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ABSTRACT

In this study, the trends in latent and sensible heat fluxes (LHF and SHF) over the Southern Ocean (oceans south of
35°S) and the contributions of the Antarctic Oscillation (AAQ), the Pacific-South America teleconnection patterns
(PSAL and PSA?2) and The EI Nifio-Southern Oscillation (ENSO) to these heat fluxes were investigated using the Ob-
jectively Analyzed Air-Sea Fluxes (OAFIux) dataset from 1979 to 2008. Significant positive annual trends in LHF oc-
cur over the Agulhas Current, the Brazil Current, the oceans in the vicinity of New Zealand and southern Australia, and
the eastern Pacific Ocean near between 35°S and 40°S. Significant negative seasonal trends occur in LHF which differ
among the four seasons. The spatial pattern and seasonal variation of the trends in SHF over the Southern Ocean are
similar to those of LHF. The spatial patterns of the trends in LHF and SHF caused by the AAO, PSA1, PSA2 and
Southern Oscillation Index (SOI) indices show a wave-like feature, varying with different seasons, that can be ex-
plained by the anomalous meridional wind associated with the four indices. The above four indices account for a small
portion of the trend in LHF and SHF. The residual trends in LHF over the Southern Ocean may be explained by a cli-
mate shift in the late 1990s for the four seasons. But the residual trends in SHF over the Southern Ocean are not associ-
ated with the climate shift.

Keywords: Southern Ocean; Antarctic Oscillation; Pacific-South America Teleconnection; EI Nifio-Southern
Oscillation; Heat Flux

1. Introduction [5-10]. Positive (negative) AAO is associated with ano-
malous negative (positive) heat fluxes over the eastern
Indian Ocean and the central Pacific Ocean, with anoma-
lous positive (negative) heat fluxes over other regions of
the Southern Ocean, which can be explained by merid-
ional wind anomalies associated with the AAO. Verdy et
al. (2006) found that LHF and SHF variability induced
by ENSO occurs principally over the Pacific Southern
Ocean and is related to anomalous meridional wind asso-
ciated with ENSO [7].

In recent decades, the environmental variables of the

The Southern Ocean (oceans south of 35°S) plays a criti-
cal role in the variability of weather and climate at south-
ern high latitudes through heat and moisture transfer be-
tween the upper ocean and atmospheric boundary layer
[1,2]. Monitoring heat transfer between the ocean and the
atmosphere is thus crucial for understanding the climate
system at southern high latitudes. Latent and sensible
atmosphere-ocean heat fluxes (LHF and SHF) exhibit
larger interannual and spatial variability than other heat
fluxes [3,4]. Hence, it is important to investigate long-

term LHF and SHF over the Southern Ocean. Here, posi-
tive flux is upward, i.e. heat is transferred from ocean to
atmosphere.

Previous research has shown that The EI Nifio-South-
ern Oscillation (ENSO) and the Antarctic Oscillation
(AAO) influence LHF and SHF over the Southern Ocean
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Southern Ocean have undergone pronounced changes.
Gille (2002) found that mid-depth Southern Ocean tem-
peratures have risen 0.17°C between the 1950s and the
1980s [11]. Chapman and Walsh (2007) found that from
1958 to 2002 different regions of the Southern Ocean
display different trends in surface air temperature [12].
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Cavalieri and Parkinson (2008) reported the trends for
the Southern Hemisphere as a whole and for five sectors
[13]. They found that the trend in total Antarctic Sea Ice
extent (SIE) increased slightly from 0.96% + 0.61%
decade™ for the 20-year period of 1979 to 1998 to 1.0%
+ 0.4% decade™ for the 28-year period of 1979 through
2006, with contrasting changes in the sector trends. Yang
et al. (2006) detected a positive trend of Southern Ocean
surface wind stress from 1980 through 1999 and its close
linkage with spring Antarctic ozone depletion [14]. Thom-
pson and Solomon (2002) presented evidence that recent
trends in the Southern Hemispheric circulation can be
interpreted as a positive trend in the Southern Hemi-
spheric Annular Mode, with stronger westerly flow over
the Southern Ocean [15].

