Ws: W•: 
W• = 90:2: 1. 

Sb was fixed representing the observed detrended annual 
mean of the salinity at each camp at 150 m depth. The kinetic 
energy input (equation (23)) was taken as constant throughout 
the 15 years of integration, representing the corresponding 
observed annual mean of the camp drift velocity cubed. In- 
cluding the observed weekly drift velocities would only be 
meaningful if the surface buoyancy flux were known as a 
weekly time series too, but this data was not available. For 
model Ia fitted to camp Caribou data, we investigated the 
effect of the seasonal variation of the drift velocity on the 
model performance and parameter values. The camp drift ve- 
locity is approximately twice as big in summer as in winter 
but, presumably because of the with depth exponentially in- 
creasing energy loss (equation (11)), the effect of this difference 
on the model was only minor. The dissipation scales hw and hc 
changed by about 10%, the other parameters and the model 
errors even less. 
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6502 LEMKE AND MANLEY' MIXED LAYER VARIATION UNDER ICE 

$max $ma• $max -- 
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• dma• min dmax •• dmax • •o 
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- 30.0 
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Fig. 8. Sensitivity of the equilibrium annual cycles of the model variables (model Ia) with respect to the model parame- 
ters •, h w, and h c. 

The optimal fit of the model equilibrium annual cycles for S, 
h, and d to the detrended Caribou data is shown in Figure 7. 
The model annual cycle was taken to begin with the onset of 
melting (retreat) which occurred during the 13th week of 
AIDJEX. The solid and dashed lines represent models Ia and 
Ib, respectively. The optimal values for the model parameters 
together with the root mean square deviations between model 
and data are shown in Table 2 for different models and camps. 

Figure 7 and Table 2 show that except for Blue Fox the b 
models (decoupled layers during retreat) provide a better de- 
scription of the pycnocline thickness d. However, at the same 
time the errors for the mixed layer salinity S and depth h are 
larger so that the total error (with the above mentioned 
weighting factors) is generally about 10% larger than for the a 
models. Models IIa and IIb did not provide a significant im- 
provement. The total error was only about 1% smaller than 

for the models Ia and Ib, respectively. Therefore we conclude 
that the parameter 0• 2 is insignificant for modelling AIDJEX 
salinity data. Generally, the root mean square deviation be- 
tween best fit model and data is about 10% to 15% of the 

observed amplitude of the annual cycles of the profile parame- 
ters. 

The optimally fitted surface flux parameters A and tm were 
about 0.9 m yr-• for the annual surface fresh water source 
and sink and 95 days for the length of the melting season. 
These values are nearly independent of the model type and are 
also similar for all camps. Only Snowbird shows a slightly 
larger annual amplitude A for the fitted surface buoyancy flux 
and correspondingly also for the observed surface salinity. 
This could be explained with a larger amount of open water 
near the camp, leading to more melting and freezing. How- 
ever, since the annual amplitude of the mixed layer depth was 

Fig. 9. 

60 
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' ' 40 
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Sensitivity of the equilibrium annual cycles of the model variables (model Ia) with respect to the surface flux 
parameters ,4 and t,,. 
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LEMKE AND MANLEY' MIXED LAYER VARIATION UNDER ICE 6503 

TABLE 3. Sensitivity of the Time of the Annual Minimum and 
Maximum of S, h, and d With Respect to Model and 

Surface Flux Parameters 

Smax Smin hmax hmin dmax drain 

• = 0.4 364 81 364 52 52 364 
• = 0.6 364 83 364 52 52 364 

• = 0.8 364 88 364 52 52 364 

hw = 6.6m 364 84 364 52 52 364 
hw = 9.6m 364 83 364 52 52 364 
hw = 14.6m 364 83 2 52 52 2 

h s = 19.0m 364 83 1 52 52 1 
h s = 31.0m 364 83 364 52 52 364 
h s = 46.0m 364 83 364 52 52 364 

A = 0.49m/yr 364 81 2 52 52 2 
A = 0.89m/yr 364 83 364 52 52 364 
A = 1.39m/yr 364 86 364 52 52 364 

t m = 62 days 364 50 364 32 32 364 
t m = 102 days 364 83 364 52 52 364 
t m = 152 days 364 125 2 77 77 2 

nearly the same for all three camps, we think the larger annual 
cycle for the surface salinity is caused by the fact that Snow- 
bird was likely to be the only camp that drifted in summer 
through the less dense center of the Beaufort gyre (see Figure 
2), thereby amplifying the annual cycle of the mixed layer 
salinity. All other camps drifted more or less out of the gyre. 

