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p. 1 Introduction

The main goal of this research is to develop and numerically investigate a fully coupled
* atmosphere-ice model. The main unique feature of this modeling effort is the inclusion of

full ice dynamics. In particular, while a number of previous investigators have examined
Atmospheric circulation models together with thermodynamic sea ice in an oceanic mixed
layer 1e.g. Manabe and Stouffer (1980). Pollard et.al. (1983)1 to date no full simulationi
including full ice dynamics has been performed.

To carry out such a study, the dynamic thermodynamic sea ice model developed by
Hibler (1979/80) is being coupled to an atmospheric circulation model lRoeckner, 1979':
including a motionless oceanic mixed layer with variable depth Biercamp. 19861.

2 Uncoupled Experiments

Because of the large number of dlegrees of freedomn of such a coupled rliodlel, thle probability
of drifting away from reality is quite high. Therefore as a ('on frol Ezprzmcnl. a sea ice
simiulation utilizing observed atmospheric forcing prepared by Hibler (1986, private coin-
inuinication) for use in a coupled ice oceani iiiodel. was carried out. This forcinig consisted of

* climatological atniospheric temperatures and humidities together with daily varying wind
fields. Temiperatures amid humidities served as input for siiiple bulk aerodynamic formulas
providing the surface sensible and latent heat fluxes. The wind fields were obtained by

S"
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merging monthly mean wind fields averaged over a 30 year period (Walsh et. al.. 1985)
with daily deviations from the monthly mean geostrophic wind fields from the F((E year

- (1979). The incoming solar and longwave radiation fields were computed from the Zilinan

and the Jackson and Idso formula respectively, as described i.e. in Parkinson and Washing-
ton (1979). Annual mean ocean currents were taken from a coupled ice-ocean simulation
carried out by Hibler and Bryan (1987). These currents were also used in experiments emi-
ploving modeled atmospheric forcing. Simulations of this type have been used by Hibler

l (1979/80) in evaluating the performance of the dynamic thermodynamic sea ice model.
and have been shown to reproduce many of the observed features of ice build up, decay
and drift.

The observed forcing fields cover a period of one year but were applied to the dynamic
thermodynamic sea ice model repeatedly in order to reach a cyclic equilibrium after five

* years. The fifth annual cycle of this Control Experiment is taken as the reference cycle
with which simulations utilizing modeled atmospheric forcing fields can be compared.

For comparison to this Control Experiment, and as an initial step toward a fully
coupled simulation, an Interannual Experiment employing six consecutive years of GCM-
generated forcing fields was carried out. The GCM forcing fields for this experiment

* were obtained from a global GCM simulation with prescribed sea ice limits and SST
[Alexander and Mobley, 1976] conducted by Roeckner (1985, private communication).
This Interannual Experiment was designed to reveal whether or not characteristic features
obtained from earlier equiannual expcriments with cyclic modeled forcing were typical in
the sense that they would reappear every year or remain unchanged. Another issue was

• to examine if the ice showed any persistent trend that might eventually lead to extreme
states.

Before commenting on results obtained from both simulations we shall discuss some
problems regarding the modeled forcing. In particular the paragraph on the zonal asym-
metry of the forcing greatly aids understanding the tremendous differences in simulated

* features of the Arctic ice cover.

3 Resolution Related Problems

The atmospheric model operates on a spherical grid with a meshwidth of 11.25'. As a
*lt consequence. the Arctic Basin is resolved by no more than 25 grid points along the 78.75'

parallel - 250km apart from one another and 12.50ki south of the grid point at the pole.
The sea ice model, on the other hand, is defined on an area conserving Lambert equivalent
square grid with Ax=Ay=-160km. Fig. 1 illustrates the grid utilized for the forced sea ice
sinmulations.

a) licomniensurate Turbulent Heat Fluxes

In order to drive the ice model with C('M-generated forcing fields these fields had to be
interpolated to the ice grid. This was readily done for downward radiative fluxes and
surface pressure. The sensible and latent heat fluxes, however. required a mnore sensitive

• treatment. This will be evident from what follows.
Surface heat fluxes strongly depend on surface characteristics and particularly on the

surface temperature. Accordingly they uirror the type of surface they are conputed for.

- le ¢,¢ " , " -t" ° " " " ,t . " " ~ ." " . , . . " - - ." . - - - .- -, . ".- -. , .--2.



A pronounced temperature contrast between air and ocean in winter and air and land
in summer meads an energy loss for the respective surface type on the order of several

*II hundred W/m 2 . However, heat fluxes over an ice surface typically lie in a relatively
narrow range of ±10W/im2. Applying fluxes computed for a GCM's ocean or land grid
point, to an ice surface carelessly can cause a missing melt season in the land/sunner case
and inadmissible ice surface temperatures below 0°K in the ocean/winter case. A linear
interpolation scheme would still provide too low values at positions between a GCM's ice

* grid point and a GCM's ocean or land grid point. Since it is the ice edge that. abruptly
separates the different flux regimes, the position of the ice edge could serve as an ideal
weighting parameter, if it was not desired to be part of the ice model's output.

