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ABSTRACT. Surface temperature data for the occupied Antarctic stations (for the
period 1959-96) and Southern Ocean island stations (1949-96), and sea-ice-extent data
(1973-96) are analyzed to provide trends over the indicated time intervals. The mean
trend (mean slope of linear regressions through the annual mean station data) for the
Antarctic stations indicates a warming of 1.2°C (100 a) ', The slope of the linear regres-
sion fit to a composite of the mean station anomaly data indicates a warming rate of
0.9°C (100a) . For the Southern Ocean island station data, warming rates of 1.0° and
0.7°C (100 a) ' are indicated by the two methods. For the sea-ice data, no significant trend
is detectable over the satellite era, 1973—96, but for the longer period commencing in the
mid-1940s there is some evidence of a decrease in sea-ice extent from whaling records

recently published.

INTRODUCTION

This paper utilises the Antarctic and Southern Ocean
climate data made available on the World Wide Web (http:
[ [www.antcre.utas.edu.au/~Jacka/climate.html), to extend
earlier work by Budd (1975), Jacka (1990) and Jacka and
Budd (1991) monitoring climate change in the Antarctic
and Southern Ocean. The previous analysis of these data-
sets up to 1988 only (Jacka and Budd, 1991) indicated mean
warming trends for the Antarctic stations of 28°C (100 a) '
from the mean of the regression slopes, and 1.3°C (100 a)’!
for the trend of the mean anomalies. The corresponding
warming trends for the Southern Ocean stations were
0.8°C (100a) " for both calculation methods. From that
study, we concluded that there had been a small but signifi-
cant trend towards increased temperatures over the period
1949-88 for the occupied Southern Ocean and South Paci-
fic Ocean stations, and over the period 1959-88 for the
coastal Antarctic stations. We also concluded that there
had been a small decrease in the Antarctic sea-ice extent
over the period covered by routine satellite-based monitor-
ing, 1975-88. We argued that these trends were compatible
with the Intergovernmental Panel on Climate Change
(IPCC) expected trends resulting from atmospheric green-
house-gas concentration increases.

Since Jacka and Budd (1991), a few data have been cor-
rected from original sources, some 1987 and 1988 station
data not available at the time of preparation of that paper
have become available, the temperature and sea-ice data
for the period 1988-96 have been added to the study, Mount
Pinatubo (Philippines) has erupted (in 1991) with an appar-

ent impact on Antarctic temperatures, and a new analysis of

historic whaling data (de la Mare, 1997) has provided
important missing sea-ice information for the period 1930-
60. It is timely therefore to carry out a re-analysis of the
data.

For the temperatures the monthly mean (for calculation

https://doi.org/10.3189/1998A0G27-1-553-559 Published online by Cambridge University Press

of seasonal data) and annual mean data as presented on the
Website, are utilised. This leads to a geographical bias in our
statistical analyses for the Antarctic Peninsula sector since
there are many stations in this sector. Thus, the mean tem-
perature anomalies are calculated for individual Peninsula
stations, and these anomalies are then combined to provide

Table 1. Calculations of mean and standard deviation of the
annual surface temperatures for Antarctic stations over the
period 1959-96, and of the temperature trend ( slope of the lin-
ear regression il to the annual data) over the period

Station Mean  Std dev. Trend Number t
ofyears  slalistic
(o) € °C(00a)’
South Pole -494 0.6 —1.1 36 143
Novolazarevskaya 10.3 0.6 +3.0 34 372 (99
Syowa 10.5 0.8 +1.2 32 0.85
Molodezhnaya =11.0 0.6 —04 33 0.37
Mawson —112 0.8 -0.8 38 0.82
Davis -102 1.0 +0.5 34 0.36
Mirny —11'3 07 0.0 36 0.08
Vostok 553 0.8 Hl:3 34 .03
Wilkes/Casey 9.2 1.0 +3.1 38 232 (95)
Dumont d'Urville =107 0.6 +1.2 38 1.46
Leningradskaya -14.4 0.7 +1.7 19 059
Scott -199 1.0 +34 36 235 (95)
Peninsula” 0.0 11 +24 36 1.58
Halley Bay -18.5 1.0 +0.9 38 0,63
Neumayer -159 0.5 +0.8 13 0.21
SANAE -16.9 L.O +1.2 30 0.59

Notes: 'Trends to warmer temperatures are indicated by a plus sign, and to
cooler temperatures by a minus sign. The ¢ statistic (rn — 2 degrees of free-
dom) represents significance of the trends over time; trends which are sig-
nificant at the 99% or 95% level are shown in parentheses.

