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Preconditioning the Greenland Sea for deep convection: 

Ice formation and ice drift 

Martin Visbeck, 1 Jurgen Fischer, and Friedrich Schott 

I nslitut fiir Meereskunde, Kiel, Germany 

Abstract. The role of sea ice in preconditioning the mixed layers of the central 
Greenland Sea for deep convection is investigated, with particular emphasis on the 
formation of the "Nordbukta." The opening of the ice free bay in late January 1989 
indicated that the upper layer was well preconditioned for deep convection which reached 
down to 1500 m depth in March 1989. We propose that the ice free bay occurred due to 
diminishing new ice formation without extensive ice melt. A key process is wind-driven ice 
drift to the southwest, as observed by upward looking acoustic Doppler current profilers, 
\\hich will alter the upper ocean freshwater budget when an ice volume gradient along the 
ice-drift direction exists. We investigated the importance and effects of such an ice-drift
induced freshwater loss on upper ocean properties using an ice-ocean mixed-layer model. 
Observed temperature and salt profiles from December 1988 served as initial conditions, 
and the model was integrated over the winter season. Given the one-dimensional physics 
and climatological surface fluxes, the model was not able to produce a reasonable ice and 
mixed-layer evolution. However, allowing ice drift to reduce the local ice thickness 
improved the ice-ocean model performance dramatically. An average ice export of 
5-1-: mm d I was needed to be consistent with the observed evolution of mixed-layer 
properties and ice cover. Using the same fluxes and ice export, but initial conditions from 
the ·· [s Odden" region, yielded ice cover throughout the winter over a shallow mixed 
layer. both of which are consistent with the observations from the Odden region. 

I. Introduction 

The process of dcepwater formation has received increasing 
attention in the context of understanding the thermohaline 
ocean circulation and its variability. Process-oriented studies 
emhetltlec.l in gyrc-scalc hydrographic surveys have been car
ried out in the Greenland Sea (GS) during the last decade 
[ Clorke et al., I 990: CSP Group, 1990], and observations of 
ongoing convection [Rhein, 1991; Schott et al., 1993] and rem
nant, of deep-mixed water columns [Rudels et al., 1989] re
ceiH:tl much attention. This study addresses the question of 
hm, the upper water column is preconditioned for deep or 
intermetliate convection below 200-300 m depth. We distin
gui,h hetween a spatial, regional preconditioning, i.e., a dome
lil-.e ,tructure of isopycnals yielding minimum stratification in 
the center of a cyclonic gyre, and the erosion of the upper 
ocean ',!ratification due lo air-sea nuxes. The latter determines 
th..: on,et and !.trength of deep convection, while the former 
,ct, the lavorablc locations. 

�1nce the turn of the century, waler mass distributions in the 
GS \,ere known, and Nansen [1906] proposed that the GS gyre 
wa, a deepwatcr formation site because of small differences 
hct\\een �urface and dcepwaler properties. However, in the 
earl� 1970� the lack of observed deep-mixed profiles and closer 
in,pecuon of water mass properties supported the idea of 
tleepwater formation by double-diffusive internal mixing [Car-
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mack and Aagaard, 1973; McDougall. 1983). During the same 
time, Kil/worth [ 1983] suggested that there was still a reason
able statistical probability that small-scale, deep-mixed chim
neys were just missed by the (few) winter stations gathered up 
to that time. 

Since 1988, when Rudels et al. [ 1989] observed remnants of 
mixing down lo 1500 m, there has been a renaissance of "clas
sical" ideas on deep- and intermediate-water formation by 
surface-forced convection. Rudels [1990] proposed ice forma
tion and subsequent brine rejection as the processes lo initiate 
deep convection ("haline convection"), while Htikkine11 [ I 987] 
empha�ized that ice edge upwelling might be important to 
enhance deep mixing. l lowever, Scholl et al. [ 1993] deduced 
from moored and ship observations that the intermediate con
vection during March 1989 down lo 1500 m depth was domi
nantly "thermally" driven. and no ice was in the immediate 
vicinity of the convection site. 

The role of the ice is critical, since it provides an effective 
buoyancy loss due to brine release when new ice is formed, 
and, on the other hand, ice melting has a dramatic stabilizing 
effect. Therefore the evolution of mixed-layer properties and 
ice thickness during the winter season deserves careful inves
tigation. 

The climatological evolution of the ice cover was described 
by Vinje [ 1977] and reviewed by Wadhams [ 1981] as follows. In 
the central GS the ice cover shows basically the following three 
phases: (I) ice free conditions during the summer months 
(June-October); (2) rapid eastward propagation of the mar
ginal ice zone (M IZ) during early winter (November-January); 
and (3) in some years, opening of an ice free bay in late winter 
(February-April). While the first two phases are more or less 
observed every year, the shape of the M IZ in late winter varies 
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Figure 1. Greenland Sea (a) mooring positions and (b) mooring design. Ice limits for three extreme periods 
during the winter of 1988/1989 and the location of the special sensor microwave/imager (SSM/1) ice section 
for Figure 3 are included. 

substantially [Vinje, 1977]. In particular, the opening of an ice 
free bay, named "Nordbukta," leaving the "Ts Odden" behind, 
is of interest. The northeastward ice tongue Is Odden was 
already well known to whalers and seal hunters in the last 
century [Nansen, 1906; Kriimmel, 1911]. 

We will briefly review the evolution of the upper Greenland 
Sea gyrc, as observed during the winter 1988/1989, then eval
uate the consequences of ice drift on mixed-layer dynamics, 
and finally, present a scenario of the Nordbukta formation that 
seems to be consistent with the evolution of the ice cover and 
upper ocean temperatures. 