A simple method to overcome this problem is the following. Before entering the
interpolation scheme the fluxes are set to zero if the GCM's surface temperature is above

* freezing and if at the same time the fluxes are pointing towards the atmosphere. This
condition eliminates cases of the above mentioned kind. On the other hand, fluxes pointing
toward the surface with a higher than freezing temperature are left unchanged. The idea
here is that if the actual surface was replaced with a necessarily cooler ice surface the latter
was likely to gain even more energy than the flux supplied the original warmer surface with.I

It. must be admitted that the described procedure is somewhat arbitrary, but so is
the interpolation scheme itself. Fortunately, we shall not, have to deal with the heatflux
problem in the fully coupled model, for the modified GCM is capable to handle hybrid
grid cells composed of ice, ocean, and land as well. The fluxes are determined for each
individual surface type in order to do the heat budgets separately. The resulting different

* surface temperatures will be averaged using some kind of weighting procedure.

b) Zonally Asymmetric Forcing Fields

The most serious consequence of the GC1M's coarse resolution is its overestimation of
stationary waves. The means of communication between continental and oceanic regimes -
transient eddies - are poorly resolved by the grid. The pressure pattern is therefore largely
determined by the geographical distribution of land and sea and their different thermal
properties and states. The asymmetry of the lower boundary not only affects the pressure
field but also cloud cover, precipitation, and most relevant to us tie surface energy fluxes.
This is verified easily from Fig. 2 and Fig. 3 showing the incoming shortwave and longwave
radiation along a section of the 78.750 parallel for the six consecutive years of the GCM-
forcing data set. For comparison the fluxes used for the Control Experiment are also
shown. Extreme low rates of atmospheric radiation (<150W/ie') are indicative of the low
heat budget of the polar atmosphere in continental regimes during winter. This is again
because overtaxed stationary eddies have to bring about the meridional transports almost
all alone. In summer the longwave fluxes are still small here on account of prevalent, clear
skies which allow short wave fluxes in excess of 300W/'ni.

•*' Results from an experiment originally designed to test the applicability of the flux
fields after interpolation and clearing demonstrate how this asyinnietry of the forcing

*" translates to static sea ice. For this test. a diagnostic Senitner-type sea ice model including
* parameterizations for leads, internal melt, and albedo was equiannually driven for a period

of ten years with Year 6 of the 0CM-forcing data set; (Year (i is actually the first year
of the available data set and refers to the sixth year of the niultiannual (('M-siulatioii

3
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the data were taken from). Fig. 4 shows the ice thickness performing equilibrium cycles
after the second year at most of the gridpoints along 78.75'. Two sections of heavy ice

0 fall into continental regimes where surface temperatures as low as -50C are associated

with strong growth rates in winter. Two intermediate sections of relatively thin ice are

governed by the oceanic regimes characterized by moderate radiative fluxes of either kind.

The assymnietric pattern of the forcing is essentially copied to the ice thickness field. As

will be shown soon the response of a sea ice model employing full dynamics turns out to

40 be quite different.

In order to prevent excessive ice growth in a coupled model experiment employing

this thermodynamic sea ice model Roeckner (1986, private communication) introduced a

locally constant artifical flux to the heat budget. This corrective flux was determined from

the same GCM simulation that produced our raw data set as the 10-year mean net heatflux

40 through the surface. As a side effect such modification can zonalize the ice thickness and

the surface temperature field, to name only two.

For the time being, we shall not apply this or any other flux correction method.

We are not primarily interested in realistic results yet, but, in the as much as possible

unmnanipulated response of the full ice model.

4 Analysis of Experiments

First of all it is useful to know that the Interannual Forcing Experiment has been initialized

with the final state of the Control Experiment. To contrast these two experiments and

* illustrate the transition. Fig. 3 shows another time-longitude section for ice thickness as

obtained from these two simulations. This figure can also be compared with Fig. 4 which

shows results from a thermodynanics only model subjected to Year 6 of tile Interannual
7" forcing.

The overall shape of the Control thicknesses is obviously zonal. The Interannual

* thicknesses. on the other hand, do not show a zonal pattern, nor do they exhibit anything

comparable to the asthetic asymmetry of the thermodynamically obtained thickness pat-

terns of Fig. 4. The thickness patterns of these three simulations virtually have nothing

in common. It is only that this chaotic interannual pattern is similar to itself, indicating

a relatively small interannual variability of the forcing fields.

4. ,a) Geographical Distribution of Ice Thickness and Drift

For a more complete impression thickness and velocity fields covering the entire grid domain

are analyzed here for the ('ontrol and the Interannual simulation.

In Fig. 6 monthly means of ice thickness for every other month illustrate the equilib-

W 'rium thickness cycle as of the Control simulation. The frames for September and March

represent the iilinimuin and maximum of this cycle. The retreat of ice during summer un-

covering most of the marginal seas is simulated in favorable agreement with observations.

