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ABSTRACT. Statistical analyses are carried out, of the annual mean surface air temperature at occupied
stations and automatic weather stations in the Antarctic and Southern and Pacific Oceans. The data are
studied in four groupings: coastal Antarctica (excluding the Antarctic Peninsula), inland Antarctica, the
Antarctic Peninsula and the Southern Ocean/Pacific Ocean islands. We find that within each of these
four groupings the average trend indicates warming. For coastal Antarctica the trend is ~0.8°C(100a)~".
Inland, the results are less clear, but the mean trend is to a warming of ~1.0°C(100a)”". For the
Peninsula stations itis ~4.4°C(100a)~", and for the ocean stations the average trend is ~0.8°C(100 a)™.
The results indicate a reduction in the warming trend since our last analysis 6 years ago. While the
Pinatubo (Philippines) volcanic eruption may have had some influence on this reduction in the warming
rate, examination of the interannual variations in the temperature record shows variability has continued
high since the recovery from any such effect. There has been a further period of cooler temperatures in
coastal and inland Antarctica in that time, yet a warmer period in the Peninsula and ocean islands.

INTRODUCTION

Six years have elapsed since our last assessment (Jacka and
Budd, 1998) of the surface temperature changes at the
occupied stations in Antarctica and the Southern Ocean.
During those 6years, we have seen the collapse of the
Larsen lce Shelf (Rott and others, 1996, 1998, 2002), a
realization that as much as 20-30% of the ice discharge
from the Antarctic continent may be in the form of meltwater
(e.g. Jacobs and others, 1996), new evidence of ice-sheet
thinning in the Pine Island and Thwaites Glacier drainage
basins (Wingham and others, 1998; Rignot, 2001; Zwally
and others, 2002a), findings of a short-term increase in
Antarctic sea-ice area (Zwally and others, 2002b) yet proxy
evidence of a longer-term decrease (Curran and others,
2003), and various findings of both atmospheric cooling
(e.g. Doran and others, 2002; Thompson and Solomon,
2002) and warming (e.g. Vaughan and others, 2001) over
different Antarctic regions. In addition, a new Intergovern-
mental Panel on Climate Change (IPCC) assessment has
been published (Houghton and others, 2001) including new
consensus estimates of Earth’s climate. It seems appropriate
and timely to reassess the data at this stage. We base this
reassessment on annual mean surface temperature data from
stations located at positions indicated in Figure 1, a map of
the Antarctic, Southern Ocean and South Pacific Ocean
region. These data are available at the Antarctic CRC (now
the Antarctic Climate and Ecosystems CRC) website (http://
www.antcrc.utas.edu.au/~jacka/climate.html), and on a
new website (http://www.antarctica.ac.uk/met/READER/)
now available as a result of the Scientific Committee on
Antarctic Research (SCAR) REference Antarctic Data for
Environmental Research (READER) project (Turner and
others, in press). This comprehensive and up-to-date data
collection includes climate data from occupied stations and
automatic weather stations (AWSs) in Antarctica. It (so far)
includes data from only a small number of Southern Ocean
stations. In addition to the above, there have recently been
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comprehensive analyses of Antarctic sea-ice trends (Zwally
and others, 2002b) and changes in Antarctic temperatures
from satellite as well as station data (Comiso, 2000).

In our previous study (Jacka and Budd, 1998), we
reported mean surface temperature warming trends (signifi-
cant at the 99% level) of +1.0°(100a)" for the Southern
Ocean station data over the period 1949-96, and
+1.2°C(100a)”" for the Antarctic station data (including
coastal and inland stations with the Antarctic Peninsula
grouped as one complete record) for the period 1959-96.
With the addition of each new decade of temperature data,
decreasing values of the standard deviation of the mean
anomalies, and increasing values of the t statistic were used
to demonstrate increasing confidence in the reliability of the
trend estimates.

