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Global Warming and Northern
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Surface and satellite-based observations show a decrease in Northern Hemi-
sphere sea ice extent during the past 46 years. A comparison of these trends
to control and transient integrations (forced by observed greenhouse gases and
tropospheric sulfate aerosols) from the Geophysical Fluid Dynamics Laboratory
and Hadley Centre climate models reveals that the observed decrease in North-
ern Hemisphere sea ice extent agrees with the transient simulations, and both
trends are much larger than would be expected from natural climate variations.
From long-term control runs of climate models, it was found that the proba-
bility of the observed trends resulting from natural climate variability, assuming
that the models’ natural variability is similar to that found in nature, is less than
2 percent for the 1978-98 sea ice trends and less than 0.1 percent for the
1953-98 sea ice trends. Both models used here project continued decreases in
sea ice thickness and extent throughout the next century.

The cryosphere is an important component of
climate because of its effect on Earth’s surface
albedo (/) and its role in reducing the amount of
heat exchanged between the atmosphere and
the ocean (or land) beneath the ice. In particu-
lar, sea ice extent has long been recognized as
an important indicator of the state of the climate
system in observational and modeling studies.
Early simulations of changes in sea ice cover-
age and sea ice thickness associated with global
warming showed large sea ice reductions (2, 3),
but these simulations were not compared with
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observations. Observations now span a suffi-
ciently long period to show a substantial de-
crease of Northern Hemisphere (NH) sea ice
during the past few decades. Here, we use sea
ice extent in an attempt to detect recent global
climate change and examine whether it might
be attributable to anthropogenic causes by com-
paring it with model-calculated global warming
trends and trendlike low-frequency fluctuations
that appear randomly in very long control runs
of the same models.

There have been many attempts to use
observed trends in NH sea ice extent as an
indicator of global climate change (4-16).
Most of these studies show that, on average,
the observed NH sea ice extent has been
decreasing during the past few decades. Sat-
ellite visible and infrared images, which be-
came available in 1966, were the first sources
of global information on sea ice extent. In
1972, the passive microwave satellite sensor
was introduced as an additional source of
information on sea ice extent and concentra-
tion. Nonsatellite observational records have
many problems; they are generally not very
long, they are not global, and they do not
cover the entire year. Very little sea ice cover
data are currently available for 1941-45.

We used the following five sources of ob-
servations to determine sea ice extent in the
NH: the University of Illinois sea ice group, the
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Russian Arctic and Antarctic Research Insti-
tute, the NOAA Climate Prediction Center, the
Norwegian Nansen Environmental and Remote
Sensing Center, and the NASA Goddard Space
Flight Center.

The University of Illinois sea ice group has
just revised and updated its data set (6, 13). The
most reliable data cover the period since 1953.
The recent inclusion of data from the Norwe-
gian Polar Institute added data for the winter
months of the 1901-52 period. For the period
from 1972 to the present, the primary data
source was the digital version of the U.S. Na-
tional Ice Center (NIC) chart series. The NIC
charts, in turn, draw on satellite passive micro-
wave imagery [including the period of contin-
uous coverage by a scanning multichannel mi-
crowave radiometer (SMMR) and a special
sensor microwave imager (SSM/I) from 1978
to the present], together with other available
data from visible and infrared satellite sensors
and from any near—real-time aircraft reconnais-
sance and surface reports. Sea ice extent at the
end of each month is estimated as the total
ocean area poleward of the sea ice boundary,
not taking into account information about its
concentration. The averaging domain does not
include the Baltic, Caspian, Aral, Black, or
Azov seas or the Sea of Okhotsk south of 45°N.

The Russian Arctic and Antarctic Research
Institute reports NH monthly mean sea ice ex-
tents for 1960—90 (5). The spatial domain does
not include the Baltic, Azov, Caspian, Aral,
Black, or White seas. Ice concentration is not
considered. The Russian sea ice data draw in-
creasingly on satellite imagery during recent
decades. During the 1960s, the only substantial
data sources were aerial reconnaissance and
ship reports, including some charts or synthe-
ses (or both) of such information from other
sea ice centers. The data for all 12 months are
complete only for 1972-90; earlier data have
gaps that do not allow reliable estimates of
the annual averages.

The NOAA Climate Prediction Center
produced end-of-month Northern and South-
ern Hemisphere sea ice extent data for the
period 1973-94 (8), using NIC weekly sea
ice charts. Ice concentration information is
not taken into account.

