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Abstract


Surface and satellite-based observations show a decrease in Northern Hemisphere sea ice extent during the past 25 years.  We compare these observed trends to control and transient (forced by observed greenhouse gases and tropospheric sulfate aerosols) integration from the Geophysical Fluid Dynamics Laboratory and Hadley Centre climate models.  The observed decrease in Northern Hemisphere sea ice extent is far larger than would be expected by natural climate variations based on estimates obtained from the models.  The decrease agrees with a statistically significant simulated retreat in sea ice extent during the second half of the century, mostly during the last 25 years, indicated by both models in response to anthropogenic forcings.  Therefore, we conclude that the observed Northern Hemisphere sea ice decrease might be a fingerprint of anthropogenic global warming.  Both models predict continued sea ice decreases in the next century.

1.  Introduction


We would like to describe the state of the global climate system using a limited number of parameters.  After examining the globally averaged mean annual air surface temperature, the next logical place to look was the cryosphere, because of temperature-albedo feedback.  The importance of sea ice extent as a global climate variable was first recognized by Budyko (1969) and later studied using climate models.  There have been many suggestions that observed trends in Northern Hemisphere (NH) sea ice area might be an indicator of global climate change (Sanderson, 1975; Zakharov, 1997; Walsh and Johnson, 1979; Vinnikov et al., 1980; Ropelewski, 1985; Kukla and Gavin, 1981; Gloersen and Campbell, 1988; Parkinson and Cavalieri, 1989; Gloersen et al., 1992; Chapman and Walsh, 1993; Bjorgo et al., 1997; Cavalieri et al., 1997; Parkinson et al., 1999).  Most of these studies show that, on average, the observed NH sea ice extent has been decreasing during the last few decades.  Satellite visible and infrared images, which became 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 concentration.  Use of non-satellite observed records were found to have many problems.  They were not very long, not global, not for the whole year, and of poor quality before the age of satellites.  Lastly, no sea ice cover data is currently available for the World War II years.  

The goal of this paper is to assess the observed trend in NH sea ice extent by comparing it with model predicted global warming related trends and with trend-like fluctuations that appear randomly in very long control runs of the same models.  We do not discuss here changes of continental snow cover, ice sheets and mountain glaciers.

2.  Observed NH sea ice extent: time series and trends

There have been several independent attempts to compile observed monthly time series of sea ice extent in the NH.  Here we use five data sets:

· The University of Illinois sea ice group has just revised and updated its data set (Walsh and Johnson, 1979; Chapman and Walsh, 1993).  The most reliable data cover the period since 1953.  Earlier data from 1901 exist for months from April to August.  There are no data for the World War II years.  Sea ice extent at the end of each month is estimated as the total area with sea ice, not taking into account information about its concentration.  The averaging domain does not include the Baltic, Caspian, Aral, Black and Azov seas.  It also does not include the Sea of Okhotsk south of 45(N. 

· The Russian Arctic and Antarctic Research Institute (Zakharov, 1997) reports NH monthly mean sea ice extents for 1960-90.  The spatial domain does not include the Baltic, Azov, Caspian, Aral, Black, and White Seas.  Ice concentration is not considered.  The data for all twelve months exist only for 1972-90.  Earlier data have gaps, which do not allow reliable estimates of the annual averages.

· The NOAA Climate Prediction Center (Ropelewski, 1985) produced monthly Northern and Southern Hemisphere sea ice extent data based on the end of each months observed ice coverage over the period 1973-1994.  Ice concentration information is not taken into account.

· The Norwegian Nansen Environmental and Remote Sensing Center (Bjorgo et al., 1997) measured 1978-94 sea ice extent in the latitudinal belt 50 - 84(N.  It is assumed that the area to the north of 84(N is permanently covered with sea ice during the whole year.  The source of these data is passive microwave satellite observations.  Sea ice extent is defined as the area with ice concentration ( 15%. 