2. Observations 

During the winter of 1988/1989 a major investigation of the 
circulation, deepwater formation, and general hydrography of 
the Greenland Sea was carried out within the framework of the 
Greenland Sea project [CSP Group, 1990]. Our group from 
Institut fiir Meereskundc (lfM) Kiel participated with five 
moored acoustic Doppler current profilers (ADCPs) to mea
sure three-dimensional velocity profiles. ln particular, we were 
interested in the vertical velocity during convection events 
[Schott et al., 1993]. However, the thermal stratification of the 
upper 300 m was also documented by two thermistor strings 
and several temperature sensors of rotor current meter at two 
sites (319 and 250; see Figure 1). The two other moorings (T6 
and TS; see Figure 1) were part of an acoustic tomographic 
array [Greenland Sea Tomography Group, 1993]. The shallow 
depth of the tomographic transceivers (95 m) prohibited de
ployment of upper ocean thermistor strings and ADCPs in the 
upward looking mode at those moorings. However, valuable 

time series of temperature and salinity were obtained by 
Seaeats in the central tomographic mooring T6 [Roach et al., 
1993]. See also a recent review of the tomographic results by 
Pawlowicz et al. [1995]. 

2.1. Thermal Stratification 
The evolution of the thermal stratification at station 319 in 

the center of the GS, as seen by thermistor strings from 60-240 
m depth, is displayed in Plate I. During the summer months 
the uppermost thermistor was located within in the seasonal 
thermocline (Plate 1). In October, significant cooling began, 
and by mid-November the surface waters (60 m depth) reached 
near-freezing temperatures. The mean temperature between 
60 and 240 m depth decreased more slowly, and downward 
penetration of cold surface water into the warmer Arctic In
termediate Water {AlW) was observed (Plate I). The AIW 
itself is a mixture of the cold Arctic Surface Water (ASW) 
which resides in the central gyre and the warmer Atlantic 
Water (AW) toward the west [Carmack, 1986). 

From early February onward all thermistors were located 
within the mixed layer. Intermediate convection down to 1500 
m depth occurred in early March [CSP Group, 1990], and later 
on, rapid restratification was seen, as a series of warm and cold 
water masses encountered the mooring with a general warming 
trend. Note that this general picture was also seen in the slice 
inversion from the tomographic array [Greenland Sea Tomog
raphy Group, 1993; Pawlowicz et al., 1995] and hence seems to 
be characteristic for a larger region within the center of the 
Greenland Sea gyrc. 

In the Is Odden region at station 250, which was located 220 
km to the southeast of station 319, the evolution of the thermal 
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Plate 1. Evolution of (a) ice cover and thermal stratification, (b) temperature in 60 and 350 m depth and 
averaged between 60 and 240 m depth (bold line), and (c) 40-hour low-pass filtered horizontal currents in 340 
m depth during winter 1988/1989 at station 319 in the central Greenland Sea (75°N, 5°W). 

stratification was somewhat different (Plate 2). The warm AW 
was more prominent throughout the winter. Warm tempera
tures above 0°C in 80 m depth remained until early February, 
when the cold mixed layer reached the uppermost thermistor. 
The heat content continued to gradually decrease until mid
May, when the instruments were recovered. In contrast to the 
central GS (station 319), the depth of the mixed layer in the 
Odden region never exceeded 150 m. 

2.2. Ice Concentration, Wind, and Ice Drift 
The evolution of sea ice was deduced from the following two 

sources: special sensor microwave/imager (SSM/1) satellite 
brightness temperatures and ADCP surface reflections. Daily 
maps of satellite ice concentration (L. Toudal, personal com
munication, 1992) gave insight into the spatial evolution of ice 
concentrations with a horizontal resolution of 30 to 50 km 
[Barry et al., 1993). The presence of ice was also deduced from 

surface reflections of the ADCP pulses [Visbeck and Fischer, 
1995] representative for only a small area ( <1 km). However, 
on the basis of 2-day averages both data sets revealed a similar 
local evolution of the ice cover at the mooring sites. 

Maximum ice concentration was found in early December 
1988 at both stations. A series of consecutive satellite ice maps 
(Figure 2) show the opening of an ice free bay in the central 
GS (Nordbukta) during mid-January 1989, while the south
eastern part remained ice-covered under the ice tongue ls 
Odden. A north-south section along 5°W displays the evolution 
of the ice concentration with daily resolution (Figure 3a). The 
duration of the ice cover is minimum at 75°N (station 319), 
while at 73°N (closer to station 250) the ice forms earlier and 
extends well into March 1989. 

Surface wind stress and air-sea fluxes were obtained from 
the model of the European Centre for Medium-Range 
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Plate 2. Same as Plate 1 ,  but for station 250 in the Is Odden region (73°N, l0W), with all instruments located 
approximately 20 m deeper. 

Weather Forecasts (ECMWF) on a 2° X 2° resolution (K. Arpe, 
personal communication, 1991). The model winds were in 
general agreement with ship observations [Schou et al., 1993] 
and show a number of storm events during the winter, mostly 
from northerly directions (Figure 3c). The southward extent of 
the ice cover is responding to these storm events, indicating 
that the ice is, at least in part, driven by the wind. The winter 
mean winds are toward the southwest with a speed of approx
imately 5 m s- 1 • Using the rule of thumb that the ice drifts 1/50 
of the wind speed [Macklin, 1983] yields an ice drift speed of 
approximately 10 cm s 1 • Unfortunately, ice drift cannot be 
deduced from SSM/l images because of the coarse spatial 
resolution. However, ice drift was directly measured by the 
upward looking ADCPs at both mooring sites (Figure 3c). The 
ice drift was well correlated with the ECMWF winds [Visbeck 
and Fischer, 1995], and the average ice drift over the winter 

month is toward the southwest with a speed of approximately 
10 cm s I at both stations. 