Jacka and Budd briefly examined changes in sea-ice
extent. Although we found a wide distribution of trends, the
mean trend over the whole Antarctic extent was near zero.
The effect of the Pinatubo (Philippines) volcanic eruption on
the climate record was considered. A decrease was evident
in Antarctic station temperatures from 1991 to 1993, and
some evidence of an increase in sea-ice extent during the
4 years immediately after the eruption was attributed to it.
The importance of monitoring the ‘post-Pinatubo’ trends was
emphasized. Seasonal temperature trends were also exam-
ined by Jacka and Budd. Antarctic warming trends were
found to be largest in winter and smallest in autumn, while
Southern Ocean trends were largest in autumn and smallest
in spring and summer. Finally, the geographical distribution
of the trends was examined. A warming trend was evident at
every Antarctic coastal station included in the study (15
stations total), except Molodezhnaya, Mawson and Mirny.
The cooling at these three stations has been attributed in
earlier work (Jacka and Budd, 1991) to increased airflow
from the cold interior, as indicated by the analysis of
seasonal pressure anomalies (Jones and Wigley, 1988). A
warming trend was also exhibited at most Southern Ocean
island stations while the Pacific Ocean stations (Pitcairn
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Fig. 1. Map of Antarctica, the Southern Ocean and South Pacific Ocean indicating positions of climate stations included in this study.

Island, Easter lIsland, Juan Fernandez and Punta Arenas)
exhibited a cooling trend. For the inland Antarctic stations,
Vostok showed a positive trend whereas South Pole showed
a slightly negative trend.

Our task in this paper is to re-examine the updated
dataset, aiming to shed further light on the above
characteristics. In particular we are interested in (i) whether
the same general trends to higher temperatures are continu-
ing and, if so, at what rates and (ii) the ‘recovery’ of the effect
due to the Pinatubo eruption. While we have concentrated
our past studies on the coastal Antarctic stations because of
the larger number available, our data have exhibited a
cooling at South Pole, and others (Comiso, 2000; Doran and
others, 2002; Thompson and Solomon, 2002) have also
reported an inland cooling trend. In this paper we examine
this in further detail considering the few inland occupied
stations and also data from a number of AWSs (available
from the READER WWW site) with records in excess of
10 years.

STATION TEMPERATURE TRENDS

Tables 1-4 provide results of statistical calculations con-
cerning mean annual surface temperature data for Antarctic
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coastal stations, inland Antarctic stations including AWSs,
Antarctic Peninsula stations and Southern Ocean stations
respectively. In the event that a datum for one and only one
month in any particular year is missing, an annual mean
temperature is estimated by assuming the long-term monthly
mean temperature for the missing month. Results included
in Tables 1—4 are, for each station, (i) the mean, X, of the
individual annual temperatures, x;, (ii) the standard devi-
ation, s, (iii) the trend (i.e. the slope, b, of a linear regression
fit through the annual mean data), (iv) the period covered by
the data, and (v) the t statistic (n — 2 degrees of freedom),

t_b\/ (n=2)5 (x =%’
Y=y - (i —x)
where n is the number of years, y;, for which data are
included. The t statistic provides an indicator of the
significance of the difference of the trend from zero. Trends
that are significant at the 99% or 95% level are indicated in
parentheses. The data included for each station in the
analyses are all the annual mean surface temperature data
(up to and including 2002) available since (and including)
1959 for Antarctic stations and since 1949 for Southern
Ocean stations.