· The NASA Goddard Space Flight Center data are based on passive-microwave satellite observations starting in 1973 (Parkinson and Cavalieri, 1989; Gloersen et al., 1992; Cavalieri et al., 1997; Parkinson et al., 1999).  Sea ice extent is defined as the area with ice concentration ( 15%.  The homogeneous part of this data set is 1978-1998. 


Although there are differences in sea ice extent definitions, spatial domains, averaging techniques and data sources, the data sets are fairly similar (Fig. 1a).  However, the differences that exist are large enough to make linear trend estimates different for short time intervals.  Random errors are probably the smallest for the entirely satellite-retrieved, passive-microwave-based records, but instrument changes from ESMR to SMMR between 1976 and 1978, and to SSM/I in 1987, are potential sources of inhomogeneity in these time series.  The other time series are additionally potentially inhomogeneous because of many changes in observational practice.  Nevertheless, in each case when it was possible to quantify an inhomogeneity in a record, the record has been corrected, and each of the records is as homogeneous as feasible (Cavalieri et al., 1999).  Observed temporal 1978-1998 variations of satellite-derived (Parkinson et al., 1999) monthly means of NH sea ice extent and their trends are presented in Fig. 1b.  The other data sets (not shown here) also display decreasing NH sea ice extent during this period.  A comparison of seasonal variations of sea ice extent for different records reveals only very small differences between the records, which can be explained by differences in the temporal and/or spatial averaging of sea ice observations.


To reveal a true climatic tendency, a trend in the mathematical expectation, we need records that are long enough so that the influence of natural interannual and interdecadal climatic variability and random errors of observation would be unable to create pseudotrends as large as the true climatic trend.  Before satellite observations were able to provide global coverage, sea ice records contained many regional gaps, which last for months to years.  Such gaps have been filled by climatic averages (Walsh and Johnson, 1979; Chapman and Walsh, 1993) or with a simple linear regression (Zakharov, 1997).  Both these methods, however, would not work properly in the presence of a global warming trend.  An alternative statistical technique for spatial averaging of historical sea ice data to minimize errors of sea ice extent trends estimates still must be developed.


To estimate the linear trend we approximate yt, the time series of monthly or annual values of sea ice extent y0, y1, y2, y3,...,yn for years t = 0, 1, 2, 3, ..., n with a linear equation:  yt ≈ a + bt , where a is the mean of yt and b is the regression coefficient, slope or linear trend.  Seasonal variations of the linear trend in the observed sea ice extent by Walsh and Johnson (1979) and Chapman and Walsh (1993) for 1953-1998, and by Zakharov (1997) for 1960-1990 are presented in Fig. 2a.  These estimates demonstrate little trend in sea ice extent from December to March and a clearly negative trend in the months April to November; however, the winter pre-satellite data on sea ice are much less reliable than the summer data.  Figure 2b shows seasonal variations of the linear trend estimated for shorter time intervals, 1973-1994 extended from Ropelewski (1985), 1978-1998 extended from Parkinson et al. (1999), and 1978-1998 extended from Chapman and Walsh (1993).  A few years difference in the length of such short time intervals and random errors of observation may cause significant disagreement between the trend estimates.  


Estimates of linear trends in time series of annual averages of observed sea ice extent depend on the source of data, but not as much as do estimates for monthly data.  These estimates for three different time intervals (1953-1998, 1972-1998, and 1978-1998) are presented in Table 1.  Updated time series of observed annual averages of NH sea ice extent and linear trends by Chapman and Walsh (1993) and Parkinson et al. (1999) are shown in Fig 3.  All observed data show decreasing NH sea ice extent during the last few decades.  The question is whether we should attribute these observed trends to global warming caused by human activities or to natural climate variability.  Here we use two climate models to assess observed climate trends in sea ice extent.

3.  Model predicted changes in sea ice extent


GFDL climate model.  The Geophysical Fluid Dynamics Laboratory (GFDL) low-resolution R15 climate model consists of general circulation models of the atmosphere and ocean and a simple model of land surface processes (Manabe et al., 1991, 1992).  The oceanic and sea ice component models have a spatial resolution of 4.5( latitude ( 3.75( longitude.  Monthly averaged sea ice thickness is the only sea ice related variable that has been archived for most of these model integrations.  We use here the results of a 300-yr long 1766-2065 transient run of the GFDL climate model forced with greenhouse gases and tropospheric sulfate aerosols (Manabe and Stouffer, 1997; Haywood et al., 1997). 