The ECMWF model also provided estimates of surface heat 
fluxes (Figure 3d). The average cooling of approximately 250 
W m -z over the winter months is equally distributed between 
the sensible and latent fluxes and the long wave radiation, with 
a slight dominance of the sensible heat loss. However, the 
estimates seem to be somewhat large during the ice-covered 
period, most likely due to the lack of a proper representation 
of ice cover in the ECMWF model. 

2.3. Stratification 
The central Greenland Sea is characterized by minimal ver

tical stability of the subsurface layers [Clarke et al., 1990). 
However, the surface layers are quite stratified in late summer. 
when a warm and fresh surface layer is overlaying the salty 
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Figure 2. Ice concentration maps as deduced from SSM/I brightness temperatures (L. Toudal, personal 
communication, 1992). Dates of maps and locations of moorings are included. Contour interval is 5%, and 
contour lines smaller than 25% ice concentration are dashed. 

Arctic Intermediate Water (AIW). In November 1988, after 
the !>urfacc layer had cooled substantially, the stratification still 
remained stable due to a freshwater cap as a result of summer 
surface meltwater (Figure 4, solid curve). During the following 
\1 inter months this fresh layer was eroded, and finally, deep
mixed profiles down to 1500 m depth were observed in early 
March 1989 (Figure 4, dashed curve). 

A rough estimate of the integrated surface fluxes can be 
ohtained from the difference in heat and freshwater content 
hetween hydrographic stations from November 1988 and 
March 1989. The difference in heat content corresponds to an 
average heat loss of approximately 150 -200 W m  2 during the 
120 days. The freshwater budget required about l m of new-ice 
formation to mix down to 300 m. However, if deeper mixing 
occurred. less net ice formation was needed. Since the heat flux 
Nimate is well within the climatological range [Clarke et al., 
19901. a one-dimensional evolution was considered as a rea
,onahle starting point to model the temporal evolution of the 
midgyrc �!ratification. 

2.4. Summary of the Observed Preconditioning During 
\\'inter 1988/1989 

Thermistor string and ice observations during the winter of 
1988/ 1989 suggested the following scenario of preconditioning 
the upper ocean for deep or intermediate convection. 

I. In autumn, heat loss to the atmosphere cools the warm 
,ummcr surface temperatures toward the freezing point. Typ
ical mixed-layer (ML) depths are in the range of 50 to JOO m. 

2. Further cooling yields local ice formation. Subsequent 
hrine rejection reduces the mixed-layer buoyancy, and a grad
ual ML deepening of approximately I m d I was observed. 
Brine rejection and entrainment of AIW cause a steady in
crea,;e of mixed-layer salinity, as seen by moored Seacats 
I Roach e1 al., 1 993, Figure 2). 

3. By the end of January 1989 the central GS is ice free 
again. The mixed-layer depth increased more rapidly, and by 
mid-February 1989, energetic convective plumes were found in 
the upper 300 m [Schou et al., 1993]. Intermediate convection 
down to approximately 1500 m occurred on March 6 and 16, 
1989. 

Note that a similar evolution was seen in path 6-4 of the 
tomographic array [Pawlowicz et al., 1995). However, during 
other winter seasons, deep or even intermediate convection 
events were missing. For example, during the winter 1989/1990 
the upper ocean was not well preconditioned for deeper con
vection, because the mixed layer never penetrated through the 
AIW and remained shallower than 200 m [Visbeck, 1993]. For 
this study, however, we will focus on the winter season of 
1988/1989, since there are quite a number of observations 
available. One might assume that this particular season repre
sents other years when deep or intermediate convection oc
curred. 

The most outstanding feature in the evolution of the ice 
cover (Figures l and 2) is the appearance of the ice free bay 
leaving the ice tongue or ice island Is Odden behind. We were 
interested in mechanisms that form the ice free bay Nord
bukta. Several scenarios come into mind or were proposed. 

I. A deepening mixed layer entrains warm AlW and melts 
the previously formed ice. Consequently, a region of open 
water appears (melting scenario). 

2. Strong winds blow the ice away to the southwest, and the 
cyclonic surface currents around the Greenland Sea gyre, in 
particular the Jan Mayen Current, advect ice from the East 
Greenland Current northeastward back into the ls Odden re
gion (wind-current scenario). 

3. Wind-forced ice drift with a mean direction toward the 
southwest removes a fraction of the locally formed ice through-
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Figure 3. (a) North-south section of ice concentration along 5°W (see Figure 1 for location) versus time, as 
seen by the SSM/I (L. Toudal, personal communication, 1992). Contour interval is 20%. (b) Ice drift as 
observed form upward looking acoustic Doppler current profilers (ADCPs) for two stations. (c) Wind stress 
from the European Centre for Medium-Range Weather Forecasts (ECMWF) model for the central Green
land Sea. (d) Heat flux components from the ECMWF model and their sum (bold line). 

out the winter season. New ice formation replaces the "export
ed" ice locally and thereby sustains the ice cover. Conse
quently, salt accumulates in the mixed layer and enhances the 
convective mixed-layer deepening which, in turn, entrains 
warm and salty water from below. At some point, more heat 
can be entrained from below than is lost to the atmosphere. 
From then on, further new ice formation is prohibited and an 
ice free region occurs (ice-drift scenario). 

