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ABSTRACT

Oceanographic observation data obtained by JARPA BXR®IPA 1l were analyzed to clarify physical ocearaqiric
conditions in the JARPA area as a basis for undetstg of habitat environment of whales. About 25@10files were
obtained by XBT, XCTD and CTD observations from 1999/ to 2008/2009. Obtained profile data were caedeto the
same format and utilized to describe the oceanbigdpature of JARPA area. The data set enable@goribe the averaged
feature of the oceanographic structure in JARPA doeawo decades. The Southern Boundary (SB) of Ahearctic
Circumpolar Current (ACC), which detected by a 0°C teatpee contour line on the 266isopycnal surface, characterize
the JARPA area. It is evident that the positionhaf 8B is controlled by major features of bottom taphy such as the
Kerguelen Plateau and the Pacific-Antarctic Ridgethe area east of the Kerguelen Plateau, theigosif the SB changes
on decadal timescale. The southward shift of SBiénregion is observed in the early 2000s, anchma@ntd shift is observed
in the later 2000s. Although the global warmingngportant forcing for the Southern Ocean, the JARIPA JARPA II
temperature data shows no statistically significaatming in the JARPA area for the two decade untlie Antarctic
Peninsula region.
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INTRODUCTION

Oceanographic observation has been included in AR JARPA Il and a lot of subsurface temperature
salinity profile data were collected from JARPA@(@acific and Indian sector of the Southern Ocpaleward
of 60°S) for 22 years period from 1987/1988 to 22089. The purpose of the oceanographic obsenst®oto
obtain fundamental information of the ecosysterthan JARPA area and to contribute to clarify thatiehship
between the oceanographic conditions and whales.

The repeat oceanographic observations of coagi@mreonducted in the JARPA is also important for
oceanography as the Southern Ocean plays keyirotbe global thermohaline circulation through watsass
formation in the area. The North Atlantic Deep BYgINADW) is formed in the northern North Atlanflows
into the Southern Ocean and is lifted up to sulaserfdepth. The Antarctic Bottom Water (AABW) which
occupies the bottom layer of the world ocean isnft in the coastal area of the Antarctic contifgnimixing
cold and dense shelf water with the NADW (Schmit®896). Although oceanographic observation by
autonomous profiling floats (ARGO) is expanded @éepler area of the Southern Ocean in recent yemtsirsed
observations in the coastal regions where the ARf@ats are difficult to get in are still important
oceanographical issue (Rintoai al. 2012). The oceanographic observation in JARPAaoncgraphic data
contribute to the monitoring of the coastal ocebtihe Southern Ocean.
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The Antarctic Circumpolar Currents (ACC) is majeafure of the Southern Ocean and the spatial
water mass distribution of the area is charactdrimethe zonal structure reaching to the deeper l&@rsiet al.
1995). The oceanographic conditions of the JARRfa are also under the strong influence of the soatpart
of ACC. The Southern Boundary (SB) of the ACC, whis southern limit of ACC, is thought to be most
important oceanographic component of the JARPA .afdee upwelling of the NADW around the SB is
enriching the nutrient in the upper layer and istaiming the rich ecosystem in the Southern Odelatsuokaet
al. (2003) investigated the relationship between oogaaphic fronts and distribution of the large whsecies.
They showed that the humpback whale gathered irs¢laearea around SB east of the Keruguelen Plateau
Area |V (Figure 1). Nicokt al. (2000) indicated the results of the BROKE (bamelesearch on oceanography,
krill and the environment) in the area from 80°BE conducted in 1996. They showed that the ecesyst
the region south of the SB of the ACC is rich amel 8B determines the spatial structure. In thidystoy using
the expanded JARPA oceanographic data set by JARPAe advance the analysis of the oceanographic
structure and year-to-year variation of JARPA raegio

DATA

Vertical oceanographic structures were observedusing XBT (eXpendable Bathy Thermograph), CTD
(Conductivity-Temperature-Depth profiler) and XCT&Xpendable CTD). Total number of available prafile
2557 from 1990/1991 to 2008/2009. XBT was mainlgdus the first stage of JARPA (1987/1988-1996/9997
XCTD (1997/1998-present) and CTD (SBE19 SEACAT iteaf 1998/1999-present) were introduced to get
temperature and salinity profiles that were impatrfmr dynamics of ocean currents and water maa$/sis.
These data were stored in same format to be tréptede Ocean data View (Schlitzer, R., Ocean Natav,
http://odv.awi.de, 2011). Figure 2 shows oceandgrapbservation stations of JAPRA. In our analysis,used
the data obtained after 97/98 JARPA when salinitachvailable for water mass analysis. 1178 XCTdli®is
and 675 CTD stations were occupied during 12 JAR®#ses from 1997/1998 to 2008/2009. CTD sensors we
calibrated every year and no significant error vegeorted.