The thickness stays in a reasonable range, nowhere ever exceeding !in. The thickest ice

is found in the (anadian Arctic which is in agreement with what scarce submarine data
* suggest. This major deviation from a zonally symmetric field is mainly caused by tile

convergent ice flow in that region as is evident froii tile annual mean velocity field given

in Fig. 7.

r- -4*1



III add(it ion lo) tis, tile annual mean field also exhibits the classical feat ures of the Arctic
ice drift, namtely thle Beaufort Sea Gyre and the Transpolar Drift. It should be noted

0 however, that thies.e characteristics undergo a seasonal cycle. They are particularly well

developed lit Ilie fall but less p'' itiounced in spring and sunmmer. It is furthermore evident
from~i Fig. 7 that tile- ala,,Iral jiat terni Is '9igira,11lN shaped by the annual ocean cu~rrent
forcingM. Tii !% 1 elPeCiallN t rite fi summxner. when a weak sea level pressure distribution is
a.Ni)(iatedl~ it III IHdiltl ieg'ligille witio forcing.

40 111 IL! th, t. \ ear tt%, rage eai 4mal t hickniess cycle as obtained front the Interannual
Nmilit ilat i ,xI- O i\ter hla% i t akeni co gnizance ()f Fig. 5 it is not exactly surprising to
,ve that flhe p~ttt 'ti, .,I hu -~mid [im~. it are as different as day from flight.

\ irtiiik 1! -.* id .miiilartt h.btwen I'Mgs. 6 anid X is that again the framies for March
~1al ptiiIe Ie,f fu h lit-d,XItiflIII anid miiiuiimxiunl ice extent. As is evidlent front

* ~tielt- li'.i. xd Ie ,#tA,\t r . ilhere Is, almjost no advance and retreat of the ice in
flit- vea ad Iao 't1 ti, t ilt ( teit ral X r(-tic Basin. Results fromt the earlier mnent ioned forced
lirrii- d ' miatil iri itilat ilm' l,, Fig. 9) as well as ice drift patterns (Fig. 10) indicate
hat f ill, i , attinhut alle t,, We export from tile Basini during summer. as far as thle East

(;reeilaud amul tlie \iurwegii Seas (Regions IV and VI) are concerned. Tis is also
0 reflect ed h) 11lie halloouivy shape of thle thickness pattern in the heavy ice region of the East

G;reenilanid Sea iiiig tis season. Act ually, the thickest ice is found here.
lit contrast. t le sit uation lin tile Barents and Kara Sea (Regions VII andl VIII) appears

to he largely deterinxed bv thermnodynamical processes. Excessive growth in the course

0of tilie winter (llW( to( a (01(1 conitinient al climiate here prevents a compltte mnelt down iii

s umml ier.

Aniot her zone of heavy ice aroundl the Bering Strait (Region 1) is created by shoreward
directedl winds associated with thle nort hemn fringe of the Aleutian Low. It is interesting
to note that the growth cycle here is interrupted during Decemiber and January. when in

0 some winters a more offshore oriented flow can establish. This appears t~o be related to a
wvest wardl shift of thle Aleutian Low. InI tis case a look beyond the ice domain is really
required1 to understand the relation to the atniospheric circulation.

The most dramatic event to mention is that vast, areas of the Central Arctic as well
as the Canadian Arctic (Regions III and 11) become ice free each summer. XVhat causes

40 this will be dliscussed in somiewhat. greater dletail in subsequent sections.
flow essential the deviations between thicknesses obtained from the Control and the

Interannual Experiment are may become even clearer from Fig. 11 which shows 6-year
mean minus Control thicknesses.

lin Fig. 10 the 6-year mecan seasonal and annual ice velocity fields are presented. A
CW comparison with the Control fields of Fig. 7 reveals that the ice in the Interannual case

generally drifts at about twice the Control speed. This is mainly caused by a surface
pressure distribution that is simulated too stationary. Far too ig h pressure during the
Cold seasons is ierely a consequence of tis. Thus, thle derived wind forcing tends to be

00o persist ent and~ too stro ng. T[le main unique feat ure ( result ing fromt tile foiregoing)I is

to thle pronounced cyclonical dIrift pattern in sumimer. It is only t hen and lin thle fall that we
observe a not icable out flow front the Arctic Basin. The classical (drift pat tern is visible ItI

out lines lin spring an(]l in fall.

5I
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b) Interannual Variability of Ice Thickness and Compactness

Spatial compression of thickness and compactness data makes it feasible to focus ol the
" evolution of these fields over the full temporal length of the Interannual simulation. Fig. I

defines the geographic domain covered by the sea ice model and shows the regions this
donmain is subdivided in for averaging purposes. We (10 not intend to discuss here tle
conditions for each and every Region. A complete set of graphs showing regional time
series for thickness and compactness is provided in Appendix A. however. Ve desribe

*briefly here the results from this set of graphs.
In Fig. AO monthly means of thickness and compactness fields averaged over the entire

domain are displayed for the 5th year of the Control Experiment and for each individual
year of the Interannual Experiment. It can be seen easily that the model is drifting away
from the obstrvational equilibrium cycle during the first year of the Interannual simulation.

*ip The subsequent cycles do not show any trend but fluctuate irregularly within a quw.,-
equilibrium range around the 6-year mean cycle - the new equilibrium cycle associated wit Ii
the GCM-climate. The rather narrow range reflects that there is only little interanniial
variability in the atmospheric forcing. The variability of stationary atmospheri, wa,--
can obviously not make up for a lack of variability on shorter time scales a,,ia,-'I wlt i
underestimated transient processes. It is perhaps also significant that the forcing i- take,:
from a simulation with prescribed ice limits having no interannual variabilit v.