Temporal changes in the NH annual average sea ice extent for different ice thicknesses estimated from the transient model run are shown in Fig. 4.  Observed sea ice extent (Walsh and Johnson, 1979; Chapman and Walsh, 1993) averaged for 1953-1998 is approximately equal to the area of sea ice thicker than 2 cm in the transient model run output for the same period.  This criterion (modeled monthly sea ice thickness > 2 cm) is used to retrieve NH sea ice extent from the model output.  We also found that with this criterion the model reproduces the observed seasonal variation in monthly averages rather realistically.  Modeled temporal variations in sea ice extent can be interpreted as a combination greenhouse warming and natural interannual and interdecadal climate variability.


The GFDL modeled time series of sea ice extent for 1801-2065 (the first 35 years, 1766-1800, are not used) approximated by algebraic polynomials of degree 10 to estimate mathematical expectation of the trend are shown in Figs. 3 and 4.  These trends are very small for the first half of the twentieth century but they become much larger and responsible for most sea ice extent variations during the second half of the century according to this model.  A 20% decrease in area of very thick (> 2 m) sea ice may be expected before the end of the twentieth century according to this model.  Lack of data on sea ice thickness does not allow us to test this conclusion.  The linear components of the trend in NH sea ice extent for 1953-1998 and 1978-1998 are -140,000 and -190,000 km2/10 yr respectively.  They agree qualitatively with the observed trend estimates.  The same technique was applied to estimate the mathematical expectation of the trends in the modeled monthly averages of sea ice extent (sea ice thicker than 2 cm) for two observational periods 1953-1998 and 1975-2000.  Seasonal variation of the linear component of these trends is shown in Figs. 2a, b.  The observed trends of sea ice extent for 1960-1990 (Zakharov, 1997) are in better agreement with the GFDL model predicted 1953-1998 trends during the summer months from April to November.  Summer-month trends estimated from other data (Chapman and Walsh, 1993) significantly exceed these model-predicted trends.  However, this is not the case for the months from December to March, when the trends in the pre-satellite data were very small (Fig. 2b).  Until the microwave satellite technique was used, sea ice extent data from routine observations were almost always much less accurate for the polar night than for the polar day.  It is interesting that microwave retrieved sea ice extent 1978-1998 data have more consistent trends during all months of the year than some of the other sources (Fig. 2b).  The observed 1978-1998 trends (Parkinson et al., 1999; and Chapman and Walsh, 1993) are significantly larger (more negative) from April to December than the GFDL model predicted trends. 


Hadley Centre climate model.  The Hadley Centre atmosphere-land-ocean climate model HADCM-2 has a horizontal resolution of 2.5°(3.75°, comparable to T42 spectral model resolution (Johns et al., 1997).  We use monthly averages of sea ice thickness for each of the ocean grids for sea ice extent.  We use here the results of the 240 yr 1861-2100 transient run forced with the same radiative forcing as 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 approximated by algebraic polynomials of degree 10 to estimate the mathematical expectation of the global warming trend (Fig. 3).  Although HADCM-2 underestimates NH sea ice extent and thickness (Johns et al., 1997), the expected trends in NH sea ice extent for 1953-1998 and 1978-1998 are close to those estimated from the GFDL model, -120,000 and -160,000 km2/10 yr, respectively.  Seasonal variations of the expected trends for 1953-1998 and 1975-2000 estimated from the Hadley Centre and GFDL models transient runs (see Fig. 3) are in good quantitative agreement between each other, and both are in satisfactory qualitative agreement with the observations.  


The modeled and observed linear trends in annual averages of NH sea ice extent are listed in Table 1.  To estimate their statistical significance we use very long control runs of the same two climatic models.