XCTD data was checked by using climatology of therM/ Ocean Atlas (WOA 2001) and the
systematic positive bias found in salinity dataJ®RPA 97/98 was corrected. XCTD data was also dakck
statistically to exclude suspicious data from asiglyThe 10m interval smoothed profile data set wrasted
from original 1-m interval data and used for anasly3he accuracy of temperature and salinity deda @also
checked by comparing with existing data downloafileth the database operated by JODC (Japan Ocean Dat
Center). The data at the depth range from 410 @5 the northern part of area IV (70°E-130°E,565°S)
were used for the comparison. The results of tiepawison of the appearance probability for tempeeatalue
and salinity value are shown in Figure 3. The fgwhows that the JARPA data set has same stdtistica
characteristics with existing data set. The pedksappearance probability for salinity of the twotalasets
coincide with the difference of less than 1/100. dhese results show the JARPA data have enoughiamcfor
understanding the Southern Ocean.

RESULTS

L ar ge scale oceanogr aphic conditions of JARPA area

In order to classify the oceanographic structurghef JARPA area, a claster analysis was perforredhi
JARPA and JARPA Il temperature profile data by gsitmeans method. The profiles were classifiedivte f
clusters, as shown in Figure 4. The geographicatidution of each cluster is mapped in Figure fae Tluster-1
is the typical temperature profile observed in tuastal area and in the Ross Sea, the Prydz Bagnreg
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Cluster-3,-4,-5 are profiles observed in the offgha@egion. These profiles have dichothermal stmectu
(temperature minimum) in the upper layer from 5A@®m depth and temperature maximum layer belown300
depth. The cluster-4 is dominant in the offshogiae of the JARPA area IV and the cluster-3 is rd@hle in
the southern part of the area V. Cluster-2 hasntieemediate character between the coastal watasi@-1) and
the offshore water (Cluster-3, -4, -5). The disttibn of the profile types shows the layer struetim the
meridional direction corresponding to the currgrstem in the Southern Ocean.

By using all the profile data, horizontal temperatstructures at the dichothermal layer which is
remainder of the mixing of upper water in formernter and temperature maximum layer indicating the
upwelling of the upper Circumpolar Deep Water (UCP&¥e shown in Figure 6a and 6b respectively. Tora 8
temperature was used as the temperature at dichwhéayer and the 350m temperature was used as the
temperature at temperature maximum layer. Figurés@be horizontal temperature distribution on #¥e6o,
isopycnal surface. Frontal structure observed atbed°C contour coincides with the southern liofityCDW
and indicates the Southern Boundary (SB) of theafatic Circumpolar Current (ACC) (Orst al., 1995).
Horizontal distributions of 80m temperature, 35@mperature and temperature on the &yi€pycnal surface
reveal almost same pattern each other. As point¢dy Watanabet al. (2006), the SB indicated by the 0°C
contour on 27.6yis affected by the bottom topography of the KergadPlateau and the Pacific-Antarctic Ridge.
In Figure 6a-6¢c, the temperature contours on eaeél Ishow the same characteristics around the lérgu
Plateau and the Pacific-Antarctic Ridge.

Year-to-Year variation of the temperaturefield and SB

In order to investigate the year-to-year variatadrthe JARPA area from the 1990s to the 2000s, tipdcal
oceanographic structures, dichothermal layer ampéeature maximum layer, and SB of ACC were analyze
For the Area IV, the temperature profile data ia thgion between 100° E and 130° E and south & 6@te
used to construct the time-latitude diagram of 8md 350m temperature (Figures 7a and 7b). Yeae&n-y
variation of temperature on 266isopycanal surface is also shown in Figure 7c.tRerArea V, data in the
region between 170° E and 170°W and south of 6088 wsed. Time-latitude diagram of 80m, 350m
temperature and temperature on 8¢ i8opycnal surface are shown in Figures 8a — 8apBgature distribution
on the 27.6, isopycnal surface was calculated for the periocraft997/1998 season when the XCTD
observation started.

The position of SB in the area IV is around 629%$3°S and shows the decadal change. The position
shifted southward from late 1990s to early 20003 stmifted northward after mid-2000s (Figure 7¢)eSB in
the area V is located around 63°S to 64°S andithiéas changes with area IV are observed (Figurg Bbe
southward shift of SB was reported for the regiast®f the Kerguelen Plateau from the analysihefJARPA
data for 1997/1998, 1999/2000, 2001/2002, 2003/230W/atanabet al.(2006). The present results suggest that
the position of the SB has variation with decadaéscale.