" Calculations on a dataset comprising a composite of station temperature
anomalies,
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Table 2. Calculations of mean and standard deviation of the T —
annual surface temperatures_for Southern and South Pacific 8 - -
QOcean stations over the period 1949-96, and of the tempera-

ture trend (slope of the linear regression fit to the annual 6 -
data) over the period ]

a
4
Station Mean  Std dev. Trend Number t 2 3.5 =
of years  stalistic
L0/ G G [I00a)™ b B

10 -8 6 4 -2 0 2 4 6 8 10
04  +25 48 860 (99) 3

w
12

Marion Island

PR MR LS U L L ] B (O

Crozet 5.3 0.4 +29 20 2.19 (95) 04
Kerguelen 4.7 0.4 +16 39 2.89 (95) 8+ 3 | I
New Amsterdam 13.8 0.5 +24 36 3921 (99) 4 3
Cape Naturaliste 16.7 0.6 +2.8 47 479 (99) 6 - =
Maatsuyker Island 11.2 04 0.0 45 023 |
Macquaric Island 48 04 +13 48 328 (99) T
Campbell Island 70 04 +1.3 46 355 (99) i =
Raoul 19.0 03 +0.2 38 041 1 -
Chatham Island 11.3 04 +0.9 44 195 (95) 2 4 -
Roratonga 24.0 04 +1.4 42 341 (99) L
Tahiti 25.9 04 +1.6 47 416 (99) |
Rapa 207 04 +07 43 147 0 E
Pitcairn Island 209 03 05 29 074 05 6 420 24 68710
Easter Island 206 0.4 =12 43 334 (99 Lo Lt v o) i e o L
Juan Fernandez 154 0.3 =[5 46 1.23
Punta Arenas 6.1 04 10 47 210 (95) L i
Stanley 57 0.3 +02 32 040 1 F
Signy Island 34 1.1 +20 45 1.70 (95) — 6= L
Orcadas —36 1.0 +19 46 1.8l (95) 8
Grytviken 20 0.4 +1.3 32 1.74 (95) ®
Gough Island 6 04 +0.1 41 021 A -

o
Notes: Trends to warmer temperatures are indicated by a plus sign, and to e 2 i
cooler temperatures by a minus sign. The ¢ statistic (n—2 degrees of free-
dom) represents significance of the trends over time; trends which are sig- 0 =
nificant at the 99% or 95% level are shown in parentheses. 10 8 -6 4 -2 0 2 4 6 8 10

just one record for this region. For the same reason, data
from Scott Base, but not McMurdo Station, are utilised. In 41 d
addition, it should be noted that the earlier analysis did not ]

include the inland stations, South Pole and Vostok. The i i
current analysis does include these stations. With these con- I
siderations, a total of up to 16 Antarctic stations are included % i
in the analyses below for the full period 1959-96. For the i
ocean islands, up to 15 Southern Ocean and 7 South Pacific = i
Ocean islands are included for the full period, 1949-96. i
10 8 6 4 2 0 2 4 6 8 10
i n i g 1.3

STATION TEMPERATURE TRENDS e TR

8 - i =

Statistical examination of the temperature data records on 1 ® i
the time domain reveals that most stations’data continue to £ fi
exhibit warming trends similar to those given by Jacka and 1 i
Budd (1991). Details of the calculations for the individual sta- & i
tions are shown inTable 1 for the Antarctic stations, and Table ] [
2 for the Southern and South Pacific Ocean stations. To clar- = i
ify the significance of the trends, Jacka and Budd presented a . _ _

series OFITlstograms for the Anla-rcur stations and for l_hels— A5 B 6 4 2 0 2 4 & B 10
land stations. That procedure is repeated here, adding a

further histogram for each region, with the data to 1996. Slope of regression line, °C (1 00a)
The new histograms (Figs 1 and 2) show the frequencies

of stations with annual mean temperature data exhibiting Fig. 1. Histograms showing the frequency of Southern and
different linear regression-line slopes. Regression slopes Pacific Ocean stations ( Pacific Ocean station data shown
were calculated over a series of increasing time periods, be- hatched ) with annual temperature data exhibiting different
ginning in 1949 for the Southern Ocean stations, and 1959 linear regression-line slopes. Data periods are (a) 194956,
for the Antarctic stations, then adding a further 10 years for (b) 194968, (c) 1949-78, (d) 1949-88 and (e) 1949—
each new calculation up to 1988, and then the 8 years from 96. The means of the regression slopes are indicated.