The melting scenario requires a source of heat from below, 
which could be provided by the warm AIW layer between 100 
and 300 m depth. However, there must be a mechanism to 
entrain the warm water into the mixed layer. Wind mixing will 
play a role initially when the mixed layer is shallow. However, 
for deep-mixed layers the wind stirring becomes less effective 
and convective mixing will become more important. Rudels 
[1990] suggested that a series of freezing-melting cycles are 
able to entrain the warm and salty water into the mixed layer. 
This might be a possible mechanism, but as we will see in the 
following, the resulting mixed-layer properties in the Nord
bukta would be fresher and cooler than observed. 

The wind-current scenario suffers from different problems. 
It seems unlikely that a mean wind pattern is such that it moves 
the ice southwestward in the central Greenland Sea and at the 
same time northeastward in the Odden region. Therefore one 
has to invoke ocean currents to move the ice back into the 

Odden region if a large-scale wind pattern had shifted it south
ward in the first place. From ice drift (Figure 3b) and upper 
ocean current measurements (Plates 1 and 2) there is no indi
cation of considerable difference between the mean ice drift in 
the Nordbukta and Is Odden regions. Moreover, the ice drift in 
the Odden region is in the wrong direction, toward the south
west. Finally, there should be multiyear ice present in the 
Odden if most of the ice is advected there from the East 
Greenland Current region. Neither the SSM/I data nor ship
board observations (P. Wadhams, personal communication, 
1994) shows the presence of multiyear ice in the Odden. 

The ice-drift scenario assumes that over the course of the 
winter, ice drifts to the southwest [Visbeck, 1993; Pawlowicz er 
al., 1995]. A large-scale ice drift, together with an ice volume 
gradient in the same direction, can yield a local export of ice 
which, in turn, yields a loss of total fresh water when integrated 
over the ice volume and upper ocean layers. The freshwater 
flux due to drifting ice, the ice volume times ice drift, is diver
gent if the ice volume increases in the direction of the ice drift. 
As a consequence, the local ice volume does no longer repre
sent all the fresh water taken out of the mixed layer at that 
location. In the central Greenland Sea the ice volume will be 
smaller compared with a no-ice-drift scenario, while toward 
the southwest in the East Greenland Current region, more ice 
should be found than was locally formed. In the following we 
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use a one-dimensional ice-ocean model to investigate some 
aspects of the melting and ice-drift scenarios in more detail. 

3. One-Dimensional Ice-Ocean Model 

We have used a one-dimensional mixed-layer model coupled 
to a thermodynamical ice model to investigate the evolution of 
the stratification in the Greenland Sea during the winter of 
1988/1989. Kil/worth [1979] proposed a quasi-steady mixed
layer model to study similar convection problems. Pawlowicz et 
al. [ 1995] have applied this model to the region of interest and 
showed that ice export will increase the late winter mixed-layer 
depth significantly. Here we are interested in more details of 
this mechanism and have therefore used a time dependeat 
version which also allowed for some form of wind mixing. 
Results from more complete ice-ocean models have been pre
sented by Houssais and Hibler [ 1993], who studied the effect of 
convective mixing on the evolution of the ice cover in a two
dimensional slab model along 75°N. They were able to obtain 
a more realistic seasonal cycle of the ice cover when upper 
ocean convective mixing was included. However, ice drift in the 
north-south direction was not allowed for, which we found is a 
key process relevant to the i ce-cover and mixed-layer proper
ties in this region. Fully three-dimensional ice-ocean model 
results for the Arctic Ocean and the Greenland Sea were 
presented by Hiikkinen [1993, 1995]. However, the spatial res 
olution was not sufficient to investigate the details of the cen
tral Greenland Sea region which are of interest here. We 
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Figure 5. (a) Mean temperature and (b) salinity profiles for 
the central Greenland Sea from November 1988 (solid lines) 
and the Odden region from December 1 988 (dashed lines) that 
were used as initial conditions for the ice-ocean model. 

preferred to use a model of intermediate complexity to inves
tigate the role of ice drift in the Nordbukta and Odden regions. 

The mixed-layer model code, a Krauss-Turner type model, 
was kindly provided by Rahmsto,f [1991 ], and the details of it 
are given in the appendix. We have modified his version by 
including a fully nonlinear equation of state to compute the 
vertical stability at the base of the mixed layer. Further, a 
simple thermodynamical ice model was coupled to the ocean 
model (see appendix for details). The initial conditions were 
mean observed temperature and salinity profiles from Novem
ber-December 1988. We first present the results for the central 
Greenland Sea, the region where the ice free bay occurred, and 
then show the evolution in the ice-covered Odden region. 

3.1. Central Greenland Sea 
The question we are addressing is: How much of the ob

served ice and upper ocean evolution is consistent with sur
face-forced one-dimensional mixing? All experiments start 
with the same initial mean profiles from late November 1988 
(Figure 5), and the realism or complexity of the surfaces fluxes 
will be gradually increased. 

