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Abstract: Our understanding of ocean-ice-atmosphere interactions in the Arctic
on synoptic to interannual time scales is improving steadily through the use of
observations from satellite remote sensing (visible, IR, and passive microwave),
submarine sonar, airborne lidar, and drifting buoys. Effects on the summer ice
conditions of the snow melt regime on sea ice and of synoptic-scale circulation
variability forcing variations in ice concentration are described. The characteristics
of winter leads and their atmospheric associations also are discussed. The possible
causes of fluctuations in ice export and their significance for North Atlantic salinity
anomalies are examined. The findings are discussed within the overall context of the
importance of polar ice and climate studies for analysis and detection of global
climate change.

INTRODUCTION

Our understanding of the close coupling of atmosphere-ocean-sea ice in the
Arctic has been significantly advanced in recent years by the integration of
remote sensing and in situ measurements of the surface characteristics, their
annual cycle, and their variability on synoptic, interannual, and decadal time
scales. There have been visible and infrared data from the Very High Resolution
Radiometer (VHRR) sensors since 1972 and the Advanced Very High Resolution
Radiometer (AVHRR) and TIROS Operational Vertical Sounder (TOVS) since
1979, single and multichannel passive microwave data beginning in 1973, drift-
ing buoy records from 1979, and Synthetic Aperture Radar (SAR) data since
1991. Particularly important is the recent availability of data products on sea ice
from the Electrically Scanning Microwave Radiometer (ESMR), 1973-1976
(Parkinson et al., 1987), Scanning Multichannel Microwave Radiometer
(SMMR), 1978-1987 (Gloersen et al., 1992), and Special Sensor Microwave
Imager (SSM/I), 1987-present (LeDrew et al., 1992), as well as the International
Satellite Cloud Climatology Project (ISCCP) data on clouds, 1983-present (Ros-
sow and Schiffer, 1991), SAR data on ice sheets (Fahnestock et al., 1993),
buoy-derived sea ice motion, 1979-present (Thorndike and Colony, 1980), sub-
marine sonar thickness measurements of sea ice (McLaren, 1989; McLaren et al.,
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Fig. 1. Schematic seasonal trend of surface types in the central Arctic plotted as fractional
surface coverage in percent (from Barry et al., 1993).

1992, Wadhams, 1990), and atmospheric soundings from land and drifting sta-
tions (Kahl et al., 1992a). This paper focuses on a review of the contributions of
remote sensing and in situ data, combined with theoretical and modeling studies,
to our characterization of the Arctic sea ice-climate system, its internal and
external interactions, and their potential importance for global climate.

SURFACE CHARACTERIZATION

The Arctic Ocean is unique in having a permanent sea ice cover averaging
about 3.5- 4 m in thickness near the Pole (McLaren et al. , 1992). However, the
surface character varies considerably during the annual cycle (Fig. 1; Barry et al.,
1993a). In particular, in summer, the progression of snowmelt, including the
extent and depth of meltponds, the fractional coverage of leads and open water
in the marginal seas, and the cloud cover have a significant effect on surface
albedo and the absorbed radiation. Estimates of the spatial pattern of surface
albedo and its temporal evolution have been made by two approaches. Robinson
et al. (1992) mapped categories of snowmelt for 10 summers from visible-band
Defense Meteorological Satellite Program (DMSP) images by visual methods
and then used parameterized albedo values for each category, checked by gray-
tone scaling between snow-covered ice and open water. Additionally, adjust-
ments were made for ice concentration and cloud amount. The patterns for each
month compare well with those based on surface reflectance estimates from the
ISCCP data (Rossow and Garder, 1993), but the actual values obtained by
Robinson et al. are 0.08-0.10 higher than the ISCCP data in May and June and
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0.05-0.06 lower in July and August. These differences represent an uncertainty
in current estimates and appear to be a result of the combined effect of biases in
the parameterized values of Robinson et al. and in the ISCCP cloud-clearing
algorithm (Schweiger et al., 1993).

The annual cycle of surface albedo for the Arctic reaches a minimum in about
the middle of August; the central Arctic value is approximately 0.51 with means
0.06-0.16 lower in the marginal seas where there is more variability associated
with the degree of ice retreat in the individual sectors. There is also considerable
interannual variability in the surface albedo in June (Robinson et al., 1992).
Barry et al. (1989) estimated that the extreme range in surface albedo values
between years may result in a cumulative summer difference in surface net
radiation sufficient to account for the melt of 66 cm of ice, compared with the
early suggestion by Fletcher (1966) of up to 2 m ice melt if the snow melt season
were a month ahead of its usual regime. Hence, under the present climatic regime
the sea ice cover seems stable to the typical interannual variability of thermo-
dynamic forcing.