On the whole, the ice in the Interannual Experiment, tends to be iore c(,llpact alld
thicker than in the ('ontrol Experiment. This is likely due to the combined effect (if a
cooler than observed GCM-sinulated surface climate on the one hand. and dilue t, itoire

V vigorous and shoreward directed wind fields on the other.

In spite of the difference between the 6-year mean cycle and the Contrcl cycle, the data
averaged over the entire domain, amazing enough. can be judged as fairly resembling one
another. That this does not hold on a regional basis is clear. It is only mutual cancellation
what allows the domain averages to compare so favourably.

While tile thickness and compactness cycles in general differ only slightly fron one

year to the other. those of Region V (Fig. AS) and particularly of Region I (Fig. Al)
exhibit a (rite broad range of variability. Conditions of least ice mass and extent in
Region I during Year 8 are immediately succeeded by highest values of these variables in
Year 9 of the Interannual Experiment. From Fig. A5 it is evident that the took
place in Region V. Particularlv remarkable is that the ice export rates equal or even exceed
the local produiction rates during much of the 'growth' season of each Region's 'nmininial'
yearly cycle. The corresponding symbols of the respective graph run parallel to the time
axis in tihis case.

.-\In exp~lanation fr this episodle and a proof for tile communication between both
rewgiow. i readily fonid by coniparing the nieali ice drift patterns for tile first quarter of
Near M and Year 9 4,n a ioitlily basis (Fig. 12). Vhere heavy ice conditions are going to

VVl ve clearly depends ,n the relative positions and intensities of tie Aleutian Low and
tle Beaifort High.

-,ipG 'File heavY ice in the Fast Greenland Sea (Region IX-) apain shows hardly any in-
S cerannual variabilit v and i, characterized by a flat yearly t hickness cycle (Fig. A-l1. I is

intere,tiLYu t,, wite that the ice iII tlihf area iv essentially at rest fr,,n December through

6..-
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May but moves at speeds of lOcmi/s and higher during the warmer seasons. The pressure
gradients are spuriously high here. especially in summer. This may be, at least in part, a

* consequence of the fact that the derived sea level pressure over the Greenland plateau is
inherently fictitious. The departure of the first interannual cycle from the Control cycle
takes place only when the Asian s nummer low begins to govern an ice circulation that is
associated with high export rates into this area. By nid October the ice has arrived at
an average thickness of about 5 m due to ridging and varies only slightly around this value

* throughout the rest of the simulation. The ice mass in Region IV is therefore mainly deter-
mined by a balance between summer melt and ice import from Region 11 at the same time.
During the motionless winter season, however, it finds itself in a state of thermodynaniic
equilibriumr.

Fig. A2 and Fig. A3 show again that major parts of the Arctic Basin become ice free
* during sumnmer. It is also evident that this is not an isolated event but a recurrent pattern.

To what degree this systematical bias is to be attributed to the radiative forcing and to
the wind forcing is examined in the sections to follow.

c) Estimated Melt Potential of Net Radiative Fluxes

A rough estimate of the role of net radiation in the nearly complete removal of the sea ice
from the Arctic Basin may be obtained from this simple model.

Tihe differential change in thickness dz due to the net radiative flux Ri over the ice
covered portion of a grid cell can be written as

Sdz= -Rid (1)
L

where L denotes the volumetric heat of fusion. The change in the open water fraction do
due to the net radiative flux R,,, over the open water may be written as

da =Ra dt (2)
Lz(t)

provided R,,. causes only lateral melt. Assuming that R, and R, are constant in time we
arrive at

:(I) = o- Rit/L (3)

* a~nd

"t:Ga(l) = a0 I f: (4)

An evaluation of eq.(3) and eq.(4) leads to the results shown together with substituted
input data in Table 1.

* Among the conclusions that can be drawn from the contained information are, for one:
There is not too much of a difference between tie anounits of net radiation gained over
ice (R,) in tile Interannual and in the ('ontrol case. It is only in the less critical Region I
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where eq.(3) predicts a change in thickness in excess of im for both simulations. Vertical
melt therefore is of minor relevance, and, in addition, is in good agreement with the rates

• of the Control simulation. For two: The amounts of radiative energy gained over leads
(R,.) in the Interannual case obviously are up to 50C higher than the Control data suggest.
According to eq.(4), however, the way these leads grow is mich more determined by the
fraction of the net radiative fluxes R,.R, and by the fraction R,/zo. These values, given
in row 3 and 4 of the table, actually resemble one another fairly well (with the exception

• of R,,.l'R, in Region II being 70, higher than in the Control case). In this context, it is
also interesting to note that the flux fractions of Region I are virtually equal, whereas the
individual fluxes show tile highest deviations from one another.

