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2. Formulation of the model

1. Introduction

A single column model describing the thermodynamic growth and decay éf
sea-ice in response to energy fluxes at the @pper and lower boundaries has
been developed for use in climate studies. This note compares the response
of the mojel to zonal mean forcing derived from a seasonal integration of
the 5-layer atmospheric model (5LM) with that ﬁsing climatological values

characteristic of perennial Arctic sea ice.

The ice model is based on Semtner's zero-layer model (Semtner, (1976))
in vhich the surface temperature, —Eé , of a conbined snow-ice layer
(Fig 1) is determined from a flux balance condition at the upper surface.
The internal snow-ice temperature structure is not monitored directly.
Instead a linear temperature gradient is assumed between the surface and
£he lower boundary. The resulting uniform heat flux through the combined

layer is given by:

froes B (TR ) (2.1)
hig + ks chg
Ry

vhich, for snow-free ice, reduces to

Fs = R (Ta~T:) (2.2)
hia :




vhexe ,ES and }El;are the thexmal conductivities of snow and ice
respectively; t)n and ‘11 are, respectively, the snow depth and the ice
depth; “HB is the temperature at the lower boundary which is held fixed at
the freezing point of sea watexr (271.2K).

Since the diffusion of heat through snow oxr ice is governed by an

equation of the form

(‘° a*r = Q. M‘T (2.3)
oz

where‘DJ(S and IE are the appropriate density, specific heat capacity and
thermal conductivity, respoctively,‘1~?'1‘éx) is the temperature within the
snow or ice and 2 1is the vertical coordinate, the assumption of a linzar
temperature grédient.is equivalent to the neglect of heat capacity. No
energy is required, then, to warm the interior of the ice prior to melting
--in spring and nnlther is any interior cooling necessary bhefore the onset of
freezing in the autumn. Semtner's zero layer model - gives a lower
equilibrium annvsl mean ice depth thzn his multi-layer model — a fact which
“he attributed to the neglect of heat capacity. To comp;nsate for this
Semtner increased Rg and 1‘31 (usually 0.31 and 2.03 J‘m*ls'_‘lk‘l.
respectively) by a factor P - 3065 (Semtner, (1976)).

The surface temperature is obtained from a flux balance condition:

Fp + Fs = O (2.4)
where F)\ is the net downwurd flux from Lhc atmosphexe: ,
At I e "_TA. <+ = 3 F 9.6 :

% °) sw ¥ PRy EC g SH L (2.5)
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and fi%VJ represents the flux of incoming solar short-wave radiation,

cifisvv the reflected short-wave (SW) radiation,
oL the surface (snow or ice) albedo,
FlJN the flux of incoming long-wave radiation,
2 :
EGTS : the outgoing long-wave (ILW) radiation,
E : the long-wave emissivity,
o the Stefan-Boltzmann constant,
Eéy( the downward flux of sensible heat,
Fﬁ.H the downward flux of latent heat.

Note  that Semtner defines Fﬂ\ to be the net upward flux.

For consistency with Maykut and Untersteiner's'calculations Semtner
used the value O = 5,797 x 1008 W m~2 K~4. However this is about 2%
higher than is generally accepted (e.g. Kaye and Laby (1973) give g =
5.669 x 10~8 W m—2 K—4) and, as discussed in section 4, this has a
substantial effect on the model results. In our calculations the value
used in the 5IM ie @ = 5.66985 x 1078 Wwm—2K~4% was adopted and, following
Semtner and Maykut and Untersteiner, the long-wave emissivity, g , was
taken to be unity. '

Penetrative radiation, which warms the subsurface interior of the ice
and enlarges the brine pockets trapped within it, cannot be represented

explicitly in the model since both the thermal capacity of the ice and the

‘storage of latent heat in brine pockets are neglected. Following Semtner

(1976 ) the effects of penetrative radiation - primarily a reduction in the
amount of heat available for surface melting and an increase in annual mean
ice thickness (see Table 3, Semtnexr (1976)) — are allowed for by reflecting

away a portion /3 of the radiation which is assumed would otherwise




penetrate into the interior of the (snow-free) ice, and making the
remaindex available for surface melting. This is achieved by the use of an

enhanced ice albedo, i.e.
Lol = oy /3 <l"‘(>LI>Io (2.6)

vhere O{-r is the bare ice albedo,

Io is the fraction of SW radiation which penetrates the snow—free
ice surface. (Io = ,17 in the calculations described in this
note).