The absorption of shortwave radiation by the ice-ocean surface is affected by
the extent and depth of melt ponds; pond extent reaches an average maximum of
about 25% of the surface in the central Arctic in mid-July (Nazintsev, 1964;
Barry, 1983), but pond depth may peak several weeks later (Ebert and Curry,
1992). Overall reductions in ice concentration, associated with greater ice diver-
gence because of a tendency for cyclonic activity over the Beaufort Sea in late
summer (Barry and Maslanik, 1989; Serreze et al., 1989, 1990; LeDrew et al.,
1991), also peak in August or early September when the frequency of new
snowfalls already is increasing. Melt ponds and open water areas are important
because of the penetration of solar radiation and lateral ice melt effects. How-
ever, ponds that refreeze in the winter do not represent a net contribution to the
ice energy balance, in contrast to ones that eventually drain. Currently, there are
no appropriate measurements of these surface parameters and their regional and
interannual variability.

During the winter season, limited areas of open water appear in leads and
coastal polynyi associated with wind forcing of the central pack ice or ice in the
lee of coasts and islands. Leads are a major source of turbulent heat transfer to
the atmosphere, having flux rates one to two orders of magnitude greater than that
through ice 21 m thick (Maykut, 1986). A typical lead is 2100 m wide and
refreezes within 1-3 days. Even in polynyi, only about 1% of the area is open
water in winter, with 30% new ice (<10 cm thick) and the rest being young ice
(Steffen, 1991; Barry et al.,, 1993b). Lead fields are broadly parallel to the
geostrophic wind direction (Miles and Barry, 1989) but, when a pattern has
been set up, it has a tendency to persist until refreezing or convergent motion
causes closure and/or strong wind forcing is re-initiated. The lead area ac-
counts for only 1-2% of the Arctic in midwinter, based on submarine sonar
statistics (Bourke and McLaren, 1992). Lead detection and mapping from satel-
lite data is problematic in visible and IR signatures because of atmospheric
effects and spatial measurement scale (Key et al., 1993) and ambiguous signa-
tures associated with wind effects on open water in SAR data (Steffen and
Heinrichs, 1994).
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The ice thickness distribution is a crucial parameter for sea ice models, but is
poorly known. Submarine sonar data indicate mean drafts in winter of about 4 m
near the Pole, increasing to 6-7 m off northern Greenland and the Canadian
Arctic Archipelago (Bourke and McLaren, 1992); total ice thickness is approxi-
mately 1.130 times the draft for ice with ridges. The annual cycle of ice thickness
and its regional variability also is uncertain. It appears that mean drafts are
0.5-1.0 m lower in summer than winter at the same locations; in the central
Beaufort Sea, McLaren (1989) reports an average summer thickness of only
1.7 m. Large interannual variability also is evident north of Greenland (Wad-
hams, 1990) and at the North Pole (McLaren et al., 1992), associated with
varying fractions of first-year and multiyear ice as a result of variations in
large-scale ice motion and the climatic character of individual seasons (Serreze
et al., 1989, 1990; LeDrew et al., 1991). To date, no trends in ice thickness can
be identified in the available data.

Snowfall and snow depth on the ice also are not well known. Modelling
studies usually rely on crude climatological estimates of annual accumulation.
Limited in situ data have been published (Barry et al., 1993a) and extensive
Russian data are known to exist. A recent summary of Russian field observations
primarily for the period 1972-1984 indicated average April snow depths on level
ice of about 20 cm in the central Arctic and 60 cm off northeast Greenland,
with average depths in ridged ice of about 80-100 cm in the former area and
140-160 cm off northern Greenland (Romanov, 1993a, 1993b). Lindsay and
Rothrock (1993) have presented a method of estimating snow depth and ice
thickness using albedo and temperature data from the AVHRR. However, their
energy balance approach has not been applied, or validated, on a large scale.

ATMOSPHERIC FACTORS

The key atmospheric factors involved in the Arctic Ocean ice-climate system
are the surface radiative and energy fluxes, the atmospheric temperature profile,
and air motion. Radiation is particularly affected by cloud cover, which is still
inadequately known. The ISCCP data for the Arctic (Rossow and Garder, 1993)
give total cloud amounts 10-30% lower than ground-based observations in
summer and 5-10% lower in winter (Warren et al., 1988; Schweiger and Key,
1992; Rossow et al., 1993). Cloud amount in winter is particularly uncertain;
tropospheric ice crystal concentrations may contribute to the higher satellite-
derived estimates (Curry et al., 1990). A key problem in Arctic climate studies is
that of cloud detection and classification over polar surfaces in winter and sum-
mer (Ebert, 1987; Key and Barry, 1989). Improvements in the ISCCP algorithm
to address this issue are in progress. Studies using visual analysis of DMSP
imagery support previous work indicating that stratiform cloud amounts increase
sharply from May to June, associated with moisture advection and surface melt
onset (Barry et al., 1987), and also point to greater cloud opacity in late summer
Robinson et al. (1987), perhaps associated with increased cyclone frequency
(Serreze et al., 1993a). This apparent tendency for thicker cloud cover in late
summer merits further investigation via aircraft measurements of cloud micro-
physical properties, as does the question of winter ice crystal concentrations.
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The atmospheric temperature profile in the Arctic, featuring a persistent
low-level inversion during the cold season, has been well documented using
in situ sounding data (Kahl et al., 1992b; Serreze et al., 1992a). Accurate meth-
ods of retrieving temperature and humidity profiles from TOVS data have only
recently been developed and applied on a basin-wide scale (Francis, 1994;
Khalsa et al., 1994), but they show considerable promise. The persistence of a
stable lower troposphere is important in relation to turbulent mixing, stratiform
cloud formation, aerosol concentrations, and radiative fluxes.