Table I. Melt potential of simulated and observed net radiative fluxes.*

Interannual Experiment ('ontrol Experiment
Region I Region II Region III Region I Region II Region III

R,(Jd.) 56.17 23.24 31.86 41.53 31.98 29.52
RW.(,IJA) 207.00 16,S.97 175.36 145.21 135.88 133.28

R,,.,R, 3.69 7.27 5.50 3.50 4.25 4.52
R, So 13.87 6.7 9 9.34 13.91 7.78 9.79

: 0 (May) 4.05 3.42 3.41 2.99 4.11 3.02
z(.ug) 3.10 1.74 1.62 1.78 3.47 2.58

=( q. 3 ) 2.60 2.,S2 2.59 1.91 3.28 2.25

ao(May) 0.07 0.04 0.06 0.02 0.01 0.01
a(.4 ug) 0.59 0.69 0.68 0.54 0.15 0.23
a( q.4) 0.35 0.14 0.30 0.10 0.02 0.06

a au 5.11 4.06 4.56 4.73 2.59 3.72

The comparison is based on the evaluation of equation (3) and (4). For the fluxes jW/m".
regional averages of the 6-year mean JJA quarter or the 5th years JJA quarter were utilized
in the Interannual case and the Control case respectively. (For the definition of Regions
see Fig. 1). As initial values for thickness m and open water fraction .i accordingh"
averaged monthly means of M*ay were substituted. ('orresponding values for August are
also reported for conparison. Note. that all thickness values given here denote the thickness
of the ice covered portion of a region rather than the mean thickness (: (1 - a)) of that
region. t was set to 3 months in seconds.

If all these differences are minor what causes the tremendous differences in the amount
of open water as derived from eq.(4)? The answer is: small differences in t he initial amount
of open water (ao( aq)). This can be verified from the last row of tile table.

What we conclude from all this mw is that if one had turned (1ff dynamical processes
during May of the Interannual simulation the gain of radiative energy during .JJA had
reached out to imelt about half (f tie actually simulated anount of melted ice within
Region I and Region Ill. Most of the ice contained in Regiin 11 would still reside there,
however. The other interesting point here is that the net radiative fluxes of the Control
Experiment evidently led to similar results if (in addition to switched off dynamics) the
open water fractions in May were of tile same size as in tile lnterannual siiulation.
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This suggests that the recurrent pattern of an ice free Arctic during the Interannual Exper-
iment is not primarily related to an erroneous radiative forcing. This is a relieving finding,

40 in particular on account of the strong deviations of both, the incoming solar and longwave
radiative fluxes from the Control fluxes (Fig. 13). Fortunately, these errors - obviously
related to an underestimated cloudiness and the problem to resolve Arctic stratus in a
GCM - mostly cancel as far as the way radiation is related to melt rates is concerned.

The extensive decay of Central Arctic ice is induced by the wind and completed in
* collaboration with the radiative forcing. This will be shown next.

d) The Wind Driven Deterioration of the Arctic Ice Cover

The Arctic ice cover is already in May relatively unconsolidated in the Interannual case.
Sizable amounts of open water are visible in the coastal regions of the New Siberian

• Islands and the ('anadian Arctic (Fig. 14). This is clearly related to an offshore directed
divergent ice drift in spring (Figs. 10, 14). As was shown in the previous section, however,
the subsequent rigorous deterioration of the pack should have not occured if dynamical
processes had been inactivated in June, July, and August. It is therefore only consequent
to investigate the dynamical features of the ice drift and the governing wind forcing during

* this season.
Fig. 15 illustrates the temporal evolution of GCM simulated sea level pressure along

78.75'. The pressure is simulated some 30hPa higher than observed during the cold seasons
(primarily on account of the GCM's low resolution). To our delight the pressure range
in summer is in imuch better agreement with observations. Actually, it is then when the
agreement is closest. A serious withdraw, however, is the low interannual and intraseasonal
variability of the annual pressure wave at this time of the year.

Comparing the mean magnitudes of the Control winds for the June-July-August quar-
ter with those for the same period of Year 9 of the GCM-data set (Figs. 16, 17) we find
them in good agreement. The same must be true for the mean magnitudes of the pressure

0 gradients. * On the other hand, the modeled vector mean winds are almost of the same
size as the mean wind speeds while those observed are almost invisible. Observed daily
wind vectors being of similar magnitude and relatively equally distributed over the full
directional range cancel one another effectively and nearly vanish in the mean. Conversely,
the small difference between modeled vector mean winds and mean wind speeds reveals the
temporally invariant character of the modeled wind direction. In other words, a pressure
pattern is required to be highly persistent, if not only the mcan magnitudcs of the winds
but also the t'ctor rncans of the winds (and accordingly the average divergence **) are to

The foregoing does obviously not hold for the Greenland area. Conditions in this
region are critical with regards to the outflow of ice from the Arctic Basin. So much the
worse is it to realize that sea level pressure can only be obtained here via some type of
reductioni method. Such methods require arbitrary assumptions regarding orography and
temperature variations in the imaginary air laver between surface and sea level. Especially
the resultant too strong winds polewards of Greenlands nort hern tip appear to suffer from
this.

- This bears the simple rule that a displacement is most efficient when it occurs along
a straight line in response to unidirectional forcing. Moving zig zag and back and forth
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take ol large values.

As a consequence. the observed vector wind field is fairly indistinct whereas the sii-
* ulated field takes on clearly structured shapes. The most dominant feature of the latter

is the cyclonic flow pattern associated with a giant low pressure system centered over the
Asian side of the Arctic Basin. This cyclone can establish sometimes as early as ini May
and may last through September. The ice underneath is forced to revolve in the same
sense and is pulled apart on account of the divergent character of such flow. This can be

* verified from Fig. 18 which exhibits geographical distributions of V- V:.c, the persistence
of Vic, and the resulting ice compactness of August.