Semtner found that the value p = O.f} gave the correct annual mean ice
depﬁh. However the phase and amplitude of the seasonal range of ice
thickness were not in agreement with those predicted by multi-level models.
( Sentner, 1.976).

Two of the terms in Egn. (2.4) are temperature dependent. The value
of —E; vhich satisfies this balance condition is obt'ained numnerically by
expressing the surface temperature as -Té oo TP -+ AT (where TP is
the value of the surface temperature at the previous time step) to give a

4
linear approximation to the black body emission term Eo‘TS Yoo The flux

balance condition thus becomes

(1me) Fout Fou* Ry + Rw™ EGT; “A"SGT: AT
, : (2.7)
o if hs (TB‘T;)"AT) = 0
hs ‘#‘ l'lx . Es:,-
Ry

wvhich can be 'solved for AT and therefore TS :




If the predicted surface temperature exceeds the melting point
(273.15K for snow-covered ice, 273.05K for snow-free ice) it is reset to
the melting point. This causes an imbalance in the fluxes through the
surface when the temperature dependent terms are recomputed. The resulting
excess enerqgy is used to melt some of the snow cover, or some of the ice

itself once the surface is snow-free, according to

Ahs-‘: -_A__E (FA+ s) (2.8)
9o

(2.9)

or Ah.I = "'é_‘:_» (FA'f FS)
E |

where 7,5 and CII are the heats of fusion of snow and ice
respectively. Following Semtner, we use the values %5 = 1.097 x 108 Jm—3
and CI'I = 3,014 x 108 Jm—3,

The ice thickness also changes by ablation or accretion at the lower
boundary according to the imbalance between the specified upward oceanic

heat flux, FB , and the diffusive heat flux, i.e.

Ahg = At (Fs-Fg) (2.]..0)
98 '-



where CI'B is the latent heat of fusion of ice at the lower boundary. To
allow comparison with the results of Maykut and Untexsteiner's experiments,
Semtner (1976) used a lower value for the latent heat of fusion of ice at
the lower boundary than at the surface. However this model, unlike Maykut
and Untersteiner's, does not represent the effects of salinity and so we
have used identical values of CI’ at the two béundaries i.e. CLB z %I .

If the thickness changes Ahl and Ah B combine to give open water i.e.
hI = 0, the thermal forcing is then applied to a simple ocean mixed layer
(30m deep) whose temperature change is determined from a heat budget

equation:

ATy = LO-OFsw* Fuw* Fou* Fin-eoTy®+ Fal o)
Cw- dmix

where Tw is the mixed la.yer temperature,
d'mix is the mixed layer depth,
Ly is the albedo of sea water,
Cw is the volumetric heat capacity of water.
When Tw falls below the freezing point of sea water the ice depth is set
to an arbitrary value of 1 cm and the equations describing heat transfer

through the ice are brought into play again. In order to conserve energy

-1 cm of ice is removed, without expenditure of energy, when the ice cover

disappears.
If the situation arises in which the predicted ice depth, hI . falls

below 1 cm but a quantity of snow remains, the ice depth is set back to

1 cm by conversion of an appropriate amount of snow ( ©-90 (O-OI“‘ hz) m).
Q33




For consistency with the work of Maykut and Untersteiner (1971), and
Semtnexr (1976), changes in snow/ice depth due to sublimation and
evaporation were neglected in the experiments described here. When the

model is used in GCMs however, these effects will be included.

3. Comparison of GCM and observed climatological forcing parameters.

In subsequent sections the response of the ice model to forcing data
extraéted from an annual cycle run (experiment 767) of the 5 layer model
(51LM) (Slingo, 1982) is examined. First, however, the 5IM albedo
formulation and the 5LM forcing for days 310 to 674 of exp 767 are compared
with the albedo formulation and the climatologically observed forcing used
both by Semtner. (1976) and Maykut and Untersteiner (1971). The forcing
prescribed by these aﬁthors (Table I) is based on monthly average values
taken from Fletcher (1965) and is appropriate to conditions over perennial
Arctic sea ice. Figures 2-4 compare. the zonal monthly means of the total
incoming solar radiation at the ground (including thé contribution due to
reflection from clouds), the incoming long-wave radiation and the sum of
the sensible and latent heat fluxes for the permanent ice points of Rows
1-4 of the S5LM with the corresponding quantities in Fletcher's heat budget
(Table I). Rows 1-4 of the 5IM span the latitude band 88.5°N to 79.5°N.