The first set of experiments consists of constant heat, fresh
water, and kinetic energy fluxes at the surface. The wind forc
ing was obtained from the ECMWF model winter period and 
corresponds to rms wind speeds of 9 m s- 1 • Evaporation and 
precipitation were also taken from the ECMWF model and 
amounted to 1 10 8 m s I net evaporation. The heat loss was 
varied between 100 and 350 W m  2. The resulting mixed-layer 
depths and ice thicknesses as a function of time and heat loss 
are displayed in Figure 6. There are several things to note. First 
of all, for reasonable heat loss values of 150 to 200 W m 2 the 
ice cover extends well into February-March, while the satellite 
and ADCP ice observations show ice free periods much earlier 
on in late January. Further, the late winter mixed-layer depths 
are quite shallow, thereby indicating that not much of the 
warm AlW was entrained into the mixed layer. lf wc arc willing 
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Figure 6. (a) Modeled mixed-layer depth evolution and (b) ice model thickness evolution versus imposed 
constant heat loss; contour interval, 0.1 m. Regions of ice thickness exceeding 0.1 m are shaded. The time 
evolution was low-pass filtered with a 5-day cutoff. 

to increase the heat loss well above climatological values to
ward 400 W m-2, we are getting closer to the observed dura
tion of the ice cover. However, the mixed-layer depths are 
rapidly increasing and exceed 500 m already by the end of 
January which is much deeper than observed. Given the ob
served initial profiles, the ECMWF freshwater fluxes, and the 
one-dimensional mixing physics, we have to conclude that ice 
formation, brine release, and later on, ice melt (ice melting 
scenario), give quite a different picture than the observations 
suggest. 

We have to give up some constraints of the system in order 
to change the ice-ocean model evolution. We could question 
the initial TS profiles and the surface fluxes or allow for lateral 
oceanic advection/mixing. However, we have chosen to relax 
only the one-dimensional constraint for the ice cover but still 
demand a one-dimensional evolution in the ocean. The choice 
was motivated by ice-drift observations that show a significant 
mean ice drift to the southwest (Plate 1). As explained earlier, 
ice drift, together with an ice volume gradient, yields a reduc
tion of mean ice thickness in the Nordbukta region. We have 
parameterized this effect by assuming a constant loss of ice 
thickness at each time step (see appendix). 

For the second set of experiments the same occan
atmosphere fluxes have been used with a fixed heat loss of 180 
W m-2• However, the ice export rate was varied between O and 
10 mm d 1 • The results are presented in a similar manner as 
for the varying heat loss experiments (Figure 7). For ice ex
ports between 5 and 7 mm d I the ice cover vanishes at about 
the right time in late January. Further, the mixed-layer depth 
increased gradually during the ice-covered season and more 
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rapidly from late February onward, both of which are consis
tent with the observations (Plate l ). 

While it is obvious that the duration of the ice cover is 
reduced by the ice export, there are some interesting changes 
appearing in the evolution of the mixed-layer properties. Fig
ure Sa displays the evolution of the mixed-layer temperature 
versus salinity for 1, 3, 5, and 7 mm d- 1 ice export rates. With 
increasing ice export the model trajectory gets warmer and 
saltier. The warming of the mixed layer shows up clearly when 
the mixed-layer temperature is plotted against mixed-layer 
depth (Figure Sb). The ML temperature increases by up to 0.4° 

for 300- to 500-m deep mixed layers due to increasing ice 
export. The warm mixed layers are a consequence of the strong 
dependence of density on salinity, as opposed to temperature. 
For deep mixed layers, where wind mixing becomes less im
portant, the ML depth is controlled by the ML density. The 
density. however, is very sensitive to changes in salinity. Note 
that for cold subpolar water masses the ratio of the haline to 
the thermal expansion coefficient (/3/rx) is -20, as opposed to 
4 or less in the subtropical oceans. Consequently, substantial 
cooling is required to increase the density by temperature 
changes, while a small increase in salinity (due to brine release 
and ice export) yields a much warmer mixed layer of the same 
depth or density. 

Therefore the temperature of 200- to 500-m deep mixed 
layers in the central Greenland Sea will serve as a sensitive 
indicator for fresh water removal from the ice-ocean system. In 
February J 989, thermistor string records showed a significant 
warming from near freezing toward - l .4°C, as the mixed layer 
deepened from 150 toward 350 m depth {Plate 1). This mixed-
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Figure 7. (a) Modeled mixed-layer depth evolution and (b) ice model thickness evolution versus constant ice 
export using a heat loss of 180 W m -2; contour interval, 0.1 m. Regions of ice thickness exceeding 0.1 m arc 
shaded. The time evolution was low-pass filtered with a 5-clay cutoff. 
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Figure 8. Time series of modeled mixed-layer temperature versus (a) salinity and (b) mixed-layer depth for 
different ice export rates (1, 3, 5, and 7 mm d- 1). Solid lines are low-pass filtered and connect individual points. 

layer warming might be interpreted as an indication for fresh
water loss due to ice export. 

The mixed-layer model allowed us to inspect all fluxes that 
change the mixed-layer properties. The evolution of atmo
sphere-ocean and ice-ocean surface fluxes and the entrainment 
flux at the base of the mixed layer are displayed in Figure 9. 
Initially. the mixed layer cools rapidly due to surface heat loss 
(Figure 9, solid curve). As the ML temperature approaches the 
freezing point, some of the heat loss is used lo form ice. By the 
end of December, not much more ice is formed and all the heat 
loss to the atmosphere is used to cool the warm water which is 
entrained from below. There was only marginal cooling from 
ice melt, since about three fourths of the ice was removed by 
the 5-mm ice per day ice export. The freshwater flux is initially 
dominated by brine release due to new ice formation. How
ever, entrainment contributes about one third to the steady 
salinity increase. From mid-December onward the changes in 
salinity are dominated by entrainment, with only minor mod
ification due to melting ice. Both entrainment fluxes peak 
around early March when the mixed layer is rapidly deepening 
and becoming warmer and saltier. 