(1)


https://doi.org/10.3189/172756404781813907

Jacka and others: Surface temperature changes in the Antarctic and Southern Ocean 333

Table 1. Statistical calculations for East Antarctic coastal station annual surface temperature data

Station Mean Standard deviation Trend Data period t statistic
°C °C °C(100a)™’ (n—2d.o.f)
Novolazarevskaya -10.3 0.6 +2.5 1961-2001 3.49 (99)
Syowa -10.6 0.8 +1.1 1959-61, 1966-2002 1.02
Molodezhnaya -11.0 0.6 +0.3 1963-98 0.31
Mawson -11.3 0.8 -0.3 1959-2002 0.35
Davis -10.1 0.9 +0.8 1959-63, 1970-2002 0.60
Mirny -11.3 0.8 +0.9 1959-2002 0.96
Wilkes/Casey -9.3 0.9 +1.2 1959-2002 1.07
Dumont d’'Urville -10.7 0.7 +0.1 1959-2002 0.16
Scott -19.8 1.0 +2.1 1959-94, 1996-2002 1.81 (95)
Halley Bay -18.7 1.1 -1.2 1959-2002 0.92
Neumayer -15.9 0.7 -0.2 1981-2002 0.07
Sanae -17.0 1.1 +2.1 1959-61, 1963-78, 1980-88 0.99

Notes: Trends to higher temperatures are indicated by a + sign, and to lower temperatures by a — sign. Stations are arranged in order of longitude. Trends that

are significant at the 99% or 95% level are indicated in parentheses.

Equation (1) provides an indicator of the significance for
each station of the difference of the trend from zero. For the
mean of the station trends we need to consider the
significance of the difference from zero of the group mean,
X (over all n stations), with sample standard deviation, s. For
this, the t statistic required is

X/ (n=1)
s

t= (2)
with (n — 1) degrees of freedom.

The results for Antarctic coastal and Southern Ocean
stations are directly comparable (i.e. differences derive
solely as a consequence of the addition of up to 6 years of
data) with those from Jacka and Budd (1998).

Coastal Antarctic stations

Examination of the annual mean surface temperature data
from 1959 to 2002 shows that 9 of the 12 Antarctic coastal
stations examined exhibit a warming trend. Of these 9, the
trends at only 2 (Novolazarevskaya and Scott Base) are
significantly different from zero at the 95% confidence level.
The highest warming rate indicated, at Novolazarevskaya, is
2.5°C(100a)~". Three stations indicate a cooling over the
study period. These are Mawson (-0.3°C(100a)”'), Neu-
mayer (-0.2°C(100a)™" and Halley Bay (-1 .22°C(100a) "y
Overall, the group mean trend is 0.8°C(100 a)~', with
standard deviation 1.1°C(100a)"". This is significant at the
95% confidence limit.

The addition of up to 6years of data for the coastal
Antarctic stations has resulted in a reduction in the warming
trend previously noted (Jacka and Budd, 1998) at many
stations, and a reduction in confidence in the significance of
the trends. While 6 years ago, Mawson and Molodezhnaya
were the only Antarctic coastal stations to have exhibited a
cooling trend, Molodezhnaya now exhibits a slight warming
and Mawson is cooling to a slightly lesser degree. Neumayer
exhibits a slight cooling trend, compared to a warming trend
6years ago. The most dramatic change, however, is at
Halley Bay where, in a period of 6years, a 0.9°C(100a)""
warming trend has turned to a 1.2°C(100 a)”! cooling. This is
primarily a result of the high variability in the annual mean
temperature records of the Antarctic coastal stations. The
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overall effect on the long-term consideration of the tempera-
ture trends brought about by the addition of 6 further years
of data seems to be to reduce the spread of the trends. There
is a tendency for the higher warming rates previously evident
to have reduced. Thus while the mean of the warming trends
has decreased, so has the standard deviation of the mean.