It is noted here that sea ice in the 5LM is treated as a slab of constant
2m thickness ksee for example Corby, Gilchrist and Rowntree, 1977) whose
‘spatial distribution is prescribed from climatology and allowed to vary
accordingly through the annual cycie. :

Since values of the incoming solar radiation, Faqu, for the S5LM were
not directly available from the model output they were derived from the net

Neb
solar radiation at the surface, Fi;v! , averaged for each day by setting



where O{ is the.prescribed albedo for the ice surface. The 5LM takes the
ice albedo to be 0.8 for an ice surface temperature of less than 271.2K and
0.5 for an ice surface temperature greater than this value. The lower
value of albedo chosen for surface temperatures greater than 271.2K is
intended primarily to reflect the presence of liquid water (melt ponds) on
the ice surface, although an albedo change at 273.15 would seem more
appropriate for this.

Semtner and Maykut and Untersteiner derive the albedo of snow-covered
ice from the monthly mean values reported by Marshunova (1961). These are
given in Table I. Semtner also assumes thaé, at the onset of melting, the
albedo decreases linearly with snow depth to the bare ice value of 0.64.

With the exception of a short period around July and August monthly

- mean values of S5IM incoming SW radiation are seen to be less than those

given by Fletcher (Fig. 2). The discrepancy is as much as 30-40 Wm—2 in
June. This is.probably due to the fact that the low cloud albedo in the
5LM is too high for Arctic stratus (the predominant cloud type in the
Arctic) (Herman and Curry, 1984; J M Slingo, 1982).

The SIM incoming LW radiative flux is seen (Fig 3) to be sigﬁificantly
lower than the climatological values through much of the year. The

difference exceeds 60 Wm—2 in September. This may be due in part to

(i) neglect of the temperature dependence of.the fraction of black body .

flux allocated to each spectral band, and (ii) the treatment of emission

and absorption by the water vapour continuum (Slingo and Wilderspin, 1984).




The combined sensible and latent heat fluxes (Fig. 4) show quite good
agreement, with the exception of late summer and autumn values on Row 4.

Snow is assumed by Semtner (following Maykut and Untersteinexr) to fall
at a rate of 30 cm between August 20 and October 30, 5 cm between November
1 and Apri} 30, and 5 cm in May. This may be compared with SLM monthly
mean snowfall for Rows 1-4 by reference to Fig..s. Annual snowfall totals
are given in Table II. According to Maykut and Untersteiner snowfall in
the central Arctic is low over most of the year but has two peaks — one in
May and a very large peak in the autumn. GCM snowfall for the
corresponding region is rather more evenly distributed and reaches an

autumn maximum of about 0.5 mm water equivalent/day only (on Row 4).

4. The standard integration

In sections 4-6 we shall compare the behaviour of the icé model when
fun with 5IM forcing, with a standard integration which is the equivalent
of Semtner's Case 1 (i.e. Fletcher's forcing, F%5= 2 Wm2, j[° ® 17%.

8 hour timestep) (Semtner, (1976)) but with:
(i) the modified value of (¢ described previously (see
Section 2),
(ii) identical latent heats of fusion at the upper and lower
boundaries (see Section 2),

(iii) no oceanic heat flux i.e. FB it (1) ‘

(iv) 24 hour timestep.

It should first be noted however that with our version of the model
and, like Semtner, a timestep of 8 hours the Case 1 integration gives an
equilibrium annual mean ice depth of 2.93m (c.f. Semtner's 2.89m). With a

24 hour timestep the equilibrium annual mean depth increases to 2.97m.
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The use of the lower value of O has a substantial effect on the
equilibrium annual mean ice depth, reducing it from 2.97m to 1.73m. This
may be accounted for in terms of differences in summer ablation, primarily
at the surface of the ice. Fig. 6 shows the evolution of monthly mean ice
depth and surface temperature in the first year of the two integrations,
starting from identical initial conditions. For most of the year the
surface temperature in the integration with the standard value of O
exceeds that in the integration using Semtner's value. This |
counterbalances the effect of the lower value.of & on the outgoing LW
radiation ( 8014 term in Eqn. (2.5}) and consequently, ice accumulation
rates during September — May are very similar. The only significant
divergence in the monthly mean ice depths occurs during the melt season
(June — Aug) when the surface temperature is held at the melting point in
both integrations.A The effect of the lower value of C is then apparent
i.e. outgoing LW radiation is reduced so that more energy is available for
surface ablation. Furthermore since the use of the standard value of &
accelerates the removal of the snow cover once the melt season is under
way, the ice is snow-free for a longer period (7 days longer in the 1st
year). This further enhances the subsequent surface ablation because of
the lower albedo of bare ice compared with that of snow—-covered ice. The
importance of enhanced surface ablation in the reduction of the annual mean