Overall, few papers have been published on trends in
LHF and SHF over the Southern Ocean. Moreover whe-
ther LHF and SHF over the Southern Ocean have chan-
ged, and if so, which meteorological variables and large-
scale circulation indices influence them need to be ex-
plored.

This paper investigates the extent to which AAO, the
Pacific-South America teleconnection patterns (PSA1
and PSA2), and ENSO, as well as surface meteorological
variables, can account for the recent trends in LHF and
SHF over the Southern Ocean. Section 2 describes the
data sources and analytical methods. The contributions of
these indices to trends in Antarctic sea ice are discussed
in Section 3. The effects of input variables on the trends
in LHF and SHF are discussed in Section 4. Conclusions
and further discussion are given in Section 5.

2. Data and Methods
2.1. Data

The monthly LHF and SHF are derived from the Objec-
tively Analyzed Air-Sea Fluxes (OAFlux) dataset with a
spatial resolution of 1.0 degree x 1.0 degree from Janu-
ary 1979 to December 2008 [16]. To obtain the best pos-
sible global daily estimates for wind speed at 10 m, and
sea surface temperature (SST), air temperature and hu-
midity at 2 m, the OAFlux synthesis uses an objective
analysis technique to combine surface meteorological
fields from satellite remote sensing and reanalysis out-
puts produced from the National Centers for Environ-
mental Prediction (NCEP) and the European Centre for
Medium Range Weather Forecasts (ECMWF) as well as
an advanced objective analysis [17]. The OAFIux project
uses the state-of-the-art Coupled Ocean Atmosphere Re-
sponse Experiment (COARE) bulk flux algorithm ver-
sion 3.0 to compute the fluxes. Yu et al. (2008) indicate
that the OAFLux estimates are unbiased and have a
smaller mean error than the NCEP1, NCEP2, and ECMWF
flux algorithms [17]. In addition, wind speed at 10 m, air
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humidity at 2 m, and SST are also obtained from the
OAFlux data. To facilitate the comparison during four
austral seasons, autumn (March-May), winter (June-Au-
gust), spring (September-November), and summer (De-
cember-February) are defined.

2.2. Methods

The AAO, PSA1 and PSA2 indices are defined as the
standardized time coefficients for leading three modes of
an empirical orthogonal function (EOF) analysis of
monthly sea level pressure poleward of 20°S (Figure 1).
Total linear trends are obtained as the slope of a linear
least squares fit at each grid point at specific periods. The
trends that are linearly congruent with the monthly AAO,
PSA1, PSA2, and SOI indices can be obtained in the
following manner [6]:

1) Regressing monthly values of the time series of
each grid point onto the AAO index.

2) Multiplying the resulting regression coefficients by
the linear trend in the AAO index.

3) Carrying out the same procedure for the PSA1,
PSA2, and SOI indices.

For the interannual time scales, PSA1 and PSA2 are
associated with the ENSO [18]. We also calculated sea-
sonal correlation coefficients between the SOI index, and
the PSA1 and PSA2 indices during the four seasons: 0.52
and 0.42 in autumn, 0.70 and 0.21 in spring, 0.12 and
—0.03 in summer and 0.10 and —0.01 in winter, with con-
fidence levels exceeding 95% for PSA1 in autumn and
spring, and PSA2 in autumn. The correlation coefficients
between the AAO index and the SOI index during the
four seasons are less than the 95% confidence level.
Therefore, the overlap between the ENSO and the PSA1
is deleted in calculating the residual trend by the relation:

PSAL = PSAL-SOlxcov(SOI,PSAL)/var(SOI) (1)

where cov(SOIl, PSA1) and var(SOI) are the covariance
between the ENSO and PSA1L, and the variance of the
ENSO, respectively.

By this method, the part of PSA2 (PSA2") that does
not include the ENSO can also be obtained. The residual
trend is defined as the trend obtained by subtracting the
trends in the AAO, PSA1", PSA2", and SOI indices from
the total trend.