Inland Antarctic stations

Other than inclusion of the longer-term stations, Amundsen—
Scott (South Pole) and Vostok, in data tables, our previous
examinations of the temperature changes in the Antarctic
region have not considered inland stations. Some recent
publications, however, (e.g. Doran and others, 2002) have
provided evidence for inland Antarctic cooling. In this
analysis we therefore include the occupied stations,
Amundsen-Scott and Vostok, as well as Byrd Station (no
longer occupied) and a selection of AWSs. AWSs selected
are all those for which there are at least 10 years of data on
the READER website, and which are located at least 50 km
from the coast. We note that trends from AWS records need
to be treated with caution since the integrity of the sites (e.g.
height of sensors above the snow surface) cannot be
guaranteed with the same reliability as for occupied stations.
The AWS ‘Clean Air’ is located at the South Pole. For this
station, direct comparison is possible with the occupied
station data over the overlapping time period. Data from the
AWS at Byrd Station should be compatible to extend the
occupied Byrd Station data. We have not yet included this
extension, but treat the two datasets separately. The average
operating period for the 11 selected AWSs is just 13.3 years,
and the climate information we can derive over this very
short period must be treated very carefully. Over the longer
period, we have Amundsen-Scott Station and Vostok. But
with only two stations within the inland of the entire
Antarctic continent, the spatial coverage is extremely
limiting.

Notwithstanding these limitations, we note from Table 2
that 8 of the 14 inland stations selected exhibit a warming
trend (2 of these significant at 95%). While the variability is
high, generally the warming trends are higher than the
cooling trends. At South Pole the longer-term occupied
station temperature trend is a cooling of 1.0°C(100a)”', yet
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Table 2. Statistical calculations for inland Antarctic station annual surface temperature data

Station Mean Standard deviation Trend Data period t statistic
°C °C °C(100a)™" (n—2d.o.f)
South Pole -49.5 0.7 -1.0 1959-2002 1.34
South Pole* -49.7 0.8 0.0 1988-2002 0.00
Clean Air AWS -50.1 0.8 +8.4 1987-92, 1994-2002 2.07 (95)
LGB20 AWS -41.8 0.6 -1.5 1991-2002 0.29
LGB10 AWS -39.6 0.8 +8.9 1993-2002 0.96
GEO3 AWS -28.5 0.8 +2.3 1982-83, 1988-92, 1994-2002 0.69
GF08 AWS -30.8 1.0 +7.9 1987-97, 2000-02 1.37
GC41 AWS -43.4 1.1 -0.1 1985-2002 0.02
Vostok -55.4 0.8 +0.6 1959-61, 1963-93, 1995, 1997-2002 0.57
Vostok* -55.4 0.9 -5.7 1988-93, 1997-2002 0.97
Dome C II AWS -51.0 1.0 -7.0 1991-2002 0.85
Elaine AWS -23.5 1.1 +14.4 1986-87, 1993-2001 2.64 (95)
Gill AWS -28.2 1.0 —4.4 1985-88, 1991-93, 1996-2002 0.98
Lettau AWS -26.2 1.1 +2.6 1986-91, 1994-95, 1999-2002 0.45
Byrd Station -28.0 0.9 +4.0 1959-69 0.47
Byrd Station AWS -27.5 1.0 -0.4 1980-87, 1991,1994-95, 1997-98 0.08

Notes: Trends to higher temperatures are indicated by a + sign, and to lower temperatures by a — sign. Stations are arranged in order of longitude. Trends that
are significant at the 99% or 95% level are indicated in parentheses.
*South Pole and Vostok data included for the past 15 years only.

the neighbouring Clean Air AWS, for the most recent
15 years, shows a warming of 8.4°C(100a)"'. If we consider

recent 15 years of the Vostok record, we do obtain a cooling
of 5.7°C(100a)™".

only the past 15 years of Amundsen-Scott station data, we
obtain no trend. It is difficult to reconcile this disparity
between the results for the two South Pole stations, and we
can account for it only in terms of the very large annual
variability over the still relatively short period of operation.
This also reinforces the note of caution needed for the
interpretation of the AWS data.