Excessive melting due to an enhanced gain of radiative energy over dynamically in-
creased open water areas is the dominant process in Region I11. In addition to this advective
removal of ice becomes an essential factor in Region II. In this transition zone between

* Asian Low (1020 hPa) and Greenland High (1040 hPa) the ice drifts at velocities as high as
30cm/s. Some of this ice is saved from melting. Before this ice can exit the basin through
the Fram Strait it is subjected to heavy ridging in front of this bottle neck. This leads
locally to high values of thickness in excess of 10m.

In summary, a combination of two processes, namely the accelerated melt due to a
persistently diverging ice drift and high speed ice export is what eventually leaves an ice
free Central Arctic ocean behind.

5 Outlook

When driven with GCM-generated fluxes and winds the sea ice model fails to reproduce
essential features of the Arctic ice cover. This failure is mainly caused by a wind forcing
that is too vigorous and too persistent all year long. It is certainly possible to improve
the model's performance via modifying the forcing components. However, it was never

• an objective of this research to establish a well performing forced model. Moreover, it is
questionable if such modifications were particularly valuable in a coupled simulation.

We wish to conclude this report with some speculations on the potential of sea ice to
modify the atmospheric circulation.

Ice-atmosphere feedbacks in Roeckner's coupled model employing static sea ice are
relatively easy to predict. For instance, surface temperatures in continentally influenced
sections of the Arctic - already low in the uncoupled GCM simulation - tend to drop farther.
This is merely due to the fact that the conductive heat flux (usually a constant in uncoupled
G('Ms) is now taken to be inversely proportional to the modeled ice thickness. Hence, heavy
ice conditions, as a rule, are closely related to very low surface temperatures in the case
of static sea ice. The reverse applies to domains where relatively high temperatures are
prevalent. Generally, the ice-atmosphere interaction in this model may well be suited to
intensify the respective pressure field. It is however not believed that the overall structure
of the atmospheric circulation in high latitudes could be affected extensively - unless the
Arctic became ice free.

un(Ier a multidirectional forcing. on the other hand, may keep an ice floe essentially in
place.
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In a coupled simulation employing full ice dynamics this statement has possibly to be

revised. The ice circulation will still be largely determined by the atmospheric wind field.

* As in the uncoupled Interannual Experiment the wind may again cause the ice to pile up in

areas - and this is the important point - where thermal conditions alone suggest relatively
thin or even no ice at all (e.g. Region T and IV). Again reduced conductive heat fluxes will
cause a drop in surface temperature. Subsequently, the atmospheric fluxes are compelled
to adjust. Via modifying the surface climate ice dynamics may have some noticable impact

* on the atmospheric circulation pattern itself.

An essential fact here is that a dynamical sea ice model is capable of producing
disharmonies by pushing ice under an unfitting atmosphere which is required to adapt
itself to the new boundary condition. Static ice, on the contrary, finds itself most of the
time in perfect harmony with the thermal state of the atmosphere.

* The above described mechanism is expected to be the weaker the more unstructured

or homogeneous thickness, temperature and circulation fields are. As a consequence, our
coupled model is likely to depict the interaction somewhat more exaggerated as compared
to a not existing coupled model with better resolved atmospheric dynamics.

More quantitative evaluations really require a coupled model simulation to be carried

out.
While not yet completed, efforts to construct a coupled model are well underway.

Work already done includes the construction of meridionally extended sea ice grids for

both hemispheres (Figs. 19,20). Also, the area of the fragments the ice grid squares fall
into when the spherical lat-long GCM grid is overlayed needed to be known in order to
handle the flux transfer and temperature exchange in an energetically consistent way.

Currently, we are still involved with mainly technical problems as debugging and
testing parts of the computer code. A first test simulation will shortly be carried out on a
small super computer.

Acknowledgements

Prof. W. Hibler is specially thanked for placing his dynamic thermodynamic sea ice model
at my disposable, for his continous advice and valuable comments at various stages of
this research, and for revising a draft of this report. Thanks are also due Dr. E. Roeck-
ner who was kind enough to provide the simulated atmospheric forcing together with

his global Hamburg University GCM. This Research was carried out at the U.S. Army
('old Regions and Research Laboratory under a reimbursable ONR Grant through CR-

REL for the U.S. Army Research, Development and Standardization Group. U.K., under
(ontract No. DAJA 45-86-M-0293. Additional funding was provided by the Max-Planck-

Institut fuer Meteor61ogie, F.R.G.. Finally, I would like to thank Prof. W. Hibler and
Prof. K. Hasselmann for providing me with the opportunity to carry out this research
and Dr. J. Comati and Mr. U. Weinberger for unraveling the red tape associated with the
support.

11

€,,.



O2

References

Alexander, R.C. and R.L. Mobley, 1976: Monthly average sea surface temperatures and
ice pack limits on a 1 degree global grid. Mon. Hl'ca. Rev. 104, 143-148.

Biercamip, J.. 1986: Prognostic sea surface temperature in an Atmospheric climate model.
HfMO/IC'SU ICRP Report No. 9, 8.34-8.36.

