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Abstract. The Arctic sea ice cover exhibited its record mini- 

mum area during 1990, characterized by extensive ice-free 
conditions during August. along the Siberian coast. These reduc- 
tions are consistent with warm, windy conditions in May and 
continued warmth in June promoting early melt and reductions 
in ice concentration, followed in August by strong coastal winds 
forcing a final breakup and retreat of the pack ice. The unusually 
warm Arctic conditions in 1990 are part of a larger-scale tem- 
perature anomaly pattern, linking the sea ice anomaly to accom- 
panying record minima in Eurasian snow cover. 

smallest yet recorded. Northern Hemisphere snow extent was 
also at a record low, dominated by record minima over Eurasia 
from February through September [Robinson et al., 1993]. Fi- 
nally, Northern Hemisphere temperatures attained record highs 
for spring, autumn and the annual average [Jones, 1994]. Here, 
we examine the 1990 sea ice anomaly and argue that its devel- 
opment in part reflects this warming, providing a link with the 
snow cover extremes. 

Observed Ice Conditions 

Introduction 

Using the combined passive microwave record from the Nim- 
bus-5 Electrically Scanning Microwave Radiometer and the 
Nimbus-7 Scanning Multichannel Microwave Radiometer 
(SMMR), Parkinson and Cavalieri [1989] concluded that no 
overall trend in Northern Hemisphere ice extent occurred be- 
tween 1973 and 1987. However, following a reworking of the 
SMMR record (1978 to 1987), Gloersen and Campbell [1991] 
demonstrated a small but significant downward trend. Chapman 
and Walsh [1993], using a longer record (1961 to 1990) based 
on the weekly US Navy/lXlOAA National Ice Center (NIC) charts 
since 1973 (compiled from high-resolution satellite imagery, air- 
craft and ship reports, but also including passive microwave data 
when necessary (C. Bertoia, NIC, pets. comm.)), and regional 
data sources for earlier years, confirm a downward trend. This 
has been accompanied by upward trends in Northern Hemi- 
sphere surface temperatures during the past 30 years over north- 
err. Eurasia and northwest North America during winter and 
spring (with compensating negative trends over southern Green- 
land and the western subpolar North Atlantic) and reductions in 
Northern Hemisphere snow extent [Robinson et al., 1993]. 

As model predictions indicate that the effects of increasing 
greenhouse gas concentrations will be strongest in the Arctic 
[e.g., Mitchell et al., 1990], these trends are of interest. Grois- 
man et al. [1994] suggest that the snow cover retreat can be re- 
lated to an increase in snow cover radiative feedback, accounting 
for part of the increases in spring temperatures. Within this 
context, the year 1990 is particularly noteworthy. Based on the 
Chapman and Walsh [1993] study and our analysis of passive 
microwave data through 1993, the sea ice area in 1990 is the 
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Monthly-mean sea ice areas for 1990 were computed from 
daily fields of ice concentration derived from Defense Meteoro- 
logical Satellite Program (DMSP) Special Sensor Micro- 
wave/Imager (SSM/I) passive microwave data [Weaver et al., 
1987]. We then calculated monthly mean ice areas for 1980 to 
1990 by combining the SSM/I (July 1987 onwards) and SMMR 
(November 1978 to June 1987) records. Both ice data sets were 
obtained from the National Snow and Ice Data Center and are 

calculated using the NASA Team Algorithm with global tie 
points [Steffen et al., 1992]. We define ice area from the number 
of 25 x 25 km pixels in the entire Northern Hemisphere grid 
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Figure 1. August 1990 ice conditions. Medium shading indi- 
cates the 1990 ice area, dark shading areas normally ice covered 
but ice free in 1990. The inset shows the absolute minimum ex- 

tent (medium shading) and the area ice free only in 1990 (dark 
shading). Coastal pixels have been eliminated for clarity. The 
numbers indicate geographic regions: 1) Chukchi Sea, 2) East 
Siberian Sea, 3) Laptev Sea, 4) Kara Sea, 5) Barents Sea. 
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(common to both data sets) having at least a 15% ice concentra- 
tion. Earlier studies [e.g., Parkinson and Cavalieri, 1989] em- 
ployed a subset of the grid. Estimates of the 1990 area anoma- 
lies were then obtained. The l 1-year period was selected as 
Arctic Ocean temperature data are available for the same years. 