ice depth is apparent in Fig. 7 which shows the contribution to the total

.changa in ice depth from surface ablation and from bottom

ablation/accretion in the two intggrations‘ Amounts of bottom
ablation/accretion are similar throughout the year whereas there is a large .

difference in surface ablation in summer.

11



Fig. 7 also shows that accretion dominates ablation at the lower
boundary. Therefore, since increasing Cle reduces the magnitude of the
change AhB (see Eqn (2.10)) the net effect of the larger value of %B is
a reduction in ice depth. The equilibrium annual mean ice depth obtained
using both‘the accepted value of < and %B== %I = 3.014 x 108 o3 is
1.36m. l

This value may be compared with observed depths in the central Arxctic
of between 2.5m and 3.5m. As the actual magnitude of the oceanic heat
flux, FEB. , 1is not well known it could be argued that the 2 Wm~2 used in
Semtner's Case 1 integration might be inappropriate for the central Axrctic.

However, as Fig € shows, a flux from the ice to the ocean below (” 1 Wm—2)
would be necessary to achieve a depth within the raﬁge quoted above (and
this would require that the ocean tgmperature be less than 271.2K, the
freezing point temperature). Consequently the value Fig = 0, which gives
an equilibrium annual mean ice depth of 2.30m, was adopted for our standard
integration. .

Fig 9 shows the evolution of ice depth in the standard integration
from initially prescribed ice and snow depths of 2m and Om respectivel&,
and a surface temperature of 242K. With these initial conditions the modei
takes some 18 years to come to equilibrium i.e. to achieve a constant cjycle
of ice depth (to the nearest centimetre). The equilibrium anmal cycles of
surface temperature, ice thickness and snow cover are shown in more detail
‘in Figures 10a and 10b. As would be expected the ice thickness increases
from early autumn to late spring and decreases when the surface temperature
rises to the melting point during the summer months. Figure 10c¢ éhows a
plot of the total monthly changes in ice thickness and Figure 104 the

contributions to the total from bottom ablation/accretion and surface ice

12



melt. As dictated by Egqns (2.1) and (2.10) growth occurs through bottom
accretion from early autumn to late spring when the suxface temperature is
below freezing for sea water. (Since Fﬂa = 0 in this case the requirement
that the magnitude of the upwards heat flux through the ice, Fis ., Should
exceed the oceanic heat flux, F}B , for accretion is always met). Water
is frozen to the bottom of the ice to maintain the heat balance at the
lower boundary. Through the summer months, when the surface temperature
rises £o the fresh water melting point (which exceeds that of saline sea
ice so that the conductive heat flux is downwards), there is a convergence
of heat at the lower boundary and a small amount of bottom ablation takes
place. Most of the depletion of the ice, however, occurs as a result of
surface melting once the snow cover has itself, melted away. The ice
assumes its equilibrium cycle when the ice growth by bottom accretion
through the winter_months (which decreases as the ice thickens (Egns (2.1)
and (2.10)) balances the summer ablation.

~

5. Integrations with GCM snowfall or albedo

(5.1) Standard integration with GCM snowfall.

The total annual snowfall for Rows 1—-4 of the 5IM is significantly
less than in the standard integration. This difference is reflected in the
equilibrium annual mean ice depths obtained using GCM snowfall in otherwise
standard integrations (Table II). With a thinner cover of insulating snow
surface temperatures are reduced, thereby increasing the upwards heat flux
through the ice/snow layer. This promotes accretion of ice at the lower
boundary and greater ice depths result.l (Although Row 1 has both a highex
total annual snowfall and a greater ice depth than say Row 3, the snowfall

distributions are different in the two cases. On Row 1 a significant
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proportion (almost 30%) of the total snowfall occurs during the months June
— August when both the surface and the lower boundary are melting. This ;
snow does not accumulate, nor is the latent heat needed to melt it taken
into account (consistent with Semtner's treatment), and so it does not

contribute to the insulation of the ice during the winter months. On ~

Row 3, on the other hand, only 10% of the total falls during these months).

