Clim. Past, 10, 393404, 2014 _ [
www.clim-past.net/10/393/2014/ Climate ¢
doi:10.5194/cp-10-393-2014 3
© Author(s) 2014. CC Attribution 3.0 License. of the Past é

Accumulation reconstruction and water isotope analysis for
1736-1997 of an ice core from the Ushkovsky volcano, Kamchatka,
and their relationships to North Pacific climate records

T. Sato!, T. Shiraiwal, R. Grevel, H. Seddik!, E. Edelmanr?, and T. Zwinger?

Linstitute of Low Temperature Science, Hokkaido University, Kita-19, Nishi-8, Kita-ku, Sapporo 060-0819, Japan
2CSC - IT Center for Science, P.O. Box 405, 02101 Espoo, Finland

Correspondence tof. Sato (tsato@lowtem.hokudai.ac.jp)

Received: 19 March 2013 — Published in Clim. Past Discuss.: 17 April 2013
Revised: 10 January 2014 — Accepted: 14 January 2014 — Published: 21 February 2014

Abstract. An ice core was retrieved in June 1998 from the 1 Introduction
Gorshkov crater glacier at the top of the Ushkovsky volcano,
in central Kamchatka. This ice core is one of only two recov- Alpine ice core records have two important roles. One is to
ered from Kamchatka so far, thus filling a gap in the regionalprovide data for studying local climate characteristics. The
instrumental climate network. Hydrogen isotop®) anal-  other is to fill geographic gaps in the network of glacio-
yses and past accumulation reconstructions were conducteghemical and climatic records used to reveal how regions are
for the top 140.7 m of the core, spanning 1736-1997. Two acaffected by global climate changé/égenbach1989 Cecil
cumulation reconstruction methods were developed and apet al, 2004. There are several glacial regions around the
plied with the Salamatin and the Elmer/Ice firn-ice dynam- North Pacific Ocean that can provide ice cores for paleo-
ics models, revealing a slightly increasing or nearly stableclimate reconstructions. The Ushkovsky/K2 ice core is one
trend, respectively. Wavelet analysis shows that the ice coref two ice cores recovered from Kamchati@h{raiwa et al.
records have significant decadal and multi-decadal variabil2001;, Matoba et al.2011). Itis a paleoclimate record for this
ities at different times. Around 1880 the multi-decadal vari- region that complements regional climate reconstructions
ability of D became lost and its average value increased byrom ice cores in Alaska and Yukon (elgoldsworth et al.
6 %o. The multi-decadal variability of reconstructed accumu- 1989 Wake et al. 2002 Shiraiwa et al.2003 Fisher et al.
lation rates changed at around 1850. Reconstructed accumi2004 Yasunari et al.2007 Fukuda et a|.2011) (Fig. 1a).
lation variations agree with ages of moraines in Kamchatka. Important characteristics of climate in the North Pa-
Ice core signals were significantly correlated with North Pa-cific region are decadal climate variabilities, the Pacific
cific sea surface temperature (SST) and surface temperatuf@ecadal Variability (PDV) or North Pacific Decadal Variabil-
(2 m temperatureiD correlates with the North Pacific Gyre ity (NPDV). One is the Pacific Decadal Oscillation (PDO),
Oscillation (NPGO) index after the climate regime shift in the first leading mode of North Pacific sea surface tempera-
1976/1977, but not before that. Therefore, our findings implyture variability Mantua et al.1997 Minobe, 1997). Another
that the ice core record contains various information on theis the North Pacific Gyre Oscillation, the second mode of sea
local, regional and large-scale climate variability in the North surface height anomalie®{ Lorenzo et al. 2008. These
Pacific region. Understanding all detailed mechanisms bevariabilities play important roles in modulating precipitation,
hind the time-dependent connections between these climatemperature and other climatic elements around the North
patterns is challenging and requires further efforts towardsPacific Ocean (e.gdantua and Har€002 Di Lorenzo et al.
multi-proxy analysis and climate modelling. 2008.
Because climate observations were not systematically
recorded in this region until within the last 200 yr, investiga-
tion of long-term changes requires the use of paleo-climate
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increased notably after the mid-19th century, paralleled by
a warming over northwestern North Ameridddore et al,
2002.
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structed accumulation rates from the Ushkovsky/K2 ice
v core Shiraiwa et al.2001). Ushkovsky volcano (56.04,
TR 160.28 E, 3903 ma.s.l.) is located in the central part of the
P 4% 2N seselo 5,,\ 60° Kamchatka Peninsula (Fidb). The summit of the volcano
ﬁ‘.ﬁ is covered by a glacier of 43 KmTwo craters, Gorshkov and
Herz, lie near the highest part and are both filled by glacier
RN e A\ ice. The larger, Gorshkov, s 750 m in diameter with a max-
SO 5o’ imum depth of~ 240 m determined by ice-penetrating radar

‘ (Matsuoka et a).1999. In June 1998, at the K2 site near
18001600 1701800 1700 -0 180T -0 1300 () to this deepest point, a 211.7m long ice core was drilled
(Shiraiwa et al.2007). It was the first ice core drilled in the
western North Pacific region.