Ice areas during May and June 1990 are 6% and 10% below 
average, respectively. By July, ice area decreases to 16% below 
normal, largely due to open water along Siberia and in the Bar- 
ents Sea. The anomaly grows to 21% for August (2.2 x 106 km 2 
from the mean of 10.5 x 106 km2), almost entirely due to ice-free 
conditions along Siberia (Figure 1). Essentially no areas in 
August 1990 show above-average ice cover. ll•ese conditions 
persist into September (19% below normal). Anomalies recalcu- 
lated after eliminating pixels adjacent to land areas (which may 
contain false concentration estimates) are similar. 

The accuracy of total ice concentrations derived from passive 
microwave data is generally within 5% in high concentration 
regions during the cold months [e.g., Steffen and Maslanik, 
1988]. However, errors increase to 10 to 15% during summer 
melt conditions and locally higher due to meltponds and flooded 
ice. Errors also increase where thin ice is present. Some errors 
are also expected in our analysis due to different sensor charac- 
teristics of SMMR and SSM/I. Although analysis of the SSM/I 
and SMMR overlap period indicates that the latter problem is 
minor for our simple analysis of ice area, the effects of summer 
melt are cause for greater concern. However, ice margins de- 
picted in the SSM/I and NIC analyses show close agreement. 
Although these are not entirely independent data sets, DMSP 
shortwave images (0.6 km resolution) for early September 1990 
reconfirm the ice margin positions. 

As basing the anomalies on the 11-year mean masks large 
interannual variability in the Siberian sector, we also compiled 
an absolute minimum field of mean August ice area by treating 
any pixel with < 15% ice concentration in any year from 1980 to 
1990 as open water. We then identified those pixels ice-free 
only in 1990. This open water area (Figure 1) represents a re- 
duction of 30% in the Siberian sector from 140øE to 160øW 

north to approximately 80øN. The concentration in this area is 
70% averaged over 1980 to 1989 but only 3% in 1990. This dif- 
ference is too large to be due to errors in the concentration re- 
trievals and further points to the significance of the anomaly. 

Figure 2. Mean temperature field (solid lines) for May to June 
1990 and anomalies (positive: dotted lines; negative: dash-dot 
lines), both in Kelvins. 

between days with good data. We stress that our focus is pri- 
marily on the Siberian coast, where the fields are strongly influ- 
enced by plentiful station data and few buoys are deployed. 

Figure 2 shows the mean temperature and anomaly fields for 
the two-month period May to June 1990. Positive anomalies are 
found over all of the Arctic Ocean, with all areas south of an ap- 
proximate line from the Laptev Sea, across the Arctic Ocean to 
Alaska showing anomalies between 2.5 to 3.0øC. This pattern is 
most similar to that for May. During this month, anomalies in- 
crease to 5øC along the 180 ø meridian from 70 to 75øN. June 
anomalies are largest along the Siberian coast, lying between 2.0 
to 3.0øC in the Laptev Sea. Temperatures along the Siberian 
coast are slightly below and above normal for July and August, 
respectively (0.5 to 1.0øC). Surface temperature reports from the 
Historical Arctic Rawinsonde Archive (HARA) [Kahl et al., 
1992] confirm these patterns for coastal stations, but with typi- 
cally larger anomalies. Inferred melt onset is at least ten days 

Atmospheric and Radiative Forcings 

The ice anomaly (Figure 1) appears to have its origins in the 
unusu:filly warm conditions during spring and early summer. To 
illustrate this link, daily averages of 12-hourly surface tempera- 
tures from the International Arctic Buoy Program (IABP) 
[Colony and Rigor, 1993] were used to compute fields of 
monthly-mean temperature and the estimated date of snow-melt 
onset for 1980 to 1990. Results for 1990 were then expressed as 
anomalies. Following Serreze et al. [1993], melt onset at each 
grid location was defined as the first day of the first seven-day 
run of daily mean temperatures of at least 0øC. 