https://doi40|:gé1£.31 89/1998A0G27-1-553-559 Published online by Cambridge University Press
2.


https://doi.org/10.3189/1998AoG27-1-553-559

Jacka and Budd: Temperature and sea-ice-extent changes in Antarctic and Southern Ocean

M P I (P I T SO (SR [

8-
.
.o
o
0_‘

10 -8 -6 -4

el e bl g 0 5 0 05 § g0 o ]

4 -
2.
0=

10 -8 -6 -4 0 2 4 6 8 10

@
1
I

) ) Lo e [ ISP ISR (SRR PO (AR [

Frequency

c

4 B
2_ -
04 5

-10 8 6 4 -2 0 2 4 6 8 10

PR U U PR U D U U -

4 - |
| L
0_ -

-i0 -8 6 -4 -2 0 2 4 6 10

Slope of regression line,°C (100a)"

Fig. 2. Histograms showing the frequency of Antarctic sta-
tions with annual temperature data exhibiting different linear
regression-line slopes. Data periods are (a) 195968, (b)
195978, (¢) 1959—88 and (d) 1959-96. The means of the
regression slopes are indicaled.

1989-96 for the final calculations. Summaries of the mean
trends and their standard deviations are given in Table 3
along with the regression slopes of the mean anomalies dis-
cussed below.
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For the first 10 year period for the ocean island stations,
the distribution of frequencies about a near-zero regression-
line slope is (as expected) similar to that for a random
sample of data with no trend. As each 10 years of data is
added, a convergence towards a positive trend develops.
For the Southern and South Pacific Ocean data, particu-
larly with the addition of the past 8 years, this trend is now

Table 3. ("l'znges in mean annual temperature (rend,
°C(100a)”"
deviations of the slopes through individual station data, and
by slopes of regression lines through annual mean anomaly data

, over time, as indicated by means and \lam]ma'

(a) Southern Ocean 1949-58 1949-68 1949-78 1949-88 194996

station data

Trend of mean anomalies  +3.2 -5 +0.3 +0.8 +0.7
Mean of station trends +3.5 04 +0.6 3 ) +1.0
Std dev. of station trends 79 27 1.7 I[54) 1.2
Number of stations 18 22 w 22 22

1.83 (95 0679 162  3.36 (99) 3.82 (99)

t statistic

(&) Antarctic 1959-68 195978 1959-88 195996

station data

Trend of mean anomalies  +7.0 +4.0 +27 +0.9
Mean of station trends +6.5 +37 +27 1.2
Std dev. of station trends 72 3.1 22 1.4
Number of stations 14 15 17 16

t statistic 3.25(99) 447 (99) 4.9] (99) 3.32 (99)

Notes: Trends to warmer temperatures are indicated by a plus sign, and to
cooler temperatures by a minus sign. The ¢ statistic (n — 1 degrees of free-
dom) represents significance of the mean of the trends; means which are
significant at the 99% or 95% level are shown in parentheses.

more firmly established. The mean trend for these stations is

10°C (100a) ' with a standard deviation of 12°C (100a)".

Jacka and Budd’s (1991) estimate of the mean trend was

0.8°C (100 a) ', but the figure for the period up to 1988 is re-
vised here to 1.1°C (100 a) " as a result of additional data
now available. The hatched areas of these histograms rep-
resent the South Pacific Ocean data. While the mean of
these data is not significantly different from that for the
ocean island data as a whole, we note that every station bar
one exhibiting a cooling trend is a South Pacific Ocean sta-
tion. The geographical distribution of the trends is discussed
in more detail below.

