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Satellite Evidence for an Arctic 
Sea Ice Cover in Transformation 

Ola M. ~ohannessen,'*~* Elena V. Shalina,3 Martin W. Milesqt4 

Recent research using microwave satellite remote sensing data has established that 
there has been a reduction of about 3 percent per decade in the areal extent of the 
Arctic sea ice cover since 1978, although it is unknown whether the nature of 
the perennial ice pack has changed. These data were used to  quantify changes in 
the ice cover's composition, revealing a substantial reduction of about 14 percent 
in the area of multiyear ice in winter during the period from 1978 t o  1998. There 
also appears t o  be a strong correlation between the area of multiyear ice and the 
spatially averaged thickness of the perennial ice pack, which suggests that the 
satellite-derived areal decreases represent substantial rather than only peripheral 
changes. If this apparent transformation continues, it may lead t o  a markedly 
different ice regime in the Arctic, altering heat and mass exchanges as well as ocean 
stratification. 

Enhanced Arctic warming and a retreating sea 
ice cover are common features in modeled cli- 
mate change scenarios (1, 2). Quantitative ob- 
servational evidence for changes in the sea ice 
cover may be obtained from satellite-borne sen- 
sors measuring low-frequency microwave (mil- 
limeter to meter wavelength) radiation. Micro- 
wave-derived sea ice time series are now 
among the longest continuous satellite-derived 
geophysical records, extending over two de- 
cades. The Nimbus-7 Scanning Multichannel 
Microwave Radiometer (SMMR) provided 
data from 1978 to 1987, and the follow-up 
Svecial Sensor Microwave/Imagers ISSM/I) 

onboard Defense Meteorological Satellite Pro- 
gram (DMSP) satellites F8, F 1 1, and F 13 have 
provided data since 1987. The multifrequency 
brightness temperature (T,) data are used to 
calculate total ice concentration (the percent of 
ice-covered ocean), from which total ice area 
(the area of ice-covered ocean) and total ice 
extent (the area withn the ice-ocean margin) 
are derived. Analyses of SMMR and SSM/I 
data have detected a reduction of about 3% per 
decade in total ice area (3, 4) and extent (3-5) 
in the Arctic since 1978. The observed decreas- 
es are due largely to reduced summer ice extent 
in the Eurasian Arctic in the 1990s. with record - ~ 

low arctic ice minima observed in 1990, 1993, 
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claim that i t  is more realistic. Furthermore, they postu- 
late that the sea ice response to changes in the radiative 
forcing would be too fast with our simple model. But, 
they admit that observations are not good enough to 
distinguish between the high variability of ice they cal- 
culate and the lower CFDL variability, and their model is 
only of ice thickness, not extent, and ignores any spatial 
heterogeneity. Our findings in this report, which com- 
pare the model results to the observations, contradict 
their conclusions, at least for sea ice extent in the NH. 
The modeled variability of the sea ice extent agrees quite 
well with the detrended observations, and the response 
to increasing greenhouse gases also seems realistic. 
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since the 1970s. based on submarine sonar data 
(7 )] .  However, it has remained unknown 
whether the nature of the perennial ice pack as 
a whole has changed. Perennial multiyear (MY) 
ice (ice that has survived the surllmer melt) is 
about three times thicker than seasonal or first- 
year (FY) ice (-1 to 2 m), so that changes in 
ice type distribution could both reflect and ef- 
fect climate change. 

Because MY ice, FY ice, and open water 
have different radiative properties, algorithms 
applied to multichannel microwave data can 
separate each of these surface components, at 
least in winter when the signatures are relative- 
ly stable (8-11). The possibility of monitoring 
interannual variations in MY ice area with sat- 
ellite microwave data has been explored (8, 9) 
but remains underrealized. We produced and 
analyzed spatially integrated time series of MY 
and FY ice areas in winter derived from SMMR 
and SSWI data from 1978 to 1998, revealing 
the ice cover's changing composition. 