The Lambert Glacier basin (LGB) AWSs indicate a cooling
of 1.5°C(100a)”" at one station yet a warming of
8.9°C(100a)”" at another. Other inland stations in Mac.
Robertson Land and Wilkes Land (the GE, GF and GC AWSs)
indicate a warming trend. At Dome C a cooling of
7.0°C(100a)”" is indicated. The longer-term record at Vostok
indicates a warming trend of 0.6°C(100 a)~'. While these
two stations are ~700 km apart, both stations are on the high
cold Antarctic Plateau where consistency in climate vari-
ability might be expected, and if we consider only the most

Our initial analysis included three Ross Ice Shelf AWSs,
Elaine (14.4°C(100a)™"), Gill (-4.4°C(100a)™") and Lettau
(+2.6°C(100a)™"). The Elaine warming rate is very high and
not compatible with the rates found at the nearby stations.

We have carried out an analysis of the inland station
data including Amundsen-Scott Station for the most recent
15 years only but not the Clean Air AWS; including Vostok
for the most recent 15 years only; excluding Elaine AWS;
and including the Byrd AWS but not Byrd Station. All other
station data remained as included in Table 2. This analysis
yields a mean warming trend of 1.0°C(100a)™" with a very
large standard deviation, 4.6°C(100a)"". In summary for the
inland continental stations, the variability is still too high
for any clear conclusion to be drawn regarding the
direction of any trend in annual mean temperature. It is
clear that more time is required, and many more AWSs are
required, distributed across the entire Antarctic continent.

Table 3. Statistical calculations for Antarctic Peninsula station annual surface temperature data

Station Mean Standard deviation Trend Data period t statistic
°C °C °C(100a)™ (n—2d.o.f)
Rothera -4.6 1.5 +7.9 1976-90, 1993-2002 1.97 (95)
Faraday -3.7 1.4 +5.6 1959-2002 3.87 (99)
Marambio -8.5 1.2 +6.3 1971-2002 3.12 (99)
Esperanza -5.2 1.2 +3.9 1961-78, 1980-2002 2.91 (99)
O’Higgins -3.8 0.7 +2.5 1963-2002 2.61 (99)
Arturo Prat -2.3 0.9 +4.2 1978-2002 3.66 (99)
Marsh -2.3 0.8 +2.0 1970-90, 1994-2002 1.46
Great Wall -2.1 0.9 +4.1 1985-2002 1.05
Bellingshausen 2.4 0.8 +3.1 1969-2002 2.29 (95)

Notes: Trends to higher temperatures are indicated by a + sign, and to lower temperatures by a — sign. Stations are arranged in order of decreasing latitude.
Trends that are significant at the 99% or 95% level are indicated in parentheses.
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Nevertheless it is recommended that such a network of 1
continuing AWS sites will prove valuable in the future to
obtain more robust long-term trends over inland Antarctica.

Antarctic Peninsula stations

The strong warming trend reported by several researchers
(e.g. King and Harangozo, 1998; Vaughan and others, 2001)
is evident in this analysis of the Antarctic Peninsula stations,
with a group mean warming of 4.4°C(100a)”", standard
deviation of 1.9°C(100a)”" and significant at 99%. Every
station included in the analysis exhibits a warming trend,

(31 | o W (=]
.

Warming trend ("C (100a) 1)

five of them significant at 99% and two significant at 95%. 3 .

Notice also in Table 3 that the warming trend is greatest for *

the more southerly (i.e. colder) stations and that there is a ! > 1
clear trend to lower warming rates at the more northerly (i.e. 1

warmer) stations. We show this in Figure 2, a plot of the

warming trend as a function of the long-term mean annual 0 .

temperature for each of the Peninsula stations. -0-9 & -7 6-5-4-3-2-1 0

It is also notable that the regions showing the largest areas
with downward trends in sea-ice cover were on the western
side of the Antarctic Peninsula and in the Amundsen and
Bellingshausen Seas (Comiso, 2000; Zwally and others,
2002a, b).