The trends in the AAO, PSAL, PSAL", PSA2, PSA2"
and SOI indices during the four austral seasons are listed
in Table 1. Only the springtime trend in the PSAL index
exceeds the 95% confidence level. Although the trend in
AAO is positive from 1979 to 2008, it does not reach the
95% confidence level. Previous studies indicated that
AAO has a significant positive trendbecause their AAO
indices included time series before 1979 [5,19,20]. We
compare different trends in the AAO indices defined by
Gong and Wang (1999) between from 1949-1978 and
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Figure 1. Spatial distributions of the leading three EOF modes of mean sea level pressure (southward of 20°S): The (a), (b),
and (c) indicate the first, second and third modes, respectively. The first three modes explain 23.2%, 7.6%, and 7.0% of the

total variance, respectively.

Table 1. 30-yr (1979-2008) linear trends in the AAO, PSA1,
PSA1", PSA2" and PSA2 indices (std-dev-30 yr™). Trends
that exceed the 95% threshold are in bold type.

Season (month) AAO PSA1 PSA1" PSA2 PSA2" SOl
Autumn (MAM) 083 059 038 063 047 050
Spring (SON) 009 153 121 -017 -040 0.95
Summer (DJF) 086 1.00 102 077 077 -013

Winter (JJA) 034 022 012 012 013 110

1979-2005 for four seasons [5]. For the period 1949 to
1978, the linear trends in autumn, winter, spring, and
summer are 1.34, 1.16, 1.49, and 1.28 std-dev-30 yr™,
respectively; in contrast, from 1979 to 2005 the trends in
autumn, winter, spring, and summer are 1.21, 0.51, 0.26
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and 1.19 std-dev-30 yr, respectively. We see that the
trends before 1979 are larger than those after 1979, espe-
cially in austral winter and spring. A similar result can be
obtained from the comparison of other AAO indices.

3. Seasonal Contribution of Indices

3.1. Trends in Latent and Sensible Heat Fluxes
during the Four Seasons

The trends of LHF and SHF over the Southern Ocean
during the four seasons are shown in Figures 2 and 3,
respectively. In Figure 2, significantly positive trends in
LHF occur over the Agulhas Current, the Brazil Current,
the ocean in the vicinity of New Zealand and southern
Australia, and the eastern Pacific Ocean near between
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Figure 2. Trends of LHF over the Southern Ocean. (a) Autumn; (b) Summer; (c) Spring; (d) Winter. Units are Wm™-decade™.

The black lines indicate the regions of >95% confidence level.

35°S and 40°S. In contrast, the spatial pattern of the sig-
nificantly negative trend in LHF differs among the four
seasons. In summer, the regions with a negative trend in
LHF include the region near the 0° longitude line, the
southern Indian Ocean, and the ocean to the north of
Prydz Bay (68S, 75E). In autumn these are a small part
of the southern Atlantic Ocean. In winter the two larger
regions are the central southern Indian Ocean and the
ocean north of Ross Sea. In spring the largest region lies
over the southern Indian Ocean. Additionally, a small
section is located over the southwestern Atlantic and
eastern Pacific Ocean. The range of the wintertime trend
in LHF is the largest in magnitude, from -10 to 25
Wm.decade™, while the smallest magnitude appears in
summer from —6 to 16 Wm™-decade™. The seasonality
of the trend in LHF is in agreement with that of the cli-
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matological value of LHF (not shown).

The spatial pattern and seasonal variation of the trend
in SHF over the Southern Ocean is similar to those of
LHF (Figure 3). But the trend in SHF is smaller with the
largest range in winter from —10 to 10 Wm™-decade™
and a smaller range in summer from —4 to 5 Wm™-decade™.
Rouault et al. (2009) also found an increase in LHF and
SHF over the Agulhas Current, and related it to an aug-
mentation of SST in this region and the current resulting
from an increase in wind stress curl in the South Indian
Ocean [21]. The trends in LHF and SHF over the coastal
oceans of New Zealand and southern Australia may
come from an artifact of satellite observations, because
the daily SST used for generating LHF and SHF is par-
tially derived from the Advanced Very High Resolution
Radiometer (AVHRR) [22]. In the next section we ex-
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Figure 3. Trends of SHF over the Southern Ocean. (a) Autumn; (b) Summer; (c) Spring; (d) Winter. Units are
Wm™.decade™. The black lines indicate the regions of >95% confidence level.

plore the reason for the trends in LHF and SHF from the
point of view of large-scale circulation indices.