In general, combined SMMR-SSM/? time 
series are produced at the geophysical parame- 
ter level rather than the sensor radiance or TB 
level. The methods used here are based on the 
approach we used previously (4) for merging 
SMMR-SSWI sea ice time series, with addi- 
tional methods used for robust estimation of 
MY and FY ice areas. Briefly, the NORSEX 
(11, 12) algorithm is used to calculate ice con- 
centration from SMMR (18 and 37 GHz) and 
SSWI (19 and 37 GHz) TB data, with the 
SMMR TBs adjusted for slight sensor drift (3, 
4). Total ice concentration, area, and extent are 
iteratively calculated and adjusted (4) for the 
SMMR-SSWI overlap period (July to August 
1987) to less than 1% difference for all param- 
eters. No adjustments are made to the F8, F11, 
and F13 SSM/I T,s because (i) the individual 
sensor drifts are negligible (13); (ii) relative 
SSWI TB inter-calibrations are not advanta- 
geous (14); and (iii) biases are not significant 
for hemispheric sea ice parameters, notwith- 
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standing some regional differences (14). 
The algorithm is sensitive to the fiequency- 

dependent surface emissivity (E) of the three 
surfaces (MY ice, FY ice, and open water), in 
such a way that its proper specification is essen- 
tial for accurate separation (9-12). The MY ice 
analysis is restricted to the five winter months 
(November through March) when q,,,, is rela- 
tively stable as compared to the rest of-the year. 
Because the SMMR-SSMII sensor overlap oc- 
curred during the boreal summer (a time of 
unstable ice signatures), it is unreasonable to 
directly intercalibrate the SMMR- and SSMII- 
derived MY and FY ice areas, as was done for 
total ice concentration (4). Instead, the estimates 
were made by (i) fine-tuning & at 18 GHz 
(SMMR) and 19 GHz (SSMJI), based on arctic 
field measurements (1 0, 11); (ii) fine-tuning the 
weather filters to reduce false ice signatures off 
the main ice edge (15); (iii) analyzing spatio- 
temporal variations in the MY ice distribution 
for coherence; and (iv) analyzing each sum- 
mer's minimum ice area in conjunction with the 
following winter's MY ice area-these two val- 
ues should correspond (8). 

Procedure (iv) confirmed a close correspon- 
dence (correlation coefficient r - 0.82, P < 
0.01), with the winter-averaged MY ice area 
being only 13% less than the summer mini- 
mum; this is much closer than the 25 to 40% 
obtained previously (8). The difference is par- 
tially explained by the metamorphosis of sec- 
ond-year ice into mature MY ice (8, 9), so that 
the microwave-derived MY ice area generally 
increases during the winter (Fig. 1)-the MY 
ice area in late winter (March) is only 9% less 
than the summer minimum. The remaining dif- 
ference may be explained largely by substan- 
tive losses from ice outflow through the Fram 
Strait and East Greenland Current from Sep- 
tember to March (16). Therefore, we consider 
our time series of MY and FY ice areas to be 
geophysically sound representations of the 
character of the winter ice cover through the 
observation period. 

Figure 1 shows the variability of micro- 
wave-derived MY ice area in the Arctic in 
winter 1978-98. The winter-averaged MY area 
decreased 0.03 1 X 106 km2 year-', as com- 
pared with a total ice area decrease of 0.024 X 
lo6 !an2 year-' averaged over the same 5 
months. The difference (0.007 X 106 !an2 
year-') represents replacement by FY ice, so 
that the proportion of MY ice to FY ice 
changed accordingly. The 0.031 X lo6 km2 
year-' negative trend in MY ice area is statisti- 
cally significant at P - 0.04 and represents a 
decrease of -7% per decade (a 14% reduction 
fiom 1978-98), as compared to a decrease in 
the total ice area in winter of -2% per decade. 