For the Antarctic stations, the mean of the regression
slopes to 1996 indicates a warming trend o!' 12°C (100 a)
with a standard deviation of 14°C (100a) . Jacka and Budd
(1991) calculated a mean warming trend for the period up to
1988 of 2.8°C (100 a)
able than the Southern Ocean data, and the trend is not as
well established as that for the Southern Ocean, since the
range of the slopes is greater. The decrease in mean slope
from the earlier estimate for the Antarctic data is partly
due to a sharp decrease in the trend, beginning in 1991, with
lower temperatures persisting for about 4 years. We attrib-
ute this to the volcanic eruption of Mount Pinatubo, and
possibly Mount Hudson in South America in 1991. Mount
Pinatubo injected ~20 Mt of sulphur dioxide into the strato-
sphere (Bluth and others, 1992) and has been linked to
decreased areas of melt and decreased mean annual tem-
peratures on the Greenland ice sheet (Abdalati and Steffen,

1 - .
. The Antarctic data are more vari-
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1997) and to changes in global mean temperature (Hough-
ton and others, 1996).

When individual stations are considered separately, the
trends for most stations, as indicated by the regression-line
slopes through the annual means, are not significant. The
significance of the difference of the trends from zero may
be represented by the Student’s f statistic with n — 2 de-
grees of freedom, given by

F—b (n—2) Y (a; — 7)°
Yy —5)° - b2y (x — 7)°

where Z is the long-term mean temperature, T; are the indi-
vidual annual temperatures, b is the regression-line slope,
and n is the number of years, y;, for which data are included.
The values of this ¢ statistic are listed in'lables 1 and 2. Seven
Southern Ocean stations exhibit warming trends significant
at the 99% level, and a further six exhibit warming trends
significant at the 95% level. Easter Island and Punta
Arenas exhibit cooling trends, significant at the 99% and
95% levels, respectively. Of the Antarctic stations, Novola-
zarevskaya exhibits a warming trend significant at the 99%
level, while Casey and Scott exhibit warming trends signifi-
cant at the 95% level.

The mean of the station trends, however, is much more
significant, and is becoming more highly significant over
time, so that the Southern Ocean station data trends are
now as clearly significant as the Antarctic data trends. The
significance of the difference from zero of the group mean, &
(over all n stations and with sample standard deviation, s),
of the regression slopes may be represented by the £ statistic
with n — 1 degrees of freedom, given by

Ty/(n—1)

f =

The t values (Table 3) show that the mean trends up to recent
times are highly significant in spite of the recent downturn
for the Antarctic stations after the Pinatubo eruption.

Using data up to 1994 in a similar study to the one out-
lined here, Jones (1995) noted that most of the warming
trend for the Antarctic stations occurred during the first
half of the time period, i.e. from 1957 to the early 1970s.
Although this is true, the present results indicate that some
warming has continued at a lower rate through the second
half of the record, and the warming trend over the whole
record has maintained its high significance even up to the
most recent period. The high interannual and multi-year
variability gives rise to large variability in shorter-term
trends. Also, as mentioned above, the reductions in mean
temperature after 1991 contributed substantially to the
decreased trend of the later half of the record.Ib clarify this,
the trends for the different periods of the mean Antarctic
temperature anomalies were 6.4°C (100a) ' for 1957-75,
3.2°C (100a) ' for 1976-91 and 04°C (100 a) "' for 1976-96
compared with the trend for the whole period (1957-96) of
1.2°C (100 a) ' This latter, longer-term trend is more signif-
icant than the trends for the shorter periods and is consid-
ered to be the more robust indicator of the average long-
term trend for the Antarctic continent.

SEA-ICE-EXTENT TREND

Figure 3 shows a histogram of the frequencies of longitudes
(based on a total of 36 longitudes at 10° intervals) with mean
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annual sea-ice-extent data exhibiting different regression-
line slopes. These data are {rom the U.S. Navy—National
Oceanic and Atmospheric Administration Joint lce Center
(JIC) weekly ice charts (one map is chosen per month) and
cover the period 1973-96. There is a wide distribution (from
—6° to +4°lat. (100a) ") of trends of sea-ice change, but the
mean trend over this period is near zero. As noted below,
the four 10° longitude locations exhibiting high negative
slopes (i.e increased sea-ice extent) are from one sector,
while the six with high positive slopes (i.e decreased sea-ice
extent) are from another. Apart from these two sectors of
clear advance and retreat, the sea-ice-extent trends over
the satellite era are small.