3.2. Contributions of Different Indices

The different seasonal trends in AAO, PSA1, PSA2, and
SOl can influence their contributions to the trend in LHF
and SHF during different seasons. Here we investigate
the different effects of the four indices on the trends in
LHF and SHF during the same seasons.

Figure 4 shows linear trends in LHF in austral autumn
associated with AAO, PSA1, PSA2, and ENSO.

The negative trends related to AAO are distributed
over the southwestern and southeastern Pacific Ocean,
the central Indian Ocean near 40°S, and the southern At-
lantic Ocean, while elsewhere over the Southern Ocean
there is a positive trend. The meridional wind anomalies
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associated the AAO anomalies lead to surface air tem-
perature anomalies, SST-surface air temperature differ-
ence anomalies (Figure 5(a)), and SST-surface air hu-
midity difference anomalies, together with LHF and SHF
anomalies (Figures 4(a) and 6(a)). This explanation is
supported by the results of Verdy et al. (2006) [7]. A
similar analysis was also applied to the PSA1, PSA2, and
SOl indices. In Figure 4(b), the negative trends associ-
ated with PSA1 are located primarily over the south-
western and southeastern Pacific Ocean, southern Atlan-
tic Ocean, and a small part of the southern Indian Ocean;
positive trend regions include the central southern Pacific
Ocean, the eastern Atlantic Ocean near 40°S, the ocean to
the south of Australia, and the southern Indian Ocean.
The spatial pattern of the PSA2-related trend in LHF
exhibits a three-wave structure, which is consistent with
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Figure 4. Linear trends in LHF in austral autumn over the period of 1979 through 2008 related to (a) AAO; (b) PSA1; (c)
PSAZ2; (d) SOI. The black solid line indicates the trend of 0. Units are Wm™2-decade™.

the sea level pressure pattern in Figure 1(c), but a sig-
nificant trend occurs at the border of positive and nega-
tive centers. The spatial pattern of the SOI-related trend
in LHF is similar to that of the PSA2-related trend in
LHF, but the magnitude of the SOI-related negative trend
is less than that of the PSA2-related trend.

The linear trends in SHF in austral autumn have great
similarity with those in LHF except for smaller magni-
tudes. Throughout the year, the four indices vary with
different seasons, and their influences on the trend in
heat fluxes also vary. Compared with ENSO, the spatial
patterns throughout the seasons of the trends in LHF and
SHF associated with the other three indices show less
variation. We mainly focus on the magnitude of the con-
tributions of the four indices to the trends in LHF and
SHF. Tables 2 and 3 display the trend ranges of LHF and
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SHF caused by the four indices. From Table 2 we can
see that the ranges of the trends caused by the four indi-
ces differ throughout the year, and have maximum values
in different seasons: autumn for AAQ; spring for PSAL;
autumn for PSA2; winter for SOI. Similar seasonal vari-
ation occurs in SHF as shown in Table 3.

In austral autumn, AAO is the major contributor to the

Table 2. Ranges of the trend in LHF associated with the AAO,
PSA1, PSA2, and SOl indices. Units are Wm™-decade™.

Seasons AAO PSAl PSA2 SOl
Autumn -2.8-39 -14-22 -2.0-21 -1.0-2.2
Summer -29-15 -18-31 -15-25 -0.2-0.3
Spring -0.3-0.2 -2.7-45 -05-04  -2.0-30
Winter -1.2-0.6 -0.4-0.8 -04-04 -3.0-47
ACS
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Figure 5. Regression of the difference between SST and air temperature at 2 m anomalies in austral autumn onto (a) AAO; (b)
PSAL; (c) PSAZ2; (d) SOI indices. Units are “C. The black solid line indicates the trend of 0.