(5.2) Standard integration with 5LM albedo.
The SLM albedo formulation involves a reduction in the albedo value

during the summer melt season i.e. o4 = 0.5 when Tg > 271.2 compared

with the (bare ice) value of ¢{ = 0.64 in Semtner's calculation (see

Section 3). The associated increase in net short wave radiation, and
thereby in surface ablation, results in a very much reduced equilibrium
annual mean ice depth (0.90m) compared with the standard integration
(2.30m). As lower ice depths promote winter accretion the ice growth rate
is increased (Fig 1la). This, wi%h»the enhanced surfaCe ablation in the .

summer months, increases the seasonal range of ice depth from 0.8m in the

 standard integration to 1.8m.

2 further consequence of the enhanced surface ablation is the
appearance of open water. Eqguation (2.1) shows that as the ice gradually

melts away Eé increases. Therefore the heat loss from the surface

o increases and this eventually brings about an early end to surface

ablation, despite the enhanced net short wave radiation available. In fact_
the surface temperature drops below melting point on Aug 12 — some 14 da&s
ahead of the standard integration. The ice cover remains at this stage but
is only a few centimetres thick and consequently E% (which is still

directed downwards through the ice since 'Eg > 271.2) is an order of

®
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magnitude larger than in the standard integration. Bottom ablation
continues after the end of surface melting and it is this which exodes the
final few centimetres of ice and brings about’ the formation of open water
(which survives until the middle of October).

This rather unusual sequence of events - the onset of a prolonged
period of open water after surface melting has ceased and surface
temperatures are starting to fall - is only an artefact of the model which
maintains different melting points at the upper and lower boundaries even 8
when the ice is very thin. Furthermore, dynamical effects and the presence
of leads (areas of open water within the ice pack) — which are not
represented in the model ~ will play an important role in the removal of

thin ice to form open water.

6. Integrations with GCM forcing

We have seen in Figs 2 and 3 that zonally meaned incoming SW and
incoming IW radiation derived from the 5IM for Rows 1-4 are usually less
than the corresponding climatological value. The experiments described
here using 5IM fluxes appropriate for Row 1 — with both the 5IM and
Semtner's albedo formulation — indicate that this would be a serious
handicap in global simulations, as the amount of surface ablation that can
take place is severely restricted.

*(6.1) Row 1 atmospheric fluxes and snowfall; Semtner albedos

According to Semtner's formulation the albedo vaiues graduvally
decrease during the spring and summer (as the snow depth decreases) thereby
increasing the net solar radiation available fo¥ surface ablation. With -
SIM fluxes this is sufficient to melt all the winter snow cover each year

but only a few centimetres of ice. At the lower boundary net ablation of
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ice only occurs during July when the surface temperature remains in excess
of 271.2K for a sufficiently long period. Throughout the rest of the year
ice accretion dominates (note again that since F};z 0 accretion occurs
whenever the conductive heat flux is directed upwards through the ice i.e.
"ﬁé< 271.2K). Thus, with an insignificant amount of surface ablation, the
ice depth steadily increases and by the end of the integration (50 years)
has recached a wholly unrealistic (and still increasing) depth of 21.73m.

The variation in surface'temperature during this final year is
compared with the equilibrium variation in the standard integration in Fig
12. With the exception of the melting period, ~E§ is significantly
lower (™ 10K) than in the gstandard integration. This is a direct
consequence of the lower forcing fluxes.

The small maximum in —Eé in November reflects a similar maxXimum in

the ‘combined GCM forcing fluxes at this time.

(6.2) Row 1 atmospheric fluxes and snowfall; 5LM albedos

Althsugh the SﬂM albedo formulatio; i&Qolﬁés a potentially smaller
albedo than Semtner's formulation during the summer months (0.5 c.f. 0.64),
the surface temperature never reaches 271.2K in this calculation and
therefore the reduction in albedo cannot take place. There is no surface
ablation — neither of snow nor of ice - and the snowfall merely accumulates
on the surface. Furthermore with lg < 271.2K and FB = 0 there is no
bottom ablation either, so that both snow and ice depths increase
throughout the integration. The rate of inc;ease of ice depth is less than
in the corresponding integration with Semtner's albedo formulation ((a)
2bove ), however, because of the very deep sﬁdw cover insulating the ice.