Satellite-derived estimates of radiative fluxes at the surface have been ob-
tained by Schweiger and Key (1994) using ISCCP cloud data in conjunction with
a radiative transfer model. Spatially averaged shortwave fluxes agree well with
climatological estimates, but calculated downwelling infrared radiation is sig-
nificantly lower than observed. A possible reason for this involves the neglect of
ice crystals that may enhance downwelling infrared radiation (Curry et al., 1990).
There is also a potential for estimating turbulent heat fluxes from leads and
polynyi based on satellite mapping of new and young ice types and surface
temperatures via AVHRR (Steffen, 1991; Key and Haefliger, 1992; Lindsay and
Rothrock, 1994).

Air motion is the principal driver for sea ice motion and the associated ice
divergence/convergence manifested by the development of leads and ridges.
Pressure and wind fields are reasonably well defined by the modern buoy net-
work with pressure sensors (Thorndike and Colony, 1980), although improved
data on surface drag coefficients and coincident boundary-layer stability mea-
surements are also required (Overland, 1985). The ice motion itself is determined
by three-hourly reports from buoy position data but can also be derived from
sequential satellite imagery. In cloud-free conditions AVHRR data provide ex-
tensive spatial coverage at a medium resolution (a few kilometers) (Emery et al.,
1991), while SAR data provide all-weather high resolution (10-100 m) for
limited swaths. Merging of these different data sets offers the possibility of
combining the unique advantages of each system (Maslanik et al., 1994).

INTERACTIONS

Recent theoretical and modeling studies provide a framework for under-
standing the interactions of the key components of the Arctic Ocean ice-climate
system and their potential sensitivity to perturbations (LeDrew, 1992; Ebert and
Curry, 1993). Figure 2 illustrates the range of interactions that need to be taken
into account in considering fluctuations in ice thickness and net ice flux. Ebert
and Curry identify six important feedback loops in a one-dimensional ice model:
(1) surface-albedo feedback affecting ice thickness and/or extent; (2) oceanic
heat conduction feedback influencing ice melting rates; (3) lead fraction feed-
back affecting summer absorption of solar radiation and winter ocean heat loss;
(4) lead absorption of solar radiation feedback warming the mixed layers and
producing basal ablation; (5) outgoing infrared radiation-surface temperature
(negative) feedback; and (6) turbulent flux-surface temperature (negative) feed-
back. The first four all are positive feedbacks. Some observational results bearing
on these processes now are reviewed.
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Fig. 3. Cloud-sea ice-albedo feedback loop in the marginal ice zone (from LeDrew, 1992). A plus
sign indicates that a change in one parameter causes a change in the same direction in the effect. The
net effect of the loop is indicated in the center of each circle.

The surface albedo data discussed earlier provide a baseline climatology,
but data on albedo variability cannot yet be combined with ice extent and/or
thickness. Case studies of ice extent and coastal temperatures in relation to
melt onset suggest that early melt and lower surface albedos are favored by
off-land winds, whereas late melt and higher albedos are associated with over-ice
circulations (Serreze et al., 1993b). Responses of ice extent or thickness to
lower/higher summer albedo values have not been analyzed empirically. The
complex effect of cloud optical depth on planetary albedo was investigated by
Barry et al. (1984), who showed that in the sea ice marginal zone there may be
either positive or negative feedbacks in the surface albedo-ice extent interaction
associated with cloud optical depth, zenith angle, and surface type (Fig. 3;
LeDrew, 1992).

The spatial and temporal variability of lead fraction is insufficiently known
to model surface energy fluxes and their effect on regional ice growth and
ablation in individual years. The effect of leads on the transfer of turbulent heat
and ice crystals into the atmosphere also is uncertain. Using backscatter data
from airborne lidar, condensate plumes have been identified emanating from
open leads (estimated to be =10 km wide) and extending to 2-4 km altitude and
persisting up to 200 km downwind (Schnell et al., 1989; Andreas et al., 1990).
The conditions required to generate such deep convection events appear to be
rare under Arctic conditions, although wide flow leads are observed in the shelf
seas off Siberia (Serreze et al., 1992b). Nevertheless, shallow convection over
narrow leads is believed to produce enhanced concentrations of ice crystals near
the surface that may substantially modify infrared radiative fluxes.