Table 3. Ranges of the trend in SHF associated with the AAO,
PSA1, PSA2, and SOI indices. Units are Wm™-decade™.

Seasons AAO PSAl PSA2 SOl
Autumn -1.9-19 -0.9-12 -15-17 -1.0-0.9
Summer -0.8-0.9 -0.9-0.9 -0.9-0.9 -0.1-0.1
Spring -0.2-02 -29-21 -07-04 -16-15
Winter -10-13 -0.8-0.6 -0.4-0.6 -19-25

trend in LHF with a range of —2.8 to 3.9 Wm™-decade™,
but the difference in contribution to the trend in LHF
among the other three indices is not large. The smaller
difference of the trend in LHF is related to the smaller
difference of their indices trends. In austral summer
PSA1 exerts the largest influence on the trend in LHF,
however the differences between PSA1, and AAO and
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PSA2 are small. In contrast, the trend in LHF caused by
ENSO is only -0.2 to 0.3 Wm™-decade™. In spring the
contribution of PSAL to the trend in LHF is more than
that of other three indices, with a range of -2.7 to 4.5
Wm?.decade™. The magnitude of the trend related to
AAO and PSA2 is less than 0.6 Wm™-decade™. In win-
ter the impact of ENSO on the trend in LHF greatly ex-
ceeds that of the other three indices, with a range of 3.0
to 4.7 Wm™.decade™, which is consistent with their in-
dices trends.

The results in Table 3 are similar to those in Table 2,
but with smaller values. Additionally we see that in win-
ter the range of the trends in SHF associated with AAQ,
PSA1, and PSAZ2 is larger than that in LHF, but this does
not occur during the other seasons. The reason may be
related to lower humidity in austral winter.
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Figure 6. Linear trends in SHF in austral autumn over the period of 1979 through 2008 related to (a) AAO; (b) PSA1L; (c)
PSAZ2; (d) SOI. The black solid line indicates the trend of 0. Units are Wm™2-decade™.

3.3. Residual Trends

We also calculated the residual trend of LHF and SHF
during different seasons. The results for LHF are shown
in Figure 7. The residual trends of LHF agree with the
total trends of LHF except for a small difference in mag-
nitude. This indicates that the four indices explain small
trends in LHF over the Southern Ocean, especially over
the warm current region, where local effects are more
important than large-scale circulations. The magnitude of
the residual trends is smaller than that of the total trend
with the exception of a negative trend in summer. The
decreasing positive trend indicates that LHF over the
warm currents is also influenced by the four indices. The
largest positive trend explained by the four indices (total
trend minus residual trend) of 3.4 Wm™-decade™ occurs
in summer; the smallest, 0.4 Wm™.decade™, occurs in
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winter. In contrast, the largest negative trend of 2.2
Wm.decade™ appears in spring. Other factors need to
be explored to account for the residual trend in LHF.
Figure 8 shows that the spatial patterns of the residual
trends in SHF among seasons are similar to those of the
residual trends in LHF. Like LHF the residual trends in
SHF show little difference with the total trends in SHF.
That means the four indices do not explain the trend in
SHF and other factors need to be explored. In addition,
the maximum and minimum values of total-minus-re-
sidual trend in SHF occur in the same seasons as LHF.

4. Effects of Input Variables

To understand the effects of input variables on the trends
in LHF and SHF over the Southern Ocean, we examine
the trends in the meteorological state variables used as

ACS



L.JYU ET AL 167

15 20

Figure 7. Residual trends in LHF in (a) Autumn; (b) Summer; (c) Spring; (d) Winter. Units are Wm2-decade™. The black

solid line indicates the trend of 0.

input in the bulk flux algorithms. Figures 9-11 show the
trends in SST, air specific humidity, and wind speed over
the Southern Ocean.