The annual mean ice and snow depths at the end of the integration (year 50)

are 13.04m and 10.48m respectively.
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(6.3) Rows 54,55,56 atmospheric fluxes and snowfall; 5IM albedos

Annual mean ice and snow depths obtained in the final year of
calculations similar to that described in (6.2) but with GCM surface fluxes
and snowfall appropriate for those southern hemisphere rows consisting
entirely oﬁ permanent ice points (Rows 54-56) are given in Table III.
These calculations show the same features as thé calculation with Row 1
fluxes i.e. the absence of both surface and bottom ablation, and the
excessive accumulation of snow. It should be noted however that the zéro
oceanic heat flux was introduced in oxrder to match model results, using
climatological forcing, to observations in the central Arctic. There is,
therefore, no real basis for its use in the southern hemisphere. Using a
similar model, Parkinson and Washington (1979) found-that an oceanic heat
flux of 25 Wm—2 was necessary to obtain reasonable results in the

Antarctic.

7. Sensitivity to bottom heat flux

The variation of the equilibrium annual mean ice depth with oceanic
heat flux in the standard integration has already been referred to in
Section 4. .As Fig 8 showed ice depths decrease with increasing Fﬂg. With
no heat flux from the ocean, bottom accretion occurs whenever the surface
temperature is below 271.2K whereas with I:B > 0 the requirement that

FS > FB must also be met. ie. Fs must be large enough to

‘counteract the influence of the heat f£lux from the ocean. Therefore, in

addition to the enhanced ablation agsociated with increasing FB o EDE
amount of winter (T’s < 271.2) accretion is diminished. Both effects, of

course, Sring_about lower ice depths.
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The value of the bottom heat flux has a marked effect on the
gensitivity of the model results to other forcing parameters.
(i) Snowfall

we have seen that reducing snowfall, and thereby snowdepth 1’15 ’
increases the upwards heat flux through the ice and that this in turn
promotes winter accretion of ice. "I‘he heat f£lux through the ice is
inversely related to both snow depth and ice depth, hI (see Eqn 2.1). For
any given ice depth, then, (and assuming a constant surface temperature)
the rate of change of Fs with hs 6 BF:-;) is proportional to

I, 'S

= | Shs
(hs % }.t_§ & )a .Therefore as hl is reduced the sensitivity of Fs to
Lt

va.riationg' in hs is enhanced. In other words, the effect of variations
in snowfall are more apparent in the model results as FB is increased.
The effect of varying snowfall amounts in calculations made with
FB = 2,0 Wm—2 is_: compared with that observed in the corresponding
calculations made with FB“ 0.0 Wm—2 in Table III. Fig. 13 illustrates
the sensitivity of the model to snowfall over a rangé‘of FB ‘ 4
(ii) Atmospheric fluxes from GCM
The results of increasing the upwards oceanic heat flux from
FB = 0,0 Wm—2 to FB = 2,0 Wm—2 in the experiments using GCM atmospheric
fluxes are also given in Table III.
The characteristic effect of using the 5IM fluxes is the inhibition of

surface ablation so that changes in ice depth occur primarily at the lower

Jboundary (see Section 6). For realistic ice and snow depths accretion

dominates here. Bottom ablation occurs only when

Fs..2 Ra (2712 ol P G S (7.1)
hs"" k_:_s_ . hI
Ry
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With FB = 0 this condition can obviously only be satisfied when

'ﬂé > 271.2K. Since this occurs for short periods only with the GCM
forcing — if at all - the ice depth increased' throughout the integration
(see Section 6). Ice accretion becomes increasingly small however as h];
and/or hs increase.

For Fﬂa > 0 on the other hand, bottom ablation becomes increasingly
more significant as the ice and/or snow depth increase. The heat flux,Eé >
is particularly sensitive to énow depth since %si * .15. When the 5IM
albedo formulation is used snow accumulates on the:iurface of the ice
(since —ES never exceeds 271.2K in this case) and eventually this is
sufficient to satisfy (7.1) throughout the year. The ice cover is then
gradually eroded from the lower boundary whilst the snow depth continues to
increase (see Table III). The amount of snow required to initiate the
melting decreases as the oceanic heat flux increases.

Semtner*'s albedo formulation, on the other hand, allows sufficient
surface ablation for an equilibrium énnual cyclé of snow depth to be
established i.e. there is no progressive increase in snow depth. In this
case it is the increase in ice depth, which, for Fi; > 0, increases the
likelihood of bottom ablation of ice. Therefore, a negative feedback
mechanism operates which will allow the ice depth to reach equilibrium

eventually (but only after hundreds of years).