4.  Natural climate variability and trend-like changes in NH sea ice extent


We use 5,000 years from the control run of the GFDL climate model (Manabe et al., 1991, 1992; Stouffer at al., 1994) to assess the probability that the observed and model predicted trends in NH sea ice extent occur by chance as the result of natural climate variability.  The standard deviation of modeled annual averages of NH sea ice extent in this control run is 250,000 km2.  This value is virtually the same as what can be estimated from detrended observed  variations in NH sea ice extent for 1953-1998, 240,000 km2 (Chapman and Walsh, 1993).  To assess the probability of the appearance of trends due to natural variations, we calculated the fraction of occurrence of linear trends of different amplitudes and lengths from the control run.  The statistical distribution of such “trends,” which are not true trends, but trend-like fluctuations in a stationary random process, is shown in Fig. 5a.  As the time interval over which the trend is calculated grows longer, the fraction of occurrence of a trend exceeding a given magnitude becomes smaller.  Large trends appear for only short time intervals.  Figure 5b is based on the same data as Fig. 5a, but it shows probability instead of fractional occurrence.  This simple technique, based on the theory of random stationary processes, was used earlier to evaluate observed global temperature variations (Stouffer et al., 1994).  The open circles and squares in Figs. 5a and 5b correspond to the observed 1953-1998 and 1978-1998 trends in NH sea ice extent.  The probability of a random trend to be larger than or equal to the observed 1953-1998 trend, -190,000 km2/10 yr (Chapman and Walsh, 1993), is found to be less than 0.1%.  The probability of a trend being larger than or equal to the observed 1978-1998 trend in sea ice extent, 370,000 km2/10 yr (Parkinson et al., 1999), is less than 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 yr control run of the Hadley Centre climate model was also used to estimate the magnitude of the natural variability in NH sea ice extent.  The statistical distributions of the trends in the GFDL and Hadley Centre control runs are compared in Fig. 5a.  Both are in very good agreement and almost coincide for times of the same magnitude as the observed.  The estimates based on the Hadley Centre are noisier than those based on GFDL model mainly because of the difference in the lengths of the control runs. 

5.  Discussion and Conclusions


We studied long term variations in NH sea ice extent and found that the observations show that the NH sea ice extent is decreasing slowly during the second half of the twentieth century, with a  faster sea ice retreat during the last few decades.  Sea ice extent data before 1953 are not homogeneous and need more work before they are appropriate for use in global change studies.  Sea ice data for the WWII years should be found and made available to the scientific community.  Satellite passive-microwave observations from 1978 are the best currently available source of homogeneous information on sea ice for global climate change monitoring.  Extension of this information to the past by including earlier (ESMR) microwave observations is encouraged. 


We used two well known transient runs of two different climatic models, from GFDL and the Hadley Centre, using realistic external forcing (greenhouse gases + tropospheric sulfate aerosols) to understand the observed changes in NH sea ice extent during the twentieth century.  We found suggestions of an anthropogenic signal in the observed decrease of NH sea ice extent.  This decrease is simulated by both models and exists in the observations.  Furthermore, the observed trends are close to the simulated trends.  The GFDL climate model reveals that the most significant changes could have happened in the extent of  thicker than 2 m.  More work is needed to detect this global warming signal in limited and often classified data on sea ice thickness.  However, it is possible that the estimated 1.3 m decrease of the mean sea ice draft in a large portion of the deep Arctic Ocean between 1958-1976 and 1993-1997, based on limited submarine sonar observations and reported by Rothrock et al. (1999) is part of this signal.  Differences in seasonal variation of observed and model predicted trends are larger when historical sea ice data are used.  We think that these differences can be attributed equally to models and to observations.


Both modeled and observed time series of sea ice extent are likely to contain trends in mathematical expectation and trend-like components that are manifestations of natural climate variability.  Trends estimated from short time series of modeled values of sea ice extent may differ significantly from the trend in the mathematical expectation.  Such phenomena can be found in Table 1 among the modeled trend estimates for 1972-1998 and 1978-1998.  However, as the length of the time series increases, the difference between the computed trend and the mathematical expectation gets smaller, as seen in the trends computed from 1953-1998.  We find that models realistically reproduce aspects of the interannual variability in NH sea ice extent.  We use long term control runs of the GFDL and Hadley Centre models to assess the probability that the observed trends result from natural climate variability.  We find such a probability to be very low, suggesting  that the observed decrease in NH sea ice extent might be due to anthropogenic global warming.