The Norwegian Nansen Environmental
and Remote Sensing Center used passive mi-
crowave satellite observations to measure
197894 sea ice extent in the latitudinal belt
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from 50° to 84°N (/4). They assumed that
the area to the north of 84°N is permanently
covered with sea ice during the whole year.
Sea ice extent is defined as the area with ice
concentration of =15%.

The NASA Goddard Space Flight Center
provides homogeneous data that are based on
passive microwave satellite observations for
197898 (15-17). Sea ice extent is defined as
the area with ice concentration of =15%. The
NASA and Norwegian groups use the same
raw observations but use different algorithms
for sea ice detection.

Although there are differences in sea ice
extent definitions, spatial domains, averaging
techniques, and data sources, the five time se-
ries are similar (Fig. 1). However, differences
caused by sampling and measurement errors are
large enough to make the linear trend estimates
from each data set unreliable for short time
intervals. Random errors are probably the
smallest for the satellite-retrieved, passive mi-
crowave—based records, but instrument chang-
es from electronically scanning microwave ra-
diometer to SMMR between 1976 and 1978
(11), from SMMR to SSM/I in 1987 (16, 17),
and later between different SSM/Is (16, 17) are
potential sources of inhomogeneity in these
time series. Nevertheless, for those periods with
sensor overlap, it was possible to intercalibrate
the records from the individual sensors, making
the time series as homogeneous as possible
(7). To provide a quantitative measure of the
uncertainties in the data for the earlier decades,
we have evaluated from each grid in (/3) the
percentage of the longitudes in which there
were no available ice-edge data, requiring an
estimation of the ice edge by linear interpola-
tion or by climatology. Regions in which the ice
boundary is constrained by land were not in-
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cluded in the evaluation. These percentages
range from 60% in the 1900s to 0% in the
1990s, provided that one ignores the “hole” of
~2° latitude around the North Pole in the
SSM/T data. The percentages for the 1940s,
1950s, and 1960s are 50, 40, and 25%, respec-
tively. These percentages are generally larger
for the winter months and smaller for the sum-
mer months. Our emphasis on the post-1950
period in this report is guided, in part, by the
decrease in the percentage of missing data in
the 1950s.

The observed monthly variations and trends
of satellite-derived NH sea ice extent (/6) for
1978-98 and the other data sets (not shown
here) display decreasing NH sea ice extent dur-
ing this period. A comparison of seasonal vari-
ations of sea ice extent for different records
reveals only small differences between the
records, which can be explained by differences
in the temporal or spatial averaging (or both) of
sea ice observations.

To reveal a long-term systematic climate
trend, we need observations from a period long
enough so that the influences of natural inter-
annual and interdecadal climate variability, as
well as random errors of observation, do not
create pseudotrends that are as large as the true
climate trend. Before satellite observations
were able to provide global coverage, sea ice
records contained many regional gaps, which
lasted for months or years. Such gaps have been
variously filled by climate averages (6, 13) or
with a simple linear regression (5) between sea
ice changes in different parts of the ocean.
Neither of these methods, however, works
properly in the presence of long-term trends,
when all of the statistical parameters of sea ice
are changing with time.

Estimates of trends in annually averaged sea

ice extents for three different time intervals
(1953-98, 197298, and 1978-98) are present-
ed in Table 1. Updated time series of observed
annual averages of NH sea ice extent and linear
trends in these data by Chapman and Walsh
(13) and Parkinson et al. (16) are shown in Fig.
2. All observed data show decreasing NH sea
ice extent during the last few decades. The
important question is whether we should at-
tribute these observed trends to human-caused
global warming, to natural climate variability,
or to both. Here, we use two climate models to
provide independent assessments of the ob-
served climate trends in sea ice extent.

The Geophysical Fluid Dynamics Laborato-
ry (GFDL) low-resolution R15 climate model
consists of general circulation models of the
atmosphere and ocean and a simple model of
land surface processes (3, 18). The oceanic and
sea ice component models have a spatial reso-
lution of 4.5° latitude by 3.75° longitude. The
ice model allows for drift with the ocean cur-
rents. It includes a thermodynamic budget be-
tween the oceanic mixed layer and sea ice.
Thickness is the only predicted variable; leads
(openings within the ice pack) are not modeled.
We use the monthly averaged sea ice thickness
from a 300-year transient run (1766—2065) of
the GFDL climate model forced with green-
house gases and tropospheric sulfate aerosols
(19, 20).