The firn temperature was measured continuously for a year
at the BH1 site~ 200 m south of K2. At 10 m depth the an-
nual mean firn temperature s15.8°C. The monthly mean
surface temperature is5.8°C at its maximum in August.
Melting occurs only in the surface layer and the meltwa-
ter refreezes in the surface snow due to its low temperature.
Melting does not, therefore, significantly disturb the annual
stratigraphy preserved in the corBhjraiwa et al. 2001).

The average accumulation rate from 1969 to 1996 was deter-
mined as 0.57 mw.eq:a (w.eq.: water equivalent) by shal-
low ice core analysisShiraiwa et al.1997).

The isotopess’®0 andsD in the K2 core have already
Fig. 1. () Deep ice core sites around the subpolar Pacific. US:been analysed from the surface down to 110m. The ice at
Ushkovsky Ghiraiwa et al. 2001, IC: Ichinsky Matoba et al.  this depth fell as snow in approximately 1823 based on dated
2011), LO: Logan Holdsworth et al.1989 Shiraiwa et al.2003 layers of volcanic ash and counting of annual layers iden-
Fisher et al.2004, EC: Logan EclipseWake et al. 2003, WR: tified by changes in the water isotope rat®h{raiwa and
Wrangell (vasunari et al.2007), AU: Aurora Peak Eukuda etal.  yamaguchi 2002. Accumulation in Ushkovsky correlates

2013). (b) The north face of Ushkovsky volcano and the summit ity the Kliuchi meteorological station winter and hydrolog-
craters. Bilchenok Glacier is the main outlet from the summit ice ;

X ical year precipitationgolomina et a.2007).
cap. Inset the location of Ushkovsky volcano (U) and the nearby W)(/a extzndez the reford down to adep?h of 140.7 m, equiv-
weather station, Kljuchi (K). Lo

alent to a date of 1735. To determine accumulation, we ap-
plied two glacier flow models to reconstruct annual layers
down to the depth of the oldest dated volcanic ash layer
proxies. North Pacific climate variability has therefore been(Murav'yev et al, 2007). We used the Salamati®élamatin
reconstructed using tree rings from the Northeast Pacific reet al, 2000 and Elmer/lce Zwinger et al, 2007) models.
gion (e.gBiondi et al, 2002, D’Arrigo et al., 2001). Summer  In addition, we investigated decadal and multi-decadal oscil-
mean maximum temperature reconstructed from Kunashitations of thesD and accumulation records and carried out
tree-ring width indicesJacoby et aJ2004) is negatively cor-  comparisons with local and large-scale climate data, demon-
related with the summer PDO indeMéntua etal.1997 and  strating that this ice core provides climatic information for
has similar multi-decadal spectral properties. Climate vari-the greater region, and fills a gap in the regional instrumental
ability has also been detected from glaciers in Alaska ancclimate network.

Kamchatka that changed their mass balance at the climate

regime shift in 1976/197™odge et al.1998 Shiraiwa and

Yamaguchi2002), a timing that coincides with a major PDO

shift (Hartmann and WendleR005 Josberger et al2007).

Holdsworth et al.(1989 reconstructed snow accumulation

rates at Mt. Logan and found a shift in the dominant period

60\'&/‘5 il
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2 Methods Schwerzmann et al2006. Shiraiwa and Yamagucli2002
reconstructed past accumulation rates with the glacier flow
2.1 Isotope measurement and dating model of Salamatin et al(2000 that includes firn dynam-

ics. We applied two accumulation reconstruction methods for
To measure isotope values the K2 ice core was sliced in thglacier flow models with firn dynamics; the Lagrangian back-
low temperature room{20°C) at the Institute of Low Tem-  trajectory method for the Salamatin model and the Eulerian
perature Science, Hokkaido University. To ensure that animethod for the Elmer/Ice model.
nual layers could be accurately identified, slices were taken
at intervals small enough to provide at least eight sample-2.1 Salamatin model
for each annual layer. The intervals varied in thickness from ) i i )
~ 100 mm near the top of the core,50 mm near the middle Salamatin et aI(?OOQ deV|se(_JI a flrn and ice flow model
of the core, and~ 30 mm near the bottom of the core. After for a crater glacier and applied it to the Gorshkov crater
slicing, each ice sample was melted in an individual Se‘(,j“edglacier. Itis a thermo-mechanically coupled two-dimensional

plastic bag. The resulting water was stored in 30-50 mL glasglacier flow-line model that considers the effects of a flow
vials pending isotope measurements. tube of variable width. Isotropic polycrystalline ice behaves

The water isotopes for samples from the first 110m were@S @ linear-viscous body at small stresdapenkov et al,

measured with a Finnigan MAT Delta S mass spectrometert994 Salamatin et al.1997). This linear rheology relating

at the Graduate School of Environmental Science, Hokkaido>r€SSes and strain rateSafamatin and Duvall997 is in-
University. Absolute measurement errors were 0.1%, forcluded in the model. Using a normalized ice-equivalent ver-
5180 and 1% forsD (both at 2 confidence). The isotopes tical coordinate, analytical solutions for the velocities and
in slices from 110.0-140.7 