Compared with Figures 2 and 3, the trends in SST in
Figure 9 are primarily consistent with those in LHF and
SHF, especially over the Agulhas and Brazil currents, but
a small difference occurs over the mid-latitude Pacific
Ocean in autumn and summer. However the trends in
specific humidity at 2 m are not in agreement with those
in LHF (Figure 10). Over different regions the positive
trend in specific humidity corresponds to the positive
trend in LHF over the summertime Agulhas current,
springtime and wintertime Brazil currents or the negative
trend in LHF over the summertime Brazil current, the sea
near New Zealand in austral spring, and the springtime
and wintertime central Indian Ocean. The trends in wind
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speed over the Southern Ocean are different among dif-
ferent seasons (Figure 11). In austral autumn and sum-
mer, significant increasing trends occur over the South-
ern Ocean south of 50°S. In austral spring the Pacific
Ocean between 40 and 50°S displays a remarkable posi-
tive trend in wind speed; over the eastern part the LHF
and SHF also have increasing trends. In addition, over
the region near 0 degrees longitude the wind speed in-
creases. The wintertime trend in wind speed agrees well
with that in LHF and SHF; the larger wind speed leads to
less stable and larger aerodynamic transfer coefficients
[23]. In contrast to air temperature and humidity, the
wind speed in austral winter plays a more important role
in LHF and SHF.

In summary, among the three variables the largest con-
tributor to the trends in LHF and SHF over the Southern
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Figure 8. Residual trends in SHF in (a) Autumn; (b) Summer; (c) Spring; (d) Winter. Units are Wm™-decade™. The black

solid line indicates the trend of 0.

Ocean is SST, while the effect of wind speed is signifi-
cant only in austral winter. For specific humidity at 2 m,
its impact differs for different seasons over different re-
gions.

5. Effects of Recent Global Climate Change

To explore whether recent global climate change influ-
ences the residual trends in LHF and SHF, we made EOF
analyses of seasonal LHFs and SHFs over the global
ocean and the Southern Ocean. Austral autumn and
spring coefficients and spatial patterns of the first mode
of the LHF over the global oceans and the second mode
of LHF over the Southern Ocean are shown in Figure 12.
The time coefficients exhibit a shift change in the late
1990s, which also exists in tropical SST, wind and upper
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atmospheric temperature [24,25]. Before (after) the late
1990s their time coefficients show a negative (positive)
anomaly. The correlation coefficients of the climate shift
mode explain 12.6% and 15.0% of the variations of LHF
over the global oceans in autumn and spring, respectively.
In contrast the mode also contributes 12.8% and 12.4%
of the variations for LHF over the Southern Ocean in
autumn and spring, respectively. Although the first modes
of LHF over the Southern Ocean account for more than
16% of the variation, the trends in the time coefficients
of the first modes are less significant. The correlation
coefficients between time coefficients of the first mode
of LHF over the global oceans and the second mode of
LHF over the Southern Ocean in autumn and spring are
0.874 and 0.866, respectively. The spatial patterns of the
two modes are similar in autumn ((a) and (c)) and in
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Figure 9. Trends in SST in (a) Autumn; (b) Summer; (c) Spring; (d) Winter. Units are °C-decade™. The black lines indicate

the regions of >95% confidence level.

spring ((b) and (d)). Moreover the spatial patterns of the
second mode of LHF over the Southern Ocean in autumn
and spring are similar to those of residual trends in au-
tumn and spring. A similar pattern also appears in austral
summer (not shown). In austral winter the first mode of
LHF over the global oceans and the third mode of LHF
over the Southern Ocean are the climate shift modes
(Figure 13). The correlation coefficent of time coeffi-
cients of the two modes is 0.766. Their spatial patterns
are similar to each other and also similar to the residual
trend in LHF over the Southern Ocean in winter. Hence
the residual trends in LHF over the Southern Ocean may
be explained by the climate shift during the 1990s. But
for SHFs over the global oceans and the Southern Ocean
the climate shift is less significant. The residual trends of
SHF over the Southern Ocean need to be explained by
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other factors.