We find that both climate models reproduce the observed climatic trends in NH sea ice extent well enough to be of value for predicting future changes in sea ice extent in response to increasing greenhouse gases in the atmosphere.  Both models predict continued sea ice decreases in the next century.
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Figure Captions
Figure 1.  Observed retreat of Northern Hemisphere sea ice extent during the last 25 years: (a) Time series of annual averages from five research groups. (b) Monthly averages estimated from passive-microwave satellite observations (Parkinson et al., 1999).

Figure 2. Seasonal variation of observed and modeled linear trends in Northern Hemisphere sea ice extent for (a) 1953-1998, and (b) 1978-1998.

Figure  3.  Observed and modeled variations of annual averages of Northern Hemisphere sea ice extent.  Observed data for 1901-1998 are from Chapman and Walsh (1993). Observed data for 1978-1998 are from Parkinson et al. (1999).  The modeled sea ice extents are from the GFDL and Hadley Centre climate model runs forced by observed CO2 and aerosols.  Modeled data for about 250 years are smoothed by polynomials of 10 degrees to estimate expected nonlinear trends (mathematical expectation of the trend).  

Figure 4.  Modeled annual averages of Northern Hemisphere sea ice extent for different ice thicknesses and their trends.  GFDL climate model transient run (forcing: greenhouse gases + aerosol).

Figure 5. Statistical description of simulated trend-like components in Northern Hemisphere sea ice extent produced by natural climate variability at limited time intervals: (a) Fraction of occurrence for the linear trends to be less than specified values (106 km2/10 yr).  Solid lines - GFDL climate model’s 5,000 yr control run.  Dotted lines - Hadley Centre climate model’s 600 yr control run. (b) Probability of observed or larger trend occurrence.  Estimates are based on the GFDL climate model’s 5,000 yr control run. In both (a) and (b), Circle marks correspond to the observed 46 yr 1953-1998 trend of –0.19 x 106 km2/10 yr (Chapman and Walsh, 1993).  The probability for such a trend to occur by chance as the result of natural climate variability is <0.1%. Square marks correspond to the observed 19.4 yr 1978-1998 trend of -0.37 x 106 km2/10 yr (Parkinson et al., 1999). The probability for such a trend to occur by chance as the result of natural climate variability is <2%.

Table 1. Modeled and Observed Linear Trends in Annual Averages of Northern Hemisphere Sea Ice Extent and Probability that such a Trend Would Occur by Chance as the Result of Natural Variability.

Time Series
Period of Observation
Number
of Years
Actual or Expected* Linear Trend (106 km2/10 yr)
Probability† (%)

GFDL Climate Model
Transient Forcing
Haywood et al. (1997)
1953-1998
1972-1998
1978-1998
     46
     27
     21
-0.13  (-0.14)
-0.12  (-0.18)
-0.34  (-0.19)
  1     (0.4)
16     (6)
  2     (13) 

Hadley Centre Climate Model, Transient Forcing
Johns et al. (1997)
1953-1998
1972-1998
1978-1998
     46
     27
     21
-0.13  (-0.12)
-0.32  (-0.15)
-0.18  (-0.16)
  N/A
  N/A
  N/A

Chapman & Walsh (1993), Updated
1953-1998
1972-1998
     46
     27
     -0.19
     -0.27
  < 0.1
      1

Parkinson et al. (1999), Updated
1978-1998
     19.4
     -0.37
      2

Bjorgo et al. (1997)
1978-1995
     16.8
     -0.32
      6

Zakharov (1997)
1972-1990
     19
     -0.14
    23

Ropelewski (1985), Updated
1973-1994
     22
     -0.07
    32

* Expected trend (in brackets) is linear trend of smoothed model output for specified period 

† Probability estimates are based on GFDL climate model 5000 yr control run