Hibler, W.D.III, 1979: A dynamic thermodynamic sea ice model. J. Phys. Oceanogr. 9,
815-846.

Hibler, W.D.III, 1980: Modeling a variable thickness sea ice cover. Alon. Wl'fa. Rev. 108,
1943-1973.

Hibler, W.D.11I, and K. Bryan, 1987: A diagnostic ice-ocean model, J. Phys. Occanogr. 17,
987-1015.

Manabe, S. and R.J. Stouffer, 1980: Sensitivity of a global climate model to an increase
in ('O, concentration in the atmosphere. J. Gcophys. Res. 85, 5529-5554.

Parkinson. ('.L. and W.M. Washington, 1979: A large -scale numerical model of sea ice.
J. Gcophys. Res. 84, 311-337.

Pollard. D.. M.L. Batteen and Y.J. Han. 1983: Development of a simple upper-ocean and
sea-ice model. J. Phys. Occanoyr. 13, 754-768.

Roeckner. E.. 1979: A hemispheric model for short range numerical weather prediction
and general circulation studies. Contr. Arm. Phys. 52, 262-286.

Walsh, J.E., W.D. Hibler III and B. Ross. 1985: Numerical simulation of Northern Hemi-
sphere sea ice variability. 1951-1980. J. (ophys. Rcs. 90, 4847-4865.

12

l~'~. ' V hC~.h&\~~



FIGURE SECTION

0

0

0



0&

GRID CONFIGURATION AND REGIONS

NOWA

.| G ID ON IGU ATI N GDREAN ION

Figure 1 Grid Configuration as utilized for forced sea ice simulations. Roman numerals

* denote subregions defined for analyzing purposes. Dots mark cornerpoints of grid cells.

Ax = y = 160kmn.

,Ii



LJ.

LA_

LA

______...................

........ .... %00. 15 E ..0 11..W
LONGITUD .DE.REES.

Fi Ar ......... .....]n~i ..e..inaln 87 0 ~l ,so ig no ig L ig aeRda

Mifj1 ~pttns h oilt CMgnrtddt e cvrn er)i hw
Moete wi.. .i ..e yer.. el=osx)o osrainlfue.Tes lxswr t~
Xo CCi jtrnulFrigEpeiPn AE n i (otrlEprmn BE

reU ec ive......

cc U



46

LL . .. 1 0 -

L-0

CC

M _ _ _ _ _ _X ....
.. . . ..

r-0

LLj

LjJ

2000

co100 -100

00

100 100
Ld = -- 2000

cc 100 100

/~0 50 1 OE 150E 1 60W 11low

LONGITUDE (DEGREES]

Figure 3 As In Fig. 2 except showing incoming Solar Radiatiozi Wr rn

S.%



4~4b~

LAJ

LAJ

2

CC -C

* 2

x Xc
-

W 2

22

22
.c ii . ...... .. . .. W

2:* ....... . .........

-C

0 50E 1lOOE 1 50E 160W 110oW

1W LONGITUDE (DEGREES]I

Figure 4: Tiiiieiongitude section along 78.750n.lat., showing Ice Thijckness 'm.. patterns
as produced with a Senitner-type thermodynamic sea ice model during an equiannual
experiment repeatedly employing Year 6 of the (WIM-forciiig data set.



LAJ
LL.

Li.. ...

La,

2~0 . ... ....

ODi

U

X N.E ......E16W 1

C'..

C - ..2



SIE I IE I

I-

Fiue6 egapia dsrbuinofIeThcnssrPfo vryohr0ot0o h

*~~~A NOReaWfAhYCnro xprmet

ED]/.El /

GRENAN -RELAD w r*, \.



CREL GREENLAND \

MA!1 CONTROL 05 SON CONTROL 05

.~~~ ... .....



SIEI0IEI

00

9:

4ORWAY N)<~_ ORWAY

FigureAN GRegahcldsriuino h ea enIeTikEsNLA foNveyotD

SEPTMtE ofMeARCrHua xprmet

0 ..........



-- - - - - - - - - - - - - - - - - - - I - - - - - - - - - - - -

F4-

0a 0

0 A NRA



NORWAY -NRA

MAM 1AFEX bym J 1AE6y

"0 s

St Aof I r SIE I

f'-Si

NORWA

.1.E

Interannual~~~~~~~ 
Ex e i e t c l: 

o e g i s a e = 
mSIBRI

N 0ORA



00

NOVEMBERMAC

SIEIASBEI

'a6

FigreII GegrphcaldiuinoIcThcnsDieeneAh( IFE )-
h(ConrAWAY NOi.RWiusFgA6Yoreey te mnh

U-O
- - - 4 %.~ ~ -- ~:-L?