TRENDS OF THE MEAN ANOMALY DATA

Figure 4 shows the time series for the means, across all sta-
tions, of the annual temperature anomalies for the Southern
and South Pacific Ocean stations and for the Antarctic sta-
tions, and, across all longitudes, the annual mean latitude

o S0 T I T | (D [ [T

4 0.0 L

Frequency
F-9
1

108 6 4 2 0 2 4 6 8 10

Slope of regression line, °lat (100a)!

Fig. 3. Histogram showing the frequency of locations (of
36 x 10° longitudinal intervals) with annual sea-ice-extent
data over time exhibiting different linear regression-line
slopes. The data period is 1973-96. The mean of the regression
slopes is indicated. A positive regression slope indicates a
trend towards higher latitudes or less sea ice.

from the sea-ice-extent data. Only stations with records
longer than 14 years are considered, and the annual anoma-
lies for each station are taken from their long-term average.
This allows the combination of anomalies for all stations
available in individual years to give group mean annual
anomalies, even though some stations may not be included
in the mean change over some part of the record. The
decrease in temperatures in the period 1991-93 for the Ant-
arctic stations, attributed above to the Mount Pinatubo
eruption, is immediately clear. It can be seen also that the
temperatures by 1996 appear to have “recovered” from the
Pinatubo effect. Although the Southern Ocean temperatures
show no clear Pinatubo effect, there is some evidence of
increased sea ice in the 4 years immediately after the erup-
tion. The next few years will be particularly important for
monitoring the trend in these parameters “post-Pinatubo”
For the Southern Ocean mean temperature anomaly
data the regression slope indicates a warming trend of
07°C (100 a) ", and for the corresponding Antarctic data a
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Fig. 4. Mean across all longitudes of (a) Southern and South
Pacific Ocean station mean lemperature anomalies, (b)
annual sea-ice extent and (¢ ) coastal Antarctic station mean
temperature anomalies. The dots superimposed on the sea-ice-
extent curve are [rom estimates based on southernmost posi-

tions of whaling-factory shaps (after de la Mare, 1997).

warming trend of 09°C (100a) '. These trends (sum-
marised in'lable 4) are slightly less than those indicated by
taking the means of the slopes of the regression lines for the
individual station datasets. For the sea-ice-extent data, the
trend of the mean data is to 0.2°lat. (100a) ' more sea ice
(¢ zero trend for the mean of the individual trends).

In Figure 4, we have added to the sea-ice-extent plot
data of the latitude of the southernmost whale-factory-ship
positions (after de la Mare, 1997) for the period 1946-87. For
these data for the period 1973—87, de la Mare reports a mean
latitude of 64.3°S. The JIC sea-ice-extent data indicate a
mean annual latitude of 64.2° S, The datasets are overlain
in Figure 4 with the mean for the satellite era at 64.3° 5.
The de la Mare data were derived from the positions of
whaling-factory ships which were stationed near the sea-ice
edge, an area of high biological activity. De la Mare argued
that these data are a good proxy for sea-ice extent, and, for
the months (mid-October to mid-April) covered by his
data, he obtained a high correlation with the JIC sea-ice-
edge data for the period 1973 to 1986-87 of r* = 0.832. For
the period 1932-39, de la Mare found a correlation of

r? = 0.88 between the data derived from the whaling
records and the sea-ice positions reported by the Discovery
expeditions.

While there is not a strong correlation between the de la
Mare data and the JIC data on an annual basis, Figure 4
does confirm that the data derived from whaling obser-
vations during the period 1973-87 are within 0.5° lat. of the
JIC data. Given that the whaling-based data are compiled
from observations from October to April only and that they
are not evenly distributed around the Antarctic continent, it
1s not surprising that a stronger correlation with the annual
satellite data is not found.

With the addition of the whaling-based data, we can con-
clude that there appears to have been a significant decrease
in sea-ice area over our period of interest here (1949-96),
highlighted by an apparent marked drop in ice extent
between the early 1950s and the mid-1970s (de la Mare
1997), but very little net change since then. The observation
of a decrease in duration of fast ice at Signy and Laurie
Islands over the period 1930 to the mid-1950s (Murphy and
others, 1995) would seem also to be compatible with a
decrease in sea-ice area in the Weddell Sea region over that

period.