We have seen that the ice-ocean model evolution was closer 
to the observations if wind-driven ice export was included. For 
the final set of experiments the fluxes were allowed to vary in 
time. We have used the ECMWF model fluxes for a grid point 
close to mooring site 319. As can be seen from Figure 3d, the 
ECMWF model does not acknowledge the local ice cover very 
well. The fluxes should be somewhat smaller if sea ice is 
present (see Pawlowicz el al. [1995] for a discussion). As a 
some\\ hat ad hoc fix, the heat and freshwater fluxes were 
reduced to a fraction of their original values if ice was present. 
By trial and error, an ice export rate of 8 mm d 1 and a flux 
reduction to 60% under ice-covered conditions (Figure IO) 

were found to bring the ice-ocean model evolution close to the 
observations. The general agreement between observed and 
modeled mixed-layer depth is indicated in Figure I I by the 
evolution of the maximum vertical temperature gradient. 
Moreover, thermistor string temperatures from station 319 and 
Seacat temperatures and salinities from mooring T6 [Roach el 

11/ .• 1993] (located approximately 60 km to the cast of station 
319) showed an evolution similar to the corresponding time 
series from the ice-ocean model (Figure 12). 

We conclude that we could obtain a one-dimensional ice
ocean model run which looked somewhat like the observations 
when the effect of wind-driven ice export was included. We will 
now move on to the Odden region and investigate how the 

same amount of ice export is affecting the duration of the ice 
cover and upper ocean stratification there. 

3.2. ls Odden Region 
The ice-ocean model was next initialized with the observed 

stratification for the Odden region (Figure 5, dashed curve). 
Using the same time-varying surface fluxes and ice export rates 
as for the central GS (8 mm d 1), the ice cover of the Odden 
extended well into April, with ML depths of less than 200 m 
(Figure 10), both of which are consistent with the observations 
(Plate 2). Fresher surface waters and warmer and saltier AW 
prohibit rapid ML deepening in the Odden region. This im
plies that the freshwater loss due to ice drift, which had over
turned the water column in the central GS to intermediate 
depths, was not strong enough to generate deep-mixed layers 
in the Odden region. 

4. Discussion 

The evolution of the thermal stratification in the central 
Greenland Sea was investigated, particularly the aspect of pre
conditioning the upper water column for deep convection. The 
winter of 1988/1989 served as a case study, since quite a few 
observations were available. The evolution of the ice cover 
might suggest that the ice free bay Nordbukta is formed by 
extensive ice melt. However, investigating the effect of ice 
formation and ice melt on the upper water mass properties 
yielded a different scenario: wintertime cooling causes new ice 
formation. The new ice is exposed to northerly winds and 
drifts, on average, toward the southwest. In combination with 
a downwind ice-volume gradient, this can result in a local ice 
export. Wind-driven ice export is effectively a local freshwater 
flux divergence which, in turn, serves as an extra buoyancy loss. 
When the mixed layer has penetrated deep enough into the 
warm Arctic Intermediate Water, the upper ocean tempera
ture becomes too warm and further new ice formation is pro
hibited. Now an ice free bay appears without much melting 
involved, and the region is well preconditioned for thermally 
driven, deep-reaching convection. Therefore ice drift might be 
a key mechanism during the early winter months. when the 
mixed layers are preconditioned for late winter deep or inter
mediate convection in the central Greenland Sea. 

It is an interesting idea that the occurrence of the Nordbukta 
can serve as an indicator for advanced mixed-layer deepening, 
since we know that the upper layer within the Nordbukta was 
better preconditioned for deep convection than the mixed lay-
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Figure 9. Time series of mixed-layer model 1-Juxes for the 
central Greenland Sea. (a) Surface heat flux (solid line), heat 
of fusion (dashed line), and entrainment at the mixed-layer 
base (dotted line). (b) Evaporation minus precipitation (solid 
line), brine release (dashed line), and entrainment of fresh 
water (dotted line). (c) Mixed-layer depth (solid line) and ice 
thickness (dashed line) (in mil limeters). (d) Mixed-layer tem
perature. (e) Salinity. All time series are low-pass filtered with 
a 10-day cutoff. 

ers with sharp pycnoclines in the ice-covered periphery. On the 
basis of the same physical reasoning, Pawlowicz [l 995) sug
gested that the ice volume in the central Greenland Sea might 
serve as an indicator for the occurrence of deep convection. 
However, his simple correlations showed only limited results. 

Evidence for the proposed preconditioning scenario was 
gained from an ice-ocean mixed-layer model driven by surface 
fluxes. We could only produce a model run which was some
what consistent with the observations of mixed-layer depth, 
ice-cover duration, and mixed-layer temperatures when an ice-
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Figure 10. Time series of (a) ice model thickness and (b) 
mixed-layer depth for the following different surface fluxes and 
initial conditions: for the Nordbukta region, with constant heat 
lo s of 180 W m  2 and 5 mm d I ice export (thin solid line), 
and using ECMWF time-varying fluxes with 8 mm d I ice 
export and 40% flux reduction (bold solid line). The dashed 
line represents the Is Odden region with the same ECMWF 
forcing and ice export rate. 
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Figure 1 1. Contour of thermal stratification from (a) the ice
occan model using corrected ECMWF fluxes and 8 mm d I ice 
export and (b) thermistor string ob ervations at station 319. 
Contour interval is 0.25°; - I°C contour is dotted; colder tem
peratures are dashed and warmer contours, solid. Maximum 
vertical temperature gradients arc indicated by !.Olid dot\ as a 
proxy for the mixed-layer depths. 
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Figure 12. Time series of (a) temperature and (b) salinity at 60 and 200 m depth for the ice-ocean model 
(bold line) and from observations at station 319 (dashed line) and station T6 (thin solid line) [Roach et al., 
1993]. Curves from 60 m depth have additional dots. 