The IABP fields are compiled from coastal station data and 
temperatures measured by drifting buoys. Despite likely positive 
biases in the buoy temperatures related to insulation by snow 
cover during winter and radiative heating in sununer [Munoz 
and Martia' 1995], these fields represent the best available Arc- 
tic Ocean data source. Employing daily averages reduces these 
problems. Data errors (< 5% of all data) were flagged through 
limits checks, with upper and lower temperature bounds vary'rag 
by month and region, and re-filled through linear interpolation 

Figure 3. Mean SLP field for May, 1990 (solid lines) and 
anomalies (positive: dotted lines; negative: dash-dot lines), both 
in mb. 
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Figure 4. Surface albedo anomaly field for June 1990. Heavy 
(light) stippling denotes areas with a negative albedo anomaly of 
at least 0.10 (0.05). 

early along most of the coast from the Laptev Sea eastward to 
Alaska (late May) and over two weeks early in the northern 
Laptev Sea (early June), but also early over the remainder of the 
ice cover. The temperature anomaly fields also argue for rapid 
melt during June, especially in the Laptev Sea. 

The May 1990 mean sea level pressure (SLP) and anomaly 
field, calculated from National Meteorological Center (NMC) 
data (1980 to 1990) which include pressure data from the drift- 
ing buoys (Figure 3) is highly unusual, dominated by a low of 
996 mb (an anomaly of-20 rob) centered at about 80øN, 100øE. 
As inferred from the isobars, strong southerly winds are found 
along the coast from the Laptev Sea eastward to north of Alaska. 
For example, surface winds at station Bukhta Tiski (71.6øN, 
128.2øE) average 5.2 m s 4 for the month, over twice the 1980 to 
1990 mean. Although strong southerly winds are consistent with 
the temperature anomalies and early melt, they may also explain 
the local development during this month (as depicted in the NIC 
and SSM/I analysis) of areas of open water and low concentra- 
tion ice (20 to 30%) in the Laptev and East Siberian seas. 

Schweiger and Key [1994] used the International Satellite 
Cloud Climatology Project (ISCCP) C2 data set, a compilation 
of monthly satellite-derived cloud statistics, surface reflectivity, 
atmospheric temperature, and other variables [Rossow and 
Schiffer, 1991], to provide a gridded data set of surface. broad- 
band albedo and radiative fluxes for the Arctic Ocean for 1984 

to 1990. Although recognizing uncertainties due to problems in 
cloud/snow discrimination and modeling assumptions, surface 
albedos for June 1990 along the Laptev and East Siberian sea 
coasts are shown as 0.10 to 0.30 below the 1984 to 1990 means 

(Figure 4). Net radiation fluxes are typically 10 to 30 W m': and 
locally 50 W m': above means of 80 to 120 W m':. The June 
ISCCP cloud cover north of Siberia is 5 to 15% above normal. 

As cloud forcing is negative at this time [Schweiger and Key, 
1994], this would reduce the surface net radiation. Therefore, 
the net radiation anomalies reflect the reduced albedo, due both 
to early melt and expansion of the open-water features fh'st seen 
in May. Smaller negative albedo anomalies characterize the re- 
mainder of the Arctic Ocean. July shows a similar pattern. 