Atmosphere-sea ice interaction has been extensively studied in terms of the
mutual variability of the two systems on the annual scale (Walsh and Johnson,
1979; Walsh, 1986), for example. Seasonal differences in the forcing and lag
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Fig. 4. Changes in 15-year annual mean extent of Arctic sea ice and surface air temperature
(65°-70° N) from 1976-1990 (from Chapman and Walsh, 1993).
P

responses also have been identified. During summer ice retreat, anomalies in ice
extent respond to atmospheric forcing up to four months earlier, whereas during
autumn anomalies in the atmosphere and ice extent essentially are in phase. At
the synoptic scale, which may determine the character of the seasonal forcing,
LeDrew (1987) used a diagnostic analysis to distinguish the roles of surface heat
and momentum fluxes, on the one hand, versus advective transports of vorticity
and temperature, on the other, in the development and maintenance of arctic low
pressure systems. The advective components were shown to predominate except
in a few special cases (LeDrew et al., 1991).

Interannual to decadal scale variations in ice extent tend to be highly variable
regionally. There are out-of-phase variations in ice anomalies between the North
Atlantic and Beaufort-Chukchi sea according to Mysak and Manak (1989), and
during 1979-1986 the ice season lengthened in the Beaufort Sea and Davis Strait
sectors but shortened in the Eastern Hemisphere (Parkinson, 1992). The longitu-
dinal pattern of sea ice advance/retreat between 1961-1975 and 1976-1990 is
inversely correlated with changes in annual air temperature in the latitude zone
55°-75° N as shown in Figure 4 (Chapman and Walsh, 1993).

The ice flux through Fram Strait is of great importance to the balances of ice
mass and of fresh water in the Arctic Ocean (Aagaard and Carmack, 1989). This
outflow is forced primarily by the mean high pressure over the Beaufort Sea and
the low pressure trough that extends northeastwards from the Icelandic Low.
Variability in the ice and water outflow is related to variability in cyclonic
activity over the Arctic and associated variability in the Beaufort Gyre and
TransPolar Drift Stream (TPDS) (Serreze et al., 1989; Walsh and Chapman,
1990; Maslanik et al., 1991). Even more significant is the postulated connection
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between ice outflow and anomalies in surface salinity and water temperature in
the Greenland and Iceland seas. The “Great Salinity Anomaly” (GSA), which
began in the late 1960s, is the best known manifestation of this anomaly pattern
(Dickson et al., 1988). Mysak et al. (1990) and Mysak and Power (1992) propose
a conceptual model linking Mackenzie River runoff, Beaufort Sea ice anomalies
12 months later, and subsequent anomalous ice export via the TPDS into the
Greenland Sea. Other potential mechanisms exist, however (Barry et al., 1993a).
Observational data on atmospheric circulation anomalies over the Arctic (Serreze
et al.,, 1992c) and results from simulations with a coupled ice-ocean model,
forced by observed winds (Héakkinen, 1993), suggest that enhanced export of
thick, low-salinity multiyear ice from north of Greenland could account for most
of the freshwater required to explain the GSA salinity deficit.

CONCLUDING REMARKS

The contributions of in situ and remote sensing studies to our knowledge of
the surface and atmospheric properties in the Arctic is readily apparent. Consid-
erable advances are being made in understanding ocean-ice-atmosphere interac-
tions by providing validation data for modelling results and by empirical findings
that stimulate process modeling or large-scale model sensitivity studies. Both
types of contribution have been illustrated here. Unfortunately, at the present
time, GCMs fail to simulate adequately many basic characteristics of the Arctic
climate regime (Walsh and Crane, 1991). This raises concerns as to the validity
of such models for climate perturbation experiments. Most simulations of the
potential temperature response to CO, doubling, for example, depict greatly
enhanced high-latitude warming in the lower troposphere, related largely to
substantial reductions in sea ice. However, the representation of thermodynamic
and dynamic sea ice processes in current models is inadequate for a high degree
of confidence to be attached to these results.

The 1990s are witnessing an accelerating increase in the availability of
remotely sensed data. Existing SAR data from the European Remote Sensing
Satellite-1 (ERS-1) and Japan’s Earth Resources Satellite-1 (JERS-1), and those
that will be provided by the Canadian Radarsat in 1995, as well as the expanded
Arctic Ocean buoy network and moored upward-looking sonars, offer an entirely
new capability. The key to their full utilization, however, will be their merging
with other data streams, such as AVHRR and the DMSP suite of sensors.
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