The optimally fitted scale depth of dissipation of surface 
mechanical energy input, hw • 10 m, was also found to be 
nearly independent of model type and camp. With the annual 
mean of the mixed layer depth the dissipation parameter D w 
(equation (11)) was estimated to be Dw = 0.025, which is ap- 
proximately half of the corresponding value estimated by 
Denman and Miyake [1973] from records from ocean weather 
station Papa (50øN, 145øW; see also Niiler and Kraus [1977]). 

The optimal scale depth of convective dissipation, hc • 25 
m, together with the annual mean of the mixed layer depth 
lead to a convective dissipation parameter D s = 0.22 (equation 
(12)) which roughly agrees with the largest values obtained by 
Farmer [1975] for the observed mixed layer deepening under 
the ice of a frozen lake. The mean optimal value for the pa- 
rameter • which correlates the entrainment rate with changes 
of the pycnocline slope was found to be • = 0.64. Generally, 
the a models yielded a smaller value (• = 0.57) than the b 
models (0• • - 0.71). 

In order to investigate the importance of the model parame- 
ters for the equilibrium solution, we performed several sensi- 
tivity tests with model Ia by changing the model parameters 
one at a time by _+ 50% about the optimal values and then 
integrating the model to equilibrium. The minimum and maxi- 
mum values of the equilibrium annual cycle are shown in 
Figure 8 as a function of the model parameters •, hw, and hc 
and in Figure 9 as a function of the surface flux parameters A 
and tm. 

Figure 8 shows that the parameter • affects the model 
variables in such a way that the amplitudes are increased for h 
and d and decreased for S. The dissipation scale depth h w, on 
the other hand, keeps the amplitudes approximately constant. 
The convective dissipation scale depth hc has only a minor 
influence of the equilibrium solution. Generally, a _ 50% 
change in the model parameters leads to a response of the 
model variables which is less than + 20% for h and d and 
+ 2% for S. 

Figure 9 demonstrates that the model is less sensitive to 

changes in the surface flux parameters A and t m than it is to • 
and hw. An increase in the amount of melting and freezing, A, 
leads to an increase in the amplitudes of all model variables, 
whereas a longer melting season t m slightly decreases the am- 
plitudes of S, h, and d. 

In addition to the amplitudes, the time of the annual ex- 
trema is also influenced by the model and surface flux parame- 
ters. Table 3 shows that the winter extremum (S .... h .... dmin) 
is not affected at all. It is clear that the length of the melting 
season tm has a noticeable effect on the summer extremum 
(Stain, hmin, dmax). Besides that, only the time of the minimum of 
the mixed layer salinity S is sensitive but even then only with 
respect to the parameters • and A. Generally, the model 
exhibits only a moderate sensitivity to the fitted model and 
surface flux parameters. 

Figure 10 shows the relative importance of the ice keel 
stirring and the surface buoyancy flux terms in the evolution 
of the mixed layer depth described by model Ia (equation (10)). 
During increased melting in the first half of summer, both 
terms are of the same size with opposite sign (definition of the 
retreat of the mixed layer, Monin-Obukhov length). From 
midsummer on the mixed layer deepens again because the 
buoyancy flux term rapidly decreases and becomes smaller in 
magnitude than the ice-keel stirring term. At the beginning of 
the freezing season the buoyancy flux term changes sign 
thereby contributing to the entrainment. In midwinter at the 
time of strongest freezing (by assumption of a sinusoidal time 
dependence; Figure 6) the convective deepening is approxi- 
mately twice as big as the deepening due to the ice keel stir- 
ring. 

6. CONCLUSIONS 

The detrended data of the observed seasonal variations of 

the mixed layer salinity, the mixed layer depth, and the pyc- 
nocline thickness in the Beaufort Sea during AIDJEX can be 
successfully described by an extended one-dimensional Kraus- 
Turner type model that includes the pycnocline. In this model 
the dominant mixing mechanism that maintains the mixed 
layer in summer is the ice keel stirring. In wintertime the 
convective deepening due to brine expulsion from the newly 
formed ice is approximately twice as efficient as the mechani- 
cal mixing. 

In addition to the surface stress and buoyancy flux the 
model depends on three parameters, two scale depths for the 
dissipation of mechanical and convective energy and a corre- 

lO 
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Fig. 10. Relative magnitudes of the ice keel stirring (solid line) 
and buoyancy flux (dashed line) terms in the evolution of the mixed 
layer depth (equation (10)). 
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6504 LEMKE AND MANLEY' MIXED LAYER VARIATION UNDER ICE 

lation coefficient between the entrainment rate and changes in 
the pycnocline thickness. The model is not very sensitive to 
moderate changes in these parameters about their optimal 
values. 

The deviations between model and data are about 10% to 

15% of the observed annual amplitudes. This error can prob- 
ably be attributed mainly to short-term variations of the sur- 
face boundary conditions, the advection in the ocean, and the 
drift of the ice floe, which are not described in this paper, 
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