drift-induced ice export of 5-8 mm d- 1 was introduced. It was 
reassuring that the same amount of ice export did not remove 
the ice cover at the southeastern periphery of the GS gyre (ls 
Odden region) before April, as seen in ADCP and SSM/1 
observations. Note that we have only investigated one area of 
the Odden region, and Bourke et al. [1992] showed some vari
ability of upper layer TS properties along the Jan Mayen Cur
rent during September 1989. We suspect, however, that the 
qualitative mixed-layer evolution was similar in the other re
gions. 

On the basis of ADCP ice-drift measurements, which 
showed a mean southwestward drift of -10 cm s- 1 , we thought 
it was sensible to investigate the role of drifting ice in altering 
the local freshwater budget. In order to obtain the required 
5-8 mm d - 1 ice export, an ice volume gradient must be present 
in the direction of the ice drift. Given the mean drift speed of 
IO cm s- 1 , a mean ice thickness gradient of 5-8 cm per 100-km 
distance yields the required ice export. An alternative way of 
thinking about an ice volume gradient is by assuming that the 
region is only partly ice covered by ice floes of a constant 
thickness. If the floes are 30 cm thick, then the ice concentra
tion must increase by -20% over 100 km to obtain the re
quired mean ice thickness gradient. Both estimates are well 
within the range of reasonable numbers; for example, 
Wadhams ( 1992] found a mean ice thickness of 0.3-1 m in the 
Odden region during May 1987, but no such measurements 
were available for 1989. 

Note that, principally, a larger evaporation would have the 
same effect on the mixed-layer buoyancy budget as ice export 
had in our model. However, in order to obtain evaporative 
freshwater losses similar to 5-8 mm d- 1 ice export, calcula
tions, using standard bulk formulas to estimate the evapora
tion, suggest that either the average wind speed must have 
been well above 30 m s- 1 or the relative humidity well below 
50'n. Both parameter regimes are not very likely for atmo
spheric conditions in the central Greenland Sea; but given the 
sparse in situ observations, there is some uncertainty here, 
since we have mainly relied on weather forecast models. 

We have further ignored any effect of lateral mixing in the 

ocean. This might not be a bad assumption between November 
and March, when the observed velocities showed minimal 
mean and fluctuating energy in the subinertial range. However, 
after intermediate convection had occurred, thermistor string 
temperatures showed increased variability and the current 
meter picked up stronger events (Plate 1). These signals sug
gest that mesoscale eddies, maybe generated around the con
vective region as a consequence of the deep mixing (Gascard, 
1978), were penetrating into the region. Moreover, the heat 
budget considerations from Pawlowicz et al. (1995], which show 
a significant mismatch between the tomographically measured 
heat content and the integrated surface heat loss during 
March-April 1989, suggest that strong lateral mixing was tak
ing place after the intensive mixing phase of early March 1989. 
During the previous month both estimates track quite nicely, 
which is consistent with a one-dimensional evolution. 

The mixed-layer model enabled us further to inspect the 
evolution of the upper ocean temperatures versus salinity dur
ing the winter of 1988/1989 (Figure 13). Similar figures have 
been produced from moored Seacat observations [Roach et al., 
1993] and for conductivity-temperature-depth casts from the 
same winter [Pawlowicz et al., 1995) and are consistent with the 
following scenario: initial cooling reduced the ML tempera
tures toward the freezing point. Then brine release and en
trainment increased the ML salinities until a critical mixed
layer salinity/density value was reached. We might call this 
phase "haline" convection, since the freshwater forcing is im
portant. During this time, ice export is important, because it 
reduces the insulation of the surface waters from the atmo
sphere and removes some of the freshwater of the ice-ocean 
system. For the winter of 1988/1989 the critical ML salinity was 
close to 34.8 and was reached in late January 1989. From then 
on, surface cooling enhanced further convective mixed-layer 
deepening. We might call this phase "thermal" convection, 
since there is strong heat loss to the atmosphere, however, the 
overwhelming entrainment of warm water from below results 
in a mixed-layer warming despite surface cooling (see also 
Figure 9). Consequently, the region will remain ice free and 
the Nordbukta forms. 
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Figure 13. Evolution of ice-ocean model temperature versus 
salinity for the central Greenland Sea at depth levels of 50, 100, 
200, 400, and 800 m. The time evolution is indicated by a dot 
every 2 weeks. The mean observed stratification from Novem
ber 1988 is represented by the dashed line, and several lines of 
constant density are included. 

The series of one-dimensional ice-ocean model experiments 
highlighted the important role of sea ice and its drift in pre
conditioning the central Greenland Sea for intermediate or 
deep convection. Measuring the distribution of ice volume and 
ice drift would be helpful to quantify our indirectly estimated 
ice export rates. Moreover, monitoring the ice cover and sur
face winds, together with some hydrographic information 
about upper ocean freshwater content in late summer, would 
be useful to document and learn more about the variability of 
the convective activity in the central Greenland Sea. 