SEASONAL TRENDS

The mean trends for the different seasons (summer: Decem-
ber—February; autumn: March—May; winter: June—August;
spring: September—November), as well as the annual mean
trends, are given in'Table 4. Results are shown for the means
of the individual regression slopes and for the regressions of
the mean anomalies. The relative seasonal variations from
these different regressions are similar.

Table 4. 'ﬁmds of seasonal and annual mean rmzpe?'atm'e, in
°C (100 a) ", and sea-ice extent, in ° lat. (100 a) ', caleulated
Jrom (a) the means of the slopes through individual station
data, and (b) slopes of regression lines through annual mean
anomaly data

(@) Means of regression slopes  Summer  Autumn ~ Winter — Spring — Annual
Antarctic +0.9 0.7 +21 +1.0 F#1.2
Southern Ocean +07 +14 +1.0 +0.5 +1.0
Peninsula +21 +2.7 +4.5 +04 +2.4
Sea-ice latitude +02 +0.4 +0.2 0.4 0.0
(b) Regression slope of Summer  Autumn  Winter ~ Spring  Annual
mean anomaly data
Antarctic +0.6 -0.2 +26 +09 +0.9
Southern Ocean +0.4 +1.0 +0.7 +0.4 +0.7
Peninsula 21 +2.1 +3.5 0.0 +24
Sea-ice latitude +0.2 +0.4 +0.1 04 =2

Notes: Trends to warmer temperatures are indicated by a plus sign, and to
cooler temperatures by a minus sign. Trends to greater sea-ice latitude (i.e.
to less extensive ice cover) are indicated by a plus sign, and to lesser sea-ice
latitude (more extensive ice cover) by a minus sign.

The means for the group of Antarctic Peninsula stations
are also shown since they show a consistent regional rate of
change more than twice the average for the total of the Ant-
arctic stations. It is worth noting, however, that a few other
individual Antarctic stations (e.g. Novolazarevskaya,
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Casey, Scott) exhibit warming trends greater than the mean
Peninsula trend (see Table 1).

For the Antarctic stations, the warming trends are lar-
gest in winter and smallest in autumn. For the Southern
Ocean stations, the trends are largest in autumn and small-
est in spring and summer. The sea-ice changes show a small
trend towards an increase in spring, with decreases in the
other seasons, the largest being in autumn. The relative
seasonal trends for the Antarctic Peninsula stations as a
group are more like those of the Southern Ocean stations
than those of the other Antarctic stations,

Fig. 5. The slopes of regression lines through the annual mean
temperature data for each station are plotled for Antarctic
coastal stations about the inner circle and for Southern and
Facific Ocean inland stations about the outer circle. The
slopes of regression lines through the annual mean sea-ice-
extent data ( for the period 1973-96) at each 10° of longitude
are plotted about the middle circle. The scale indicales -
5°C (100a) ' for the temperatures, and 0-5° lat. (100 a)”’
Jor the sea-ice extent. Sectors exhibiting a warming lrend,
and sectors exhibiting a reduced sea-ice exlent are indicated
by shading, and the opposite changes by hatching.

GEOGRAPHICAL DISTRIBUTION OF TRENDS

Figure 5 is a revision of Jacka and Budd’s (1991) figure 8. It
presents a plot of the slopes of the regression lines through
the time series of annual mean temperature data for each
station, plotted at the longitude of the station. Coastal Ant-
arctic stations are plotted about the inner circle, and South-
ern and South Pacific Ocean stations about the outer circle.
The sea-ice-extent slopes are plotted about the middle circle.

Mawson and Molodezhnaya, neighbouring stations in
East Antarctica, are the only coastal Antarctic stations still
displaying a cooling trend. We have suggested earlier (Jacka
and Budd, 1991) that these two stations may be affected by
increased air flow from the cold interior, as indicated by
the analysis of seasonal pressure anomalies (Jones and Wig-
ley, 1988). Even at these two stations, however, the trends to
cooler conditions have become smaller and less significant
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with the addition of the past 8 years of data (Molodezhnaya:
04°C (100 a) " Mawson 0.8°C (100a) ).

For the Southern Ocean islands, Jacka and Budd (1991)
noted that every station displayed a warming trend, while a
cooling trend was exhibited only by the South Pacific island
stations included in the dataset. With the addition of the past
8 years of data, the western Pacific Ocean stations are now
trending (~+107C (100 a) l) to warmer temperatures,
while the eastern Pacific islands and Punta Arenas are
trending (—0.5° to —1.0°C (100 a)”') to cooler temperatures.
The eastern Pacific region is now the only sector of the is-
lands record still displaying a cooling.