Southern Ocean stations

A warming trend is indicated at all Southern Ocean/South
Pacific Ocean stations (significant at 99% at eight stations)
except Pitcairn Island (no new data), Easter Island, Juan
Ferndndez and Punta Arenas (i.e. the islands of the southeast
Pacific). While the mean trend for the entire Southern
Ocean/South Pacific Ocean dataset is a warming of
0.9°C(100a)~", with standard deviation of 1.0°C(100a)™"
and significant at 99%, the mean cooling trend in the

Long term mean annual temperature (°C)

Fig. 2. Plot of the warming trend at stations on the Antarctic
Peninsula, as a function of long-term mean annual temperature.

southeast Pacific, 0.7°C(100a)7", is also significant at 99%.
Compared with the data at Antarctic stations, the ocean
island station data exhibit very little variability. Except for
the two coldest (polar) stations, Signy Island and Orcadas,
the standard deviation of the annual mean temperatures is
0.3-0.5°C for every station.

While the trend calculations for the Southern Ocean
island stations indicate a very similar pattern to those of
Jacka and Budd (1998), the addition of up to 6 years of data

Table 4. Statistical calculations for Southern Ocean and South Pacific Ocean station annual surface temperature data

Station Mean Standard deviation Trend Data period t statistic
°C °C °C(100a)”" (n—2d.o.f)
Marion Island 5.6 0.5 +2.8 1949-2002 10.86 (99)
Crozet 5.3 0.4 +1.5 1969-85, 1989-93 1.41
Kerguelen 4.7 0.4 +1.3 1951-85, 1989-2000 3.29 (99)
New Amsterdam 13.9 0.5 +1.7 1951-86, 1989-97, 2000-02 3.94 (99)
Cape Naturaliste 16.8 0.6 +2.4 1949-64, 1966-2001 6.11 (99)
Maatsuyker Island 11.3 0.4 0.0 1949-56, 1959-74, 1976-99 0.05
Macquarie Island 4.8 0.4 +1.2 1949-2002 3.89 (99)
Campbell Island 7.0 0.4 +1.2 1949-95 3.21 (99)
Raoul 19.1 0.3 +0.5 1949-97 1.50
Chatham Island 11.3 0.4 +0.7 1949-93 1.46
Rarotonga 24.0 0.4 +1.7 1949-84, 1987, 1990-92, 1995-2002 5.32 (99)
Tahiti* 25.9 0.4 +1.6 1949-95 4.16 (99)
Rapa* 20.7 0.4 +0.7 1952-59, 1961-95 1.47
Pitcairn Island* 20.9 0.3 -0.5 1956-84 0.74
Easter Island 20.6 0.4 -0.6 1949-53, 1957-2002 1.76 (95)
Juan Fernandez 15.3 0.3 -0.8 1951-2002 2.83 (99)
Punta Arenas 6.1 0.5 -1.0 1949-2002 2.71 (99)
Stanley* 5.7 0.3 +0.2 1949-60, 1962-81 0.40
Signy Island -3.5 1.1 +1.1 1949-95 0.98
Orcadas -3.5 1.0 +1.8 1949-2002 2.17 (95)
Grytviken 2.0 0.4 +0.9 1959-81, 1985-88 1.54
Gough Island 11.6 0.4 +0.4 1956-2001 0.93

Notes: Trends to higher temperatures are indicated by a + sign, and to lower temperatures by a — sign. Stations are arranged in order of decreasing latitude.
Trends that are significant at the 99% or 95% level are indicated in parentheses.
*No new data have been added for this station since the analysis of Jacka and Budd (1998).
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Fig. 3. Time series of the annual surface temperature anomaly from
the long-term mean, averaged across stations in (a) the Antarctic
coastal grouping, (b) the inland Antarctic, (c) the Antarctic
Peninsula and (d) the Southern Ocean/Pacific Ocean. Note that
prior to 1980 the inland Antarctic plot depends on data from, at
best, three stations, Amundsen-Scott, Vostok and Byrd Station.

has resulted in a slight reduction in the mean warming rate,
from 1.0 to 0.9°C(100a)”', along with a reduction in the
standard deviation from 1.2 to 1.0°C(100a)~".