Our results showing this 14% reduction in 
MY ice area in the past two decades are cor- 
roborated by other analyses. First, the winter 
MY ice areas correspond closely to the preced- 
ing summer minima, which other analyses have 

found to be decreasing most in recent years (6). 
Second, an analysis of SMMR and SSM/I data 
found an 8% increase (5.3 days) in the length of 
the sea ice melt season in the Arctic fiom 1978 
to 1996 (17). Third, independent data from 
oceanographic field observations have revealed 
changes in upper ocean water masses (18) be- 
tween 1975 and 1997 that are assumed to stem 
from a substantial melting of perennial MY ice. 

In order to evaluate the importance of the 
reductions in MY ice area in terms of the ice 
cover's mass balance, spatially and temporally 
coincident data on ice thickness are needed. 
Although there are no data sets covering the 
entire Arctic, near-coincident transects of sub- 
marine sonar data have revealed a decrease in 
ice thickness in the Eurasian Basin since at least 
the 1970s (7, 19). Moreover, spatially averaged 
basin-wide or regional ice thickness estimates 
have been made with the use of surface elastic- 

gravity wave measurements from around Rus- 
sian North Pole drifting stations (20, 21). Mea- 
surements of ice surface oscillations were car- 
ried out regularly in the eastern Arctic Ocean 
from 1972 to 1991. Elastic gravity waves in 
ice are caused by ocean swell waves gener- 
ated in ice-free oceans, strong wind zones, 
and ridging processes. The long waves (200 
to 500 m) propagate for hundreds to thou- 
sands of kilometers with weak dampening. 
Long wave propagation is not disturbed by 
heterogeneous ice conditions such as hum- 
mocks, thin ice, and open leads, which have 
a relatively small horizontal dimension as 
compared to wavelength. 

The measured surface oscillation parameters 
(wavelength, wave period, and direction) are 
related to ice thickness through a dispersion 
relation, given the elastic property of the sea ice. 
Directional ice thickness estimates can be de- 

Date 

Fig. 1. Arctic MY sea ice area in winter 1978-98, as derived from satellite passive microwave sensor 
data. The image data are multifrequency multipolarization TBs measured by SMMR from 1978 to 
1987 and by the DMSP SSMII from 1987 to 1998. The SMMR data were acquired at 2-day intervals 
and consist of polarized TBs measured at about 7, 11, 18,21, and 37 CHz, horizontally and vertically 
polarized. The SSM/I data are I-day polarized TBs measured at about 19, 22, 37, and 85 CHz. The 
data sets are issued by the National Snow and Ice Data Center in Boulder, Colorado. The TBs depend 
on the particular concentration of open water, FY ice, and MY ice within each 25-by-25-km image 
pixel. The NORSEX ice concentration algorithm (1 I ,  12) is used to separate these components and 
calculate their respective areas. The linear regression reveals that the microwave-derived MY ice 
area decreased by -610,000 km2 during the 20-year period, representing an -14% decrease. 
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Fig. 2. Arctic Ocean sea ice thickness and MY sea ice area in winter, as derived from surface 
measurements (1978-91) and satellite passive microwave sensor data (1978-98), respectively. The 
area-averaged ice thickness estimates are based on surface-based measurements of ice surface 
oscillations made from the Russian North Pole drifting stations in the perennial ice pack of the eastern 
Arctic Ocean (20, 21). The methods used to estimate MY ice area are described in the text. The high 
correlation (r - 0.88) between the two ice parameters during the overlap period suggests that (i) the 
observed areal decrease in MY ice is associated with a volumetric decrease in the total sea ice cover in 
winter and (ii) the average ice thickness has continued to vary with MY ice area after the surface 
measurements ended in 1991. 
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rived with the wave algorithm with an error of 
less than 10% if an averaged elastic property of 
the sea ice is used (20). The wave propagation 
characteristics result in a natural averaging of 
the ice thicknesses. Further, by averaging the 
directional ice thicknesses, a spatially averaged 
effective ice thickness is obtained (20,21). Here 
we compare these ice thickness estimates (21) to 
MY ice area during the common observation 
period. Figure 2 shows the interannual variabil- 
ity of the mean end-of-winter (April-May) ice 
thickness and winter MY ice area from 1978179 
to 199019 1. The decreases are more pronounced 
from 1987 onward, associated with changes in 
atmospheric circulation (such as an increase in 
the frequency of low-pressure systems in the 
Arctic) since the late 1980s (6). The high 
degree of correspondence (r - 0.88, P < 
0.01) between these independent data 
(which was unexpected; after all, MY ice 
can become substantially thinner and still 
count toward the MY ice area) reveals that 
a relationship exists between ice thickness 
and area. The potential importance of this 
observation is twofold. First, it indicates 
that the observed decrease in MY ice area 
from 1978 to 1998 represents a substantial 
(that is, a negative mass balance) rather than 
peripheral effect. Second, it suggests that 
the interannual variability and trends of arc- 
tic ice thickness may be estimated to a first 
order through an empirical relationship with 
MY ice area, as 77% (r2) of the variability 
in ice thickness is explained by variability 
in MY ice area, the more readily monitored 
parameter. However, this relationship re- 
quires further investigation, and it is noted 
that the changes in effective ice thickness 
(21) are considerably less than those report- 
ed elsewhere (19). 