For our analysis, model output for ice thick-
er than 2 cm was used, because the observed
sea ice extent (6, /3) averaged for 1953-98 is
approximately equal to the area of sea ice that is
thicker than 2 cm in the transient model output
for the same period. We found that, with this
criterion, the model also realistically reproduces
the observed seasonal variation.

The modeled temporal variations in sea
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Fig. 1 (left). Observed decrease of NH sea ice extent during the past 25
Fig. 2 (right). Observed and modeled variations of annual P B
averages of NH sea ice extent. Observed data for 1901-98 are from

years.
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Chapman and Walsh (73). Observed data for 197898 are from Parkinson
et al. (76). The modeled sea ice extents are from the GFDL and Hadley
Centre climate model runs forced by observed CO, and aerosols. Modeled data for ~250 years are smoothed by polynomials of degree 10 to estimate
nonlinear trends caused by a change of external radiative forcing.
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Fig. 3. Estimated probabilities of observed or larg-
er trend occurrence in NH sea ice extent for
specified time intervals. Estimates are based on
the GFDL climate model’s 5000-year control run.
Circle corresponds to the observed 46-year
(1953-98) trend of —0.19 X 108 km? per 10 years
(73). The probability for such a trend to occur by
chance as the result of natural climate vari-
ability is <0.1%. Square corresponds to the
observed 19.4-year (1978-98) trend of
—0.37 X 10°% km? per 10 years (76). The prob-
ability of such a trend occurring by chance as
the result of natural climate variability is <2%.

ice extent can be interpreted as a combination
of greenhouse warming and natural climate
variability. The smoothed GFDL modeled
time series of sea ice extent for 1801-2065
has been approximated by algebraic polyno-
mials of degree 10 to estimate the trends, and
the 1900-2050 portion is shown in Fig. 2.
These trends are very small for the first half of
the 20th century, but they become much larg-
er during the second half of the century, at
least according to this model. A 20 to 50%
decrease in area of thick (>2 to 3 m) sea ice
is calculated to occur by the end of the 20th
century. The lack of comprehensive data on sea
ice thickness does not allow us to evaluate this
model result, but a recent study with submarine
observations shows large downward trends in

Table 1. Linear trends in annual averages of NH sea
would occur by chance as the result of natural variabil
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Arctic sea ice thickness for the past several
decades (27). The linear components of the
trend in NH sea ice extent for 1953-98 and
1978-98 are —140,000 and —190,000 km? per
10 years, respectively. They agree well with the
observed trend estimates.

The Hadley Centre atmosphere-land-ocean
climate model HADCM?2 has a horizontal
resolution of 2.5° latitude by 3.75° longitude
(22). The ice model includes sea ice advec-
tion by ocean currents and a thermodynamic
budget between the oceanic mixed layer and
the sea ice. Leads are allowed in this model’s
parameterizations.

Here, we use the results of the 240-year
(1861-2100) transient run forced with the
same radiative forcing as that used in the
GFDL model, and we use the same criterion
as before to estimate modeled sea ice extent.
Time series of monthly and annual average
sea ice extent for 1861-2065 are approximat-
ed by algebraic polynomials of degree 10 to
estimate the sea ice extent trend for 1900—
2050 (Fig. 2). Although HADCM2 under-
estimates NH sea ice extent and thickness
(22), the trends in NH sea ice extent for
1953-98 and 1978-98 are close to those
estimated from the GFDL model, —120,000
and —160,000 km? per 10 years, respective-
ly. Seasonal variations of the trends for
1953-98 and 1975-2000 estimated from the
Hadley Centre and GFDL model transient
runs are in good agreement with each other.
The observed data show more disagreement
in seasonality of the trends.

The modeled and observed linear trends in
annual averages of NH sea ice extent are listed
in Table 1. To estimate their statistical signifi-
cance, we used very long control runs of the
two climate models described above. We used
5000 years from the control run of the GFDL
climate model (3, /8, 23) to assess the proba-
bility that the observed and model-predicted

ice extent and the probability that such a trend
ity. The estimates for smoothed model output for

the specified period are given in parentheses. Probability estimates are based on the GFDL climate model

5000-year control run and are not applicable for Had

ley Centre model output.