TRENDS OF THE MEAN ANOMALY DATA

Figure 3 shows the time series of the means across all
stations within the different groupings, of the annual
temperature anomalies. For each station, the annual tem-
perature anomaly is calculated by subtracting the annual
mean temperature from the mean over the total record
available. Table 5 summarizes the statistics calculated from
these anomaly data, along with the calculations discussed in
the previous section. Following the concept developed by
Jacka and Budd (1991, 1998), the data for the coastal
Antarctic and Southern Ocean/South Pacific Ocean stations
are presented for different time periods, increasing by
10vyears with each step until 1988, then a step till 1996
and now, 2002. Thus, only the last column in each table is
different from table 3 of Jacka and Budd (1998).

For the Antarctic coastal and Peninsula stations and the
ocean stations, the trends of the mean anomalies are similar
to the means of the station trends. In addition, it seems that
the trends may be asymptotic with time, to a value of ~0.7-
0.9°C(100a)~" for both the Antarctic coastal stations and the
Southern Ocean stations. Similarly the standard deviations
of the annual mean temperatures for both sets of data have
reduced with time to ~1.0°C(100a)”". This result for the
Southern Ocean, however, is more robust than for the
Antarctic coastal stations. The number of Antarctic coastal
stations is smaller and the variability of the annual mean
temperatures is greater. This contributes to the lower
confidence limit applying to the Antarctic coastal result.

The plots of annual anomalies from the long-term means
(Fig. 3) indicate some interesting patterns. Figure 3a, the plot
of Antarctic coastal temperature anomalies, seems to
indicate an oscillation with period ~3-4 years. This is also
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evident in Figure 3b, and comparison of these two figures
indicates the pattern of variability from the inland Antarctic
stations is very similar to that for the coastal stations, at least
since ~1985, i.e. since the advent of any significant
coverage by AWS.

While not the case for every year, there is strong evidence
on a year-to-year basis of an anticorrelation between the
Antarctic coastal temperature anomalies (noting that all
coastal stations included in the study are from East
Antarctica) and the Antarctic Peninsula anomalies (cf. King
and Comiso, 2003). A notable exception to this rule is 1996,
the year in which all curves indicate ‘recovery’ from the
Pinatubo eruption. Variability in the Southern Ocean/South
Pacific Ocean temperature anomalies (which is much
smaller than for the polar anomalies) seems well correlated
with the Antarctic Peninsula anomalies, and correspond-
ingly is anticorrelated with the inland and coastal East
Antarctic temperature anomalies.

RECOVERY OF THE PINATUBO EFFECT

Jacka and Budd (1989), along with several others (e.g.
Houghton and others, 1996), attributed a decrease in the
warming trend for the Antarctic station temperature data,
beginning in 1991 and lasting for about 4vyears, to the
Pinatubo eruption. Jacka and Budd underlined the import-
ance of monitoring the trends in climate parameters ‘post-
Pinatubo’. The three warmest years indicated by the coastal
and inland Antarctic temperature records are 1980, 1991
and 1996. The intervening year, 1993, was close to the
coldest on record in East Antarctica. The data do indicate a
period of lower temperatures in the post-Pinatubo period,
1991-96. They also seem to indicate that temperatures had
recovered by 1996. However, since 1996, temperatures
have reduced again to a period of three very cold years, and
finally another warm year in 2002.

The Antarctic Peninsula and Southern Ocean temperature
anomalies both indicate a longer period of lower tempera-
tures between peaks in 1989 (the warmest year in the
record, and prior to the eruption) and 1999 (both low-
temperature years in the Antarctic). While 1992 and 1995
were cold, 1993, the coldest year in Antarctica, was warmer
in the peninsula and islands.