To investigate the year-to-year variation of tamperature in the dichothermal layer and tempegatur
maximum layer, vertically averaged temperature data for 50-100m depth range and 300-500m depijera
were constructed for the three regions. In the Aveaffshore region from 60°S to 63°S and the talaggion
from 64°S to 67°S were selected. In the Area Vdieidegion from 65°S to 70°S, where the tempergitoéles
classified into cluster-3 were dominant, was seldcTime series of temperature for the three aaeashown
with error bar of standard deviation in Figures @a—Large Standard deviations of dichothermal layer
temperature in the north region and of temperatusmgimum layer temperature in the south region efAnea
IV for show the large spatial variability in eackpdh layer. On the other hand, temperature vaitwakit the
dichothermal layer in the south and temperaturéabdity at temperature maximum layer in the nodte
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smaller and show the some warming trend. But thtéistal examination shows that these trends ate n
significant. In the middle region of the Area Vpsurface temperature shows smaller variation (Ei§aj.

DISCUSSION

In this study, climatological oceanographic struetaf the JARPA area was identified by the JARP& 3ARPA

Il oceanographic data for about 20 year period. JARPA area was characterized by the meridionahtiam of

the water mass distribution, the distribution isngistent to the typical structure of fronts and ewamass
summarized by Tallegt al. (2011). The SB was recognized as the major fimHARPA area and which was
also indicated by a boundary of clusters of tentpeeaprofiles by the cluster analysis. The tempeeaprofiles

in the coastal area were clearly classified inte cluster and the large differences from othertelgswere
revealed. The northern limit of the distributionabdister of coastal water is the Antarctic Shebirr(ASF), and
the front has important meanings for oceanograpiy far marine biology of the Southern Ocean. These
oceanographic front systems were clearly identifiedhe JARPA and JARPA |l periods.

The reanalysis of the meridional shift of the SBHa Area IV, which was pointed out by Watanabe
al. (2006), suggested that the shift was a part offlinuation with longer timescale. Giarolla and tisiao
(2013) analyzed the sea surface height data amtifidd the eastward propagating wavelike patterrdecadal
time scale in the Southern Ocean. Though the doesfiion is the edge of their analysis area becanise
insufficient data affected by sea ice, the longrteariation of the SB depicted in this study mighbe related
to the large scale fluctuation observed in thehaffe sea surface height field.

Massomet al. (2013) analyzed the satellite observed sea idesaea surface temperature data in east
Antarctic sea. Their results about long-term vaiatshowed the showed the shortening of the icsmsea
duration in the northern part of the JARPA areaahd the lengthening in the southern part. They sitsmwed
the long-term trends in the sea surface temperdtureach calendar month for the period from 1982Q@10.
Their results show that significant warming occdrne the region north of JARPA area IV. On the othand,
the complicated situations observed in the JARR& &Y where cooling in the sea ice edge regionveaaning
in the offshore region were detected. These resdtsns consistent to our findings about the yegeto
variation obtained by analyzing in-situ oceanograplbservation data.

Several analyses of the satellite observed sdacsuheight field in the Southern Ocean indicate th
trend of sea level rise is dominant component ofatian for 1990s and 2000s. The trend is foundglimost
whole area the Southern Ocean and is thought & et of global sea level rise related to the glatarming
issue (Giarolla and Matano, 2013). The trends énstba ice and the sea surface temperature refyrtddssom
et al. (2013) are thought to have some relation with $ha surface height. Thus, satellite observed idata
effective indicator of the marine environment oé tBouthern Ocean. However, these satellite obsengaare
less available in the coastal area of the Sout®eenn. For this reason, in order to understandttineture and
change of the marine ecosystem of the JARPA areaitaring of the marine environment by in-situ otvsdion
and matching of in-situ data and satellite obsedatd are necessary.
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Figure 1. Relationship between distribution of Héaqk whale (square) and the Southern Boundarydiece)
cited from Matsuokat al. (2003).
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Figure 2. Oceanographic observation in the JARRABRPAII research area.
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Figure 3. Appearance probability of temperatura&i@dupper) and salinity value (lower).
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Figure 4. Five typical temperature profiles obsdrirethe JARPA area obtained by a claster analysisg the
K-means method.
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Figure 5. Horizontal distribution of five types tmperature profile in the JARPA area. Legendsaartollows.
:Temperature profiles classified in to ClusterCluster-2,0:Cluster-3,e:Cluster-4, :Cluster-5.
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Figure 6. Climatological horizontal temperaturetritimition calculated by using JARPA and JARPA Italéor
the period from 1990/1991 - 2008/2009. (a) Tempeeatat 80m depth corresponding to the
dichothermal layer. (b) Temperature at 350m depthesponding to the temperature maximum layer
in the offshore region. (c) Temperature at 27i6opycnal surface. Thick line indicates th& 0
contour at each layer.
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Figure 7. Time-latitude diagram of (a) 80m tempeamat (b) 350m temperature, (c) temperature on théog
isopycnal surface for the Area IV.
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Figure 8. Time-latitude diagram of (a) 80m temperat (b) 350m temperature, (c) temperature on théog
isopycnal surface for the Area V.
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Figure 9. Year-to-year variation of temperatur¢hatdichothermal layer and temperature maximumrlayéhe
(a) north and (b) south regions of Area IV andnfiddle region of Area V.
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