The geographical distribution of the sea-ice-extent
trends is noteworthy. While the mean trend is zero, the sec-
tor 0—40° east of the Weddell Sea has a clear trend towards
increased sea ice. This is matched by a large sector of de-
creasing extent around the South Pacific sector of the West
Antarctic coast, near the Bellingshausen and Amundsen
Seas from about 65° to 160° W. Elsewhere, the sea-ice-extent
trends are relatively small.

DISCUSSION AND CONCLUSIONS

Addition of the 8 years of data from 1989-96 results in little
change in the mean warming trend (0.8-1.0°C (100 a) Y for
the island stations, but a slight reduction in the standard
deviation of the trends from 15° to 1.2°C (100a) . The
western Pacific Ocean stations now exhibit a warming
trend, while the eastern Pacific stations and Punta Arenas
exhibit a cooling trend. There is little effect on the Southern
Ocean island annual mean temperatures from the eruption
of Mount Pinatubo, with a <0.3°C departure below the
mean regression-line trend, somewhat smaller than the
global departures given by the IPCC (Houghton and
others, 1996, fig. 5.20). However, the eruption seems to have
had a more significant effect on the trends for the Antarctic
stations. The mean Antarctic temperature shows a decrease
of ~1°C immediately following the eruption, and it has
taken about 4 years for the mean annual temperature to “re-
cover” to the pre-Pinatubo values. It will be important to
monitor the Antarctic temperatures over the next few years
to establish the new post-Pinatubo trend. The warming cal-
culated from the mean of the individual trends for the Ant-
arctic stations for the data up till 1988 was +27°C (100a) .
The corresponding mean trend for the 1959-96 data has
been lowered to +1.2°C (100 a) . The standard deviations
of the regression slopes for the two periods were 2.2° and
14°C (100 a) ', respectively. The trend of the annual mean
temperature deviations changed from +2.7°C (100 a)”! for
data to 1988 to +0.9°C (100 a) ' for data to 1996. Thus there
appears to be a convergence of these trends with the longer
record, along with a reduction in the standard deviations of
the trends across the stations. The decrease in the mean of
the regressions appears to be largely a consequence of the
lower post-eruption temperatures. Despite the effects of Pi-
natubo, we still see a tendency for all the stations to exhibit a
similar trend, with only two stations exhibiting a cooling;
but even for these, the cooling trend is smaller than in the
previous analysis, and is now only —04° to —0.8°C (100 a)~\
The sea-ice dataset from the satellite era, now extended
to include 1973-96, shows no significant overall trend. In the
1991 analysis, we found a small trend to decreased extent.
There has, however, been a trend towards increased sea ice
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over the past 5 years, possibly in response to the Antarctic
cooling as a consequence of the Pinatubo eruption. The
trend to less sea ice over the period 1973-88 had been due
in part to relatively extensive ice extent, as indicated by the
JIC charts, in 1973 and 1974. The reliability of these data has
been questioned by H. J. Zwally (personal communication,
1997). On the other hand, these 1973 and 1974 data agree
reasonably well with data now available from the positions
of the factory whaling ships (de la Mare, 1997). The agree-
ment between the sea-ice edge and the position of whaling
ships for the JIC era is encouraging and provides some con-
fidence that the earlier data from the whaling-ship positions
are reasonahle proxies for the sea-ice extent. In this case, (i)
the 1973 and 1974 data would seem to be validated, and (ii)
there was an apparent marked decrease (of ~2°lat) in the
sea-ice extent in ~30 years from the mid-1940s. With these
new data, further work is now required to establish relation-
ships between climatic patterns and sea-ice-extent changes.
In particular, it may become possible to examine the time
series of changes for different longitudes in order to ascer-
tain whether the changes have been systematically distribu-
ted around the Southern Ocean, The evidence from the
1975-96 sea-ice-extent data is that some sectors (the Atlan-
tic) have exhibited more extensive sea ice, while for others
(the eastern Pacific) the extent has decreased. By combin-
ing the archived climatic data for sea ice, atmosphere and
ocean with modelling it may become possible to determine
the interrelationships between the sea-ice and temperature
changes.
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