8. Discussion
These experiments have illustrated the high sensitivity of the
zero—lajer sea-ice model to the forcing fluxes. The quality of simulated

ice extents and ice depths in coupled atmosphere—ocean-ice experiments

19




AN S s s A e

will, therefore, be strongly dependent on the quality of the radiative and
turbulent fluxes obtained from the atmospheric model, the bottom heat flux.
obtained from the ocean model and the albedo formulation. The incoming
radiative fluxes from the 5 layer atmospheric model are known to be too low
compared with climatology and this has been seen to restrict the amount of
surface ablation that can take place very severely.

The most significant effect on the ice depth of variations in the
forcing occurs during the melting secason (see Section 4). For most of the
year, variations in surface temperature provide a feedback mechanism
(through the back long-wave radiation) which tends to counteract the effect
of the perturbatioﬁ. During the melting season however the surface
temperature is held fixed and all of the net surface energy is available
for surface ablation. It is possible that the representation of the
melting process in the model is incomplete. For example no allowance is
made, other than in the albedo scheme (see Section 3); for the presence of
melt ponds and absorption of energy by these ponds wquld provide an
alternative sink of energy to ice ablation. However there does not seem to
be any simple way in which an adequate representation of melt ponds could
be incorporated into the model. It is unlikely that dévelopment of a
complex representation could be justified at this stage, since other

processes which can be ejpected to be of fundamental importance in

4 detexrmining the quality of the simulation of the ice cover - such as ice

dynamics — are neglected.
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Table II

Annual

Equilibrium

snowfall Annual Mean

(cm/year) Ice Depth (m)
Row 1° 21,2 2.59
Row 2 14.1 2:55
Row 3 17.6 2.52
Row 4 28.5 2.40
Standard Integration 39.6 2.30

Comparison of annual snowfall and corresponding equilibrium
annual mean ice depth for the staﬁdard integration (Maykut and

Untersteiner's (1971) snowfall) and similar integrations using

GCM snowfall.
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Integration

Fg = 0.0 w2

Annual Mean Ice and Snow Depth (Year 50)

i FB= 2.0 Wn 2

- + 51M Albedo

Standard 2.30 (0.22) 1.36 .  (0.23)

Standard + 5IM Snow 2.59 (0.07) 1.99 (0.07)
Row 1

Standard + S5IM Snow 2.55 (0.06) 2.00 (0.06)
Row 2

Standard + S5LM Snow 2.52 (0.07) 1.94 (0.07)
Row 3

Standard + S5LM Snow 2.40 (0.12) 194 (0,12
Row 4

- + +

: 2 0.90 0.03

Standard + 5LM Albedo 0.90 (0.08) {0.97] [0‘03]

SIM Forcing (Row 1) 21.72! ¢0.11) 15.57' (0.11)

+ Sembnexr Albedo

SILM Forcing (Row 1) 13.04! (10.481) 3.60% (10.48!)

4+ 51M Albecdo

SIM Forcing (Row 54) 6.28!  (24.36!) 0.01 (24.14!)

+ 5ILM Albedo

SIM Porcing (Row 55) 7.931 (26.461) 0.01 (20.e5!)

+ 51 Albedo

SLM Forcing (Row 56) 14.09! (10.411) 0.01 (10.411)
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Table III Summary of annual mean ice depths (m) in final year of

integrations referred to in sections 4-6. Results are also

given for corresponding calculations with Fﬂ5== 2.0 Wmfz.

Annual mean snow depths (m) are shown in brackets. The ice and

snow depths quoted are equilibrium values unless otherwise

.indicated. Note that ice depths of 0.01m may be taken as zero

since the ice depth is maintained at this depth only by

conversion of an appropriate amount of the snow cover. .
+ Equilibrium cycle of two-year period.
! Increasing ice/snow depth.

* Decreasing ice/snow depth.
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o Fig-—ls

Simple ("zero-layer") ice model.
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Net downward flux from the atmosphere, including
contributions from solar and long—-wave radiation,
gengible and latent heat fluxes.

Conductive heat flux througn the snow/ice system.
Upward heat f£flux from the ocean
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Lower boundary temperature

Ice depth
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Fig 10a: Eguilibrium annual cycle of surface temperature in the
Fig 10b: Equilibrium annual cycle of ice depth and snow cover in
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