Appendix: Mixed-Layer Model 

We have used a Krauss-Turner [Kraus and Turner, 1967] 
type mixed-layer model coupled with a thermodynamic sea ice 
model. The mixed-layer model equations consist of tracer con
servations (i.e., for temperature and salt): 

ilT T iJ - -
-+ w - +  - (w't')  = 0 ill i) z  at 

, (Al )  

which, when integrated over the mixed-layer depth h ,  yields 
the well-known conservation equations for heat and salt: 

iJT  Qu 
h - +  6.Tw = - -

ilt • 
epPD 

as 
h at + 6.Sw, = S0(£ - P). 

(A2) 

(A3) 

Here 6. T and 6.S denote the temperature and salinity jump at 
the base of the mixed layer, Q0 is the surface heat flux, and 
(£ - P) is the surface freshwater flux. The entrainment ve
locity at the base of the mixed layer w c is given by 

w, = iJh/iJI Milot > 0 

w, = 0 ah/ilt s o. 

Table Al. Ice-Ocean Model Constants 

Parameter 

Time step t:,.i, hours 
Layer depth �z, m 
Water density p0, kg m-3 
Ice density P;, kg m 3 
Heat capacity c,!' J kg- 1 0c 
Gravity g, m s  2 
Freezing point T1, °C 
Ice salinity S;, psu 
Vertical diffusivity k,, m2 s 1 

Value 

6 
1.9 

I028 
950 

3989 
9.81 
- 1 .9 

9 
5 x w-s 

The turbulent kinetic energy balance is approximated by com
bining the density conservation equation and the mechanical 
energy equation [Nii/er and Kraus, 1977; Rahmsto,f, 1991 ], 
yielding 

g op g 1 - ez 
- h2 - + - h 6.pw, = -e 1 U

3 - -- hB0. (A4) 
2po ol Po 2 

The left-hand side can be interpreted as the rate of change of 
potential energy in the water column, where B0 denotes the 
surface buoyancy flux 

g 
Bo = a - Qo + {3gSML(E - P) (AS) 

Poe,, 

and 6.p is the density jump at the base of the mixed layer. Then 
e I U3 is the wind energy input, where we have used a depth 
dependent wind mixing coefficient e 1 = e ie exp ( -hie 11,) with 
the same constants as Rahmstorf (1991]. The last term is the 
rate of decrease in potential energy due to dissipation of con
vective energy. The coefficient e2 is 1 if the buoyancy flux is 
positive. In the case of buoyancy loss, a value of c2 = 0 would 
represent a nonpenetrative convective process. We have cho
sen e2 to be rather small (0.02), since the observations of 
deep-mixed density profiles showed no density jump at the 
base of mixed layers, which is indicative for being close to the 
nonpenetrative limit [Schott et al., 1994]. 

The density is computed using the full nonlinear equation of 
state: 

(A6) 

The model is implemented on a finite difference grid. with 5 12 
layers in the upper 1000 m depth. The time step was 6 hours, 
and for each time step the following procedure was carried out: 
(I) Apply the heat and freshwater exchange at the surface to 
the upper grid cell. (2) Compute a new density profile. (3) 
Check the potential density gradient at the base of the mixed 
layer, with the mixed layer depth as a reference depth. (4) If 
the profile is instable, mix the next grid cell into the mixed 
layer, then go to step 2 until a stable gradient at the base of the 
mixed layer is achieved. (5) Apply wind mixing and mixing due 
to convectively released potential energy. (6) Allow for some 
vertical diffusion. The constants used for the mixed-layer 
model are given in Table Al. 

Al. Ice Model 
We coupled a simple thermodynamic ice model to the 

mixed-layer model. The change in ice thickness h, is deter
mined by 

iJh;liJt = Q,/p,L1, (A7) 
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where L1 denotes the latent heat of fusion and Q; is the heat 
available to freeze or melt the ice: 

Q
. =  h MLc,, 

(T 
_ 

'/" J , C 3 6.t f M • (A8) 

If the mixed-layer temperature T ML drops below the freezing 
temperature T1, then ice begins to form. The heat content of 
the mixed layer will be increased, and the ML temperature 
relaxes back toward the freezing point. Note that the salt bud
get (A3) is also changed due to brine release, and an extra 
contribution (SML - S;)ahJa1 appears. If the mixed-layer 
temperature rises above the freezing point, ice can be melted 
which cools and freshens the upper layer. We have assumed 
that the ice cover is fairly loose (pancake ice or loose pack) and 
never completely insulates the ocean surface from the atmo
sphere. However, for some runs the atmosphere-ocean fluxes 
were reduced to a fraction of the no-ice values if ice was 
present. Note that a more complete ice model must be con
sidered for other more solid types of ice. 

As seen by others [Welander, 1977; Kil/worth, 1979), the 
coupled ice-ocean model showed freezing-melting cycles which 
were kept minimal by adjusting c3 . A satisfying behavior was 
found for values of c3 = 0.8 .  The constants used for the ice 
model are given in Table A l .  

A2. lee Drift 
We have parameterized the local effect of ice drift in the ice 

model. If there exists an ice volume gradient along the ice-drift 
direction, then ice drift can give rise to a local change in ice 
thickness: 

ah, a (u;h;) Q, 
- + --- = -
at ax L[P; .  

(A9) 

We have parameterized the ice export using a constant loss of 
ice thickness 6.h;.,·x per time step 6.t when ice was present 

a(u,h;) 6.h,
.a 

--- = -- = const. 
ax 6.1 

(A10) 
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