CONCLUSIONS

For the Antarctic coastal stations, the trend of the mean
anomalies indicates a warming of 0.9°C(100 a)~". This value
is very similar to the mean of the station trends
(0.8°C(100a)™"). The means and standard deviations of the
station trends have consistently decreased as further years
have been added to the series. These factors all add to the
confidence we can place in the overall trend. Yet, the
addition of the past 6years of data has resulted in a
reduction in the confidence level of the hypothesis that the
trend is significantly different from zero.

For the Antarctic inland stations, the trend of the mean
anomalies for the period 1985-2002, the longest period
for which any measure of sufficient data exists, is
0.0°C(100a)~". This compares with a mean of the station
trends of 1.0°C(100a)™". There is an urgent requirement for
more data on spatial and temporal scales before realistic
conclusions can be drawn concerning the trends within
inland Antarctica.
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Table 5. Changes in mean annual temperature trend (°C(100a)™") over time, as indicated by slopes of regression lines through annual mean
anomaly data, and by means and standard deviations of the slopes through individual station data

Antarctic coastal stations* 1959-68 1959-78 1959-88 1959-96 1959-2002
Trend of mean anomalies (°C(100 a)™") +7.0 +4.0 +2.7 +0.9 +0.9
Mean of station trends (°C(100 a)™") +6.5 +3.7 +2.7 +1.2 +0.8
Standard deviation of station trends (°C(100 a)™") 7.2 3.1 2.2 1.4 1.1
Number of stations 14 15 17 16 12

t statistic 3.25 (99) 4.47 (99) 4.91 (99) 3.32 (99) 2.34 (95)
Antarctic inland stations' 1985-2002

Trend of mean anomalies (°C(100 a)™") 0.0

Mean of station trends (°C(100 a)™") +1.0

Standard deviation of station trends (°C(100 a)™") 4.6

Number of stations 12

t statistic 0.71

Antarctic Peninsula 1959-2002

Trend of mean anomalies (°C(100 a)™") +4.4

Mean of station trends (°C(100 a)™") +4.4

Standard deviation of station trends (°C(100 a)™") 1.9

Number of stations 9

t statistic 6.56 (99)

Southern Ocean station data 1949-58 1949-68 1949-78 1949-88 1949-96 1949-2002
Trend of mean anomalies (°C(100 a)™") +3.2 -0.5 +0.3 +0.8 +0.7 +0.7
Mean of station trends (°C(100 a)™") +3.5 -0.4 +0.6 +1.1 +1.0 +0.9
Standard deviation of station trends (°C(100 a)™") 7.9 2.7 1.7 1.5 1.2 1.0
Number of stations 18 22 22 22 22 22

t statistic 1.83 (95) 0.679 1.62 3.36 (99) 3.82 (99) 3.82 (99)

Notes: Trends to higher temperatures are indicated by a + sign, and to lower temperatures by a — sign. The ¢ statistic (n — 1 degrees of freedom), representing

significance of the trends, is also shown.

*Data up till 1996 included South Pole and Vostok, but these two stations are excluded from the 1959-2002 calculations.
fIncludes the most recent 15 years from South Pole and Vostok, yet discards data from Clean Air and Elaine AWSs.

The trend to a significant warming in the Antarctic
Peninsula area has been well documented in past studies,
and it is clearly evident again in this study. The trend of the
mean anomalies is identical to the mean of the station trends
(4.4°C(100a)™"), with standard deviation 1.9°C(100a) .
This result is significant at 99%.

For the Southern Ocean stations, the trend of the mean
anomalies is 0.7°C(100a)™" (cf. 0.9°C(100a)™" for the mean
of the station trends). Annual variability for the Southern
Ocean stations is small compared to the polar stations, and
this warming trend (significant at 99%) has been consistent
for more than two decades. It needs to be noted also that the
temperature data from the four southeast Pacific stations
show a cooling trend significant at 99%.

In the future it may be possible to obtain more complete
coverage from the continuing satellite data, but it will
nevertheless still be important to keep the monitoring at
occupied and automatic weather stations going to confirm
the long-term trends developing.
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