Time series Period of Number  Linear trend (10°  Probability
observation  of years  km? per 10 years) (%)
GFDL climate model, transient forcing, 1953-98 46 —0.13(—0.14) 1(0.4)
Haywood et al. (1997) (20) 1972-98 27 ~0.12(~0.18) 16 (6)
1978-98 21 —0.34(—0.19) 2(13)
Hadley Centre climate model, transient 1953-98 46 —0.13(-0.12) NA
forcing, Johns et al. (1997) (22) 1972-98 27 —0.32(—0.15) NA
1978-98 21 —0.18 (—0.16) NA
Chapman and Walsh (1993) (73), 1953-98 46 -0.19 <0.1
updated 1972-98 27 -0.27 1
Parkinson et al. (1999) (76), updated 1978-98 19.4 -0.37 2
Bjorgo et al. (1997) (14) 1978-95 16.8 -0.32 6
Zakharov (1997) (5) 1972-90 19 -0.14 23
Ropelewski (1985) (8), updated 1973-94 22 —-0.07 32

1936

trends in NH sea ice extent occur by chance as
the result of natural climate variability. The
standard deviation of modeled annual average
NH sea ice extent in this control run is 250,000
km?, almost the same as that estimated from
detrended observed variations in NH sea ice
extent for 1953-98 (240,000 km?) (13, 24).

To assess the probability of the appearance
of trends due to natural variations, we calculat-
ed the fraction of occurrence of such linear
trends of different amplitudes and lengths from
the control run. As the time interval over which
the trend is calculated grows longer, the fraction
of occurrence by chance of a trend exceeding a
given magnitude becomes smaller. Large trends
appear for only short time intervals. Figure 3
shows the probability that a trend of a given
length of a certain amplitude would occur by
natural climate variability, as simulated by the
GFDL model. This simple technique was pre-
viously used to evaluate observed global sur-
face air-temperature variation (23). For the sea
ice results, with the model’s variability esti-
mates, the probability of the magnitude of a
random trend being larger than or equal to the
observed 1953-98 trend (190,000 km? per 10
years) is found to be <0.1%. The probability of
the magnitude of a trend being larger than or
equal to the observed 197898 trend in sea ice
extent (~370,000 km? per 10 years) is <2%.
Analogous estimates of the probability of other
observed and modeled trends occurring as a
result of natural climate variability are given in
Table 1.

A 600-year control run of the Hadley
Centre climate model was also used to esti-
mate the magnitude of the natural variability
in NH sea ice extent. The estimates based on
the Hadley Centre model are noisier than
those based on the GFDL model, mainly be-
cause of the difference in the lengths of the
control runs. The variability in both is in very
good agreement and almost exactly equal to
the observed magnitude.

The probability is very low that the ob-
served and modeled trends are due exclusive-
ly to random variations, assuming that the
models’ natural variability is similar to that
found in nature. This strongly suggests that
the observed decrease in NH sea ice extent is
related to anthropogenic global warming.

Both climate models realistically -repro-
duce the observed annual trends in NH sea
ice extent. This suggests that these models
can be used with some confidence to predict
future changes in sea ice extent in response
to increasing greenhouse gases in the atmo-
sphere. Both models predict continued sub-
stantial sea ice extent and thickness decreases
in the next century.
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Satellite Evidence for an Arctic
Sea Ice Cover in Transformation
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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 to 1998. There
also appears to 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 to 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 (/, 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
Special Sensor Microwave/Imagers (SSM/I)
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onboard Defense Meteorological Satellite Pro-
gram (DMSP) satellites F8, F11, and F13 have
provided data since 1987. The multifrequency
brightness temperature (7;;) 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 within 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,
and 1995, linked to regional atmospheric circu-
lation anomalies (6). The reduced summer ice
extent implies a consequential transformation
of the winter ice cover toward thinner seasonal
ice. There have been fragmentary indications of
unusual conditions in recent years [such as
reduced ice concentration in the Siberian sector
of the perennial ice pack in the 1990s (6) and
reduced ice thickness in parts of the Arctic

claim that it 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 GFDL 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 summer 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 SSM/I data from 1978 to 1998, revealing
the ice cover’s changing composition.

In general, combined SMMR-SSM/I time
series are produced at the geophysical parame-
ter level rather than the sensor radiance or Tj,
level. The methods used here are based on the
approach we used previously (4) for merging
SMMR-SSM/I 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
SSM/T (19 and 37 GHz) T, data, with the
SMMR 7;s adjusted for slight sensor drift (3,
4). Total ice concentration, area, and extent are
iteratively calculated and adjusted (4) for the
SMMR-SSM/T 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 Tys because (i) the individual
sensor drifts are negligible (/3); (ii) relative
SSM/T T, inter-calibrations are not advanta-
geous (/4); and (iii) biases are not significant
for hemispheric sea ice parameters, notwith-
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