6. Conclusions

In this study, the contributions of the AAO, PSAL, PSA2
and ENSO to the trends in LHF and SHF over the South-
ern Ocean were investigated using the OAFlux dataset
from 1979 to 2008. Additionally, the effects of SST, air
specific humidity, and wind speed on the trends in LHF
and SHF are also presented.

Significantly positive trends occur in the spatial pat-
terns of LHF over the Southern Ocean that are consistent
among the seasons, while a large difference occurs in the
negative trends in LHF. The magnitude of the range of
the wintertime trend in LHF is the largest, while the
smallest occurs in summer. The spatial pattern and sea-
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Figure 10. Trends in air specific humidity at 2 m in () Autumn; (b) Summer; (c) Spring; (d) Winter. Units are kg™*-decade™
The black lines indicate the regions of >95% confidence level.

Figure 11. Trends in wind speed at 10m in (a) Autumn; (b) Summer; (c) Spring; (d) Winter. Units are ms-decade™. The
black lines indicate the regions of >95% confidence level.

Copyright © 2012 SciRes. ACS



L.JYU ET AL 171

15
1
05 /\
L] LN
k]

0 -
_0.51975 1980

|
155

=9

Y ©)

1995 2000 2005 2010

2000 2005 2010

Figure 12. Spatial patterns of the first EOF modes of LHF over the global oceans in autumn (a) and spring (b) and the second
EOF modes of LHF over the Southern Ocean in autumn (c) and spring (d); time coefficients of the first EOF modes of LHF
over the global oceans (blue line) and the second EOF modes of LHF over the Southern Ocean (red line) in autumn (e); time
coefficients of the first EOF modes of LHF over the global oceans (blue line) and the second EOF modes of LHF over the

Southern Ocean (red line) in spring (f).
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Figure 13. Spatial patterns of the first EOF modes of LHF over the global oceans (a) and the third EOF modes of LHF over
the Southern Ocean (b) in winter; time coefficients of the first EOF mode of LHF over the global oceans (c) and the third

EOF mode of LHF over the Southern Ocean (d) in winter.
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sonal variation of the trend in SHF over the Southern
Ocean are similar to those of LHF, but the magnitude is
less than that of LHF.

The spatial patterns of the trends in LHF and SHF
caused by the AAO, PSAL, PSA2 and SOI indices show
a wave-like feature varying with seasons, which can be
explained by the anomalous meridional wind associated
with the four indices. The seasonality in ENSO is larger
than that in the three other indices. The ranges of the
trends caused by the four indices differ during the year,
and have maximum values in different seasons: for AAO
in autumn; for PSA1 in spring; for PSA2 in autumn; for
SOl in winter. For the same season, the contributions of
the four indices are different from each other. The largest
contributors in autumn, summer, spring and winter are
AAOQ, PSA1, PSA1 and ENSO, respectively.

The spatial patterns of residual trends in LHF and SHF
are similar to those of the total trends in LHF and SHF.
The small difference between total trends and residual
trends indicates that the four indices account for only a
small portion of the trend in LHF and SHF. Thus we
should explore other factors to account for the residual
trends in LHF and SHF.

The seasonal variation in the spatial pattern of the SST
trend over most of the Southern Ocean is consistent with
the trends in LHF and SHF. For wind speed, this is the
case only in austral winter. The relationship between spe-
cific humidity and LHF is complex and changes with
different seasons over different regions. This conclusion
needs to be validated with other datasets.

By EOF analyses of LHFs over the global oceans and
the Southern Ocean and comparison of the spatial pat-
terns of climate shift modes with the residual trends in
LHF over the Southern Ocean, we find that the residual
trends in LHF over the Southern Ocean may be explained
by the climate shift for four seasons. But this is not the
case for SHF.

The significant trends in LHF and SHF may influence
the variation in sea ice related to the formation of water
mass in the Southern Ocean. Therefore, it would be de-
sirable to explore the climate effect of the trends in LHF
and SHF over the Southern Ocean.
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