As discussed, the ice anomaly continues to grow rapidly dur- 
ing August. Figure 5 shows that the August SLP pattern is 

dominated by an anomalous anticyclone centered north of 
Alaska. More typically, the August SLP distribution over this 
area exhibits a weak closed low [Serreze et al., 1989]. The iso- 
bars indicate strong easterly winds over the Chukchi and East 
Siberian seas, where the ice retreat between July and August 
was especially pronounced. As observed in the NIC charts, this 
final retreat was largely accomplished during the third week of 
August, when the anticyclonic regime was best developed. Dur- 
ing summer, the ice motion tends to be to the fight of the 
geostrophic wind, implying a poleward component of the ice 
motion away from the coast. 

Estimated net radiation fluxes for August 1990 along the Si- 
berian coast are > 20 W m '2 (30%) above average over an area 
greater than 4.0 x 105 km 2, primarily due to the extensive open 
water and low concentration ice. Nevertheless, positive anoma- 
lies again characterize essentially the entire Arctic Ocean. 

Discussion 

We conclude that the ice anomaly north of Siberia was set up 
by unusually warm and windy conditions during May and con- 
tinued warmth in June, promoting early melt and local breakup 
of the ice cover, with consequent enhancement of the surface net 
radiation flux hastening melt through July. Although the anom- 
aly was already large during July, we suspect that the extreme 
ice-free conditions observed for August may not have developed 
without the additional circulation "boost" in the form of strong 
coastal winds, forcing a final breakup and poleward advection of 
the ice cover. 

Other possible contributing factors, such as anomalous ocean 
heat fluxes, remain to be addressed. It is also not clear why large 
negative sea ice anomalies did not develop north of Alaska, 
which experienced a similar wind regime as well as consistently 
positive temperature anomalies. Perhaps this reflects the particu- 
larly early albedo reductions over the Siberian sector (Figure 4). 
The location of the ice anomaly also contrasts with the general 
picture provided by Chapman and Walsh [1993] that overall, sea 
ice reductions have been largest over the Atlantic sector. As 
suggested from their analysis, this may reflect extensive sea ice 
over this region dm'ing the late 1960s. 

As discussed, 1990 also has the smallest snow extent on rec- 

ord for the continental Northern Hemisphere, dominated by rec- 
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Figure 5. Same as Figure 3, but for August 1990. 
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Figure 6. Departures of April (top) and May (bottom) snow 
cover over Eurasia for 1990. Snow cover in the shaded (open) 
areas was at least 20% below (above) normal in 1990. 

ord minima over Eurasia from February through September (but 
with the winter 1989/90 average being near normal) [Robinson 
et al., 1993]. Interestingly, 1990 precipitation over most of the 
former Soviet Union was exceeded only by two years (1957, 
1958) since 1891 [Groisman et al., 1993]. Figure 6 shows the 
snow cover anomaly field for April and May 1990 with respect 
to 1980 to 1990 means analyzed from NOAA show charts [see 
Robinson et al., 1993]. Snow cover is markedly reduced over the 
western and eastern portions of the continent. The pattern for 
March is similar. Maps from the Climate Diagnostics Bulletin 
[NOAA, 1990] for all three months show surface temperatures 
north of 40øN in the upper 90th percentile of the normal 
(Gaussian) distribution fit to the 1951 to 1980 base period data 
for western and eastern Eurasia as well as northwest North 

America. All regions north of 60øN lie in at least the 70th to 
90th percentile, the exceptions being near or slightly below av- 
erage temperatures over the Canadian Arctic, and in May, over 
central Eurasia. The IABP data reveal positive temperature 
anomalies over the Arctic Ocean in May and June, but the April 
data also reveals large positive anomalies, similar to May. 

The unusually warm Arctic Ocean conditions in spring and 
early summer associated with the sea ice anomaly hence appear 
to be the high-latitude signal of a much larger-scale temperature 
anomaly pattern. Although the straightforward interpretation is 
that the snow cover extremes represent a response to this large- 
scale forcing, the issue of whether the reduced snow extent itself 
provided for a feedback accentuating the temperature anomalies 
[cf. Groisman et al., 1994] merits further investigation. 
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