The balance of evidence thus indicates an ice 
cover in transition, which, if continued, could 
lead to a markedly different ice-ocean-atmo- 
sphere regime in the Arctic. However, 20 years 
are inadequate to establish that this is a long- 
term trend rather than reflecting decadal-scale 
atmosphere-ocean variability such as the North 
Atlantic Oscillation (NAO) (22). The NAO is 
known to be strongly coupled to regional sea ice 
fluctuations (15,23), and here we find its winter 
index (22) to be lag-correlated with the follow- 
ing summer minimum ice area and hence the 
following winter MY ice area (both r - -0.54, 
P - 0.02). Thus the NAO index explains -25% 
(r2) of the MY ice variability. 

Further satellite monitoring and analysis 
of the sea ice cover, together with oceano- 
graphic and atmospheric data, are needed to 
better understand the patterns and processes 
behind these changes. Moreover, because sea 
ice parameters are hemispherically integrated 
measurements, we recommend that quantita- 
tive comparisons be made with ice cover 
output from global coupled climate models in 
the same manner as global average atmo- 

spheric temperature observations, for im- 
proved assessment and prediction of global 
warming in the polar regions 
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Domain Movement in Gelsolin: 
A Calcium-Activated Switch 
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Leslie D. B ~ r t n i c k , ~  Helen L. Yin,' Senyon Choel* 

The actin-binding protein gelsolin is involved in remodeling the actin cytoskeleton 
during growth-factor signaling, apoptosis, cytokinesis, and cell movement. Calci- 
um-activated gelsolin severs and caps actin filaments. The 3.4 angstrom x-ray 
structure of the carboxyl-terminal half of gelsolin (G4-G6) in complex with actin 
reveals the basis for gelsolin activation. Calcium binding induces a conformational 
rearrangement in which domain G6 is flipped over and translated by about 40 
angstroms relative to  G4 and G5. The structural reorganization tears apart the 
continuous (3 sheet core of G4 and G6. This exposes the actin-binding site on G4, 
enabling severing and capping of actin filaments t o  proceed. 

The cellular actin scaffold is continuously um-activated regulator of these cytoskeletal 
reorganized in response to a variety of sig- and motile functions of actin (1). Elevated 
nals. Apoptosis promotes dismantling of the calcium concentrations activate the filament 
actin cytoskeleton, and growth factor stimu- severing and capping activities of gelsolin, 
lation induces actin filament assembly at the which results in more actin filaments with a 
plasma membrane, which leads to cell shape shorter average length. The six domains of 
changes and movement. Gelsolin is a calci- gelsolin, GI-G6, probably arose through a 
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