JAUR AEX0 I AUAYIFX0

S RIAtSBR[

FEBRUARY~~~~~~~ tAE 8 '~ ERAYIFX0 "

f

MAAR AFEX 08 JANU AR JAFEX 09

Figur 12 c elct etor fo JaurFbrayInBMrho EA8(etpnl

and. ofYat rgtpnl fteItrnuJ iuain n rdsaerpeet
veoiyof5os

Kl "A NRA



*
'Q 9 IRIA 

S IBI A

doE NOWAY E NORWAY

, .-. ,L..--. , , t

FigureR 13 Surfa Ra it Fluxe-. Upper l f d the g e dstri-

I utilizedi ItEo 
r l ,ERIm a,

'; inu e 1 u f c a i tv l x s p e left panel, excep depictin the dif r n eg-e r me neMf u i u o ntr l -fisux.

bution o incomigola aito m- tlzdi h olo xeietaeae

overtheJJA quar er. Mid le l ft sa e a in ppe , e ceptforinc 
ming Lon wav__E

diaio. owr ef :sae s n pprexeptfo Tta Nt adatonovr pe wte

(R ,. T e sufac refect 10%of he icomng slarraditio andwasassu ed OR WAYit

at~~~ ~ D NORWA 
cosatrt 7.4 hsastpinlast noeetm td NOR WiniY

freeregonswhee th moel llos th mied aye to armup.Rigt pael sa e %

inlet anlex e depin g hKifrne -erm GM-flxn us(onrl-lx

SIE I IE I

"- . . "" " " , %-" " ,' ', 'd .. . ' 4 Z.4 ,', .. r r . , .. , ,.. .- ,- , "...-. .i,



MARCH-APRIL-MAY MARCH-APRIL-MAY

S[K~tASIBERI

'K ( C

FigureORW 14 DiNgOeadPritneo h evlct il uigMrhA RWAY
andy i< opcns nMy pe et:faedpcstegorpia itiuino

V . 0 % or te MA perod o the5th ear f th ('otrolExpeImet oi

tiveRENAN ngtv la lsdntlieofeulderecc vr G REE.LANDdelf: aee-

cep fRCPersisec LofUA e x. < > A-< > H -P4--FM1) oerlf: ae

exet o ceCmpcnS IEIn AY (olSh ag 8%i oee) igKtpanlA
(leict crrepodin 6yea avrae fels a otaiedfro th Iternnal xprimnt

'K.':

Ib/r-]



.. . . . . ... . ._ .
LJ%

4%%

*j

LnJ

A-A

4-O
.5 l--0.

..7--1-

X

., .....- .. . . . .. . .

- A ...........-.- X.
LA .. ... .: -



Figure 16 : Observed Geostrophic Winds, J une-J uly- August mean. One gridspace repre-
sents a velocity of l1in/s. G;iven are:

* 1) the vectormean (:= < W > + < 6 >) by the arrow pointing away from the gridpoint,
2) the standard deviation from the vectormean (:= s(u)2 +s(tv) 2 ) by the radius of the
sector of a circle around the gridpoint,
3) the weighted average directional deviation of the velocity vectors from the direction of
the vectormean A

/Ziiiz+ ii(a -A2/ i ,i with - r <a - A <+ir

by the arc the sector cuts out of 21r,
4) the mean magnitude of the velocity vectors (=< i!+ t5 1 >) by the Ienght of the arrow

* plus what exceeds it.
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Figure 17: Modeled Geostrophic Winds, June- July- August mean of Year 9 of the GCM-
data set. One gridspace represents a velocity of 1Om,/s. Given are:
1) the vectormean (:= < W -> , F>) by the arrow pointing away from the gridpoint,
2) the standard ' eviation from the vectormean (:= ls (u 2  s(i)2) by the radius of the
sector of a circle around the gridpoint,
3) the weighted average directional deviation of the velocity vectors from the direction of
the vectormean A

VZE d ~- F, a(a, -. 4)2,'VI W, + F with -?r < ai- A< ±7r

by the arc the sector cuts out of 27r,

* 4) the mean magnitude of the velocity vectors (=< j d+ Fj >) by the lenght, of the arrow
plus what exceeds it.

oil 
ft.% 

a 
'0

AL )e. 4* -W a W a m of a

. I IN

ft * / *,~'-=~~ ,



Ir ~~StI RIAI. SIBERIA

NORWAY 14RW

JUNE-JULY-AUGUST JUNE-JULY-AUGUST

NORWAYCCNRA

4k JUNE-JULY-AUGUST

~GREENLAND GREENLAND

AUGUST AUGUST

Figure 18 : Divergence and Persistence of the ice velocity field during June-July-August
and ice compactness in August. Otherwise as in Fig. 14. However. note that the contour
interval for the divergence frames (top) is increased by a factor 2 and that ice compactness
(bottom) is depicted over the full range here.
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Figure 19: Northern Grid C'onfiguration to be utilized for global coupled air-ice simiu-
lations. Dots mark centers of ice grid cells of the size Ax=Ay=16Okm. The horizontal
resolution of the GCM is AA = A =11.250. Atmospheric grid points are defined at the

Vcenters of the depicted lat.-long. sectors.
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REGION Vii. AUVIACE ICS THICA7JISS AND TOTAL ICS MASS
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Figure A7T As in Fig. AO except for Region V11 (Barents Sea).



REGION WIII A VZARE ICE THIC"NESS AND TOTAL ICE MASS

11 0

0A x 13A N

So A 0 a A A

0 0 0

A A@f Aof

x e Yo I CCM-PORC

TIME [m.,dUa 0-jon 1. 1 0-n., IJ

REGION V1II. AVRAC ICE COMPACTNESS end TOTAL ICS RMYN?

0. -
'S3

9~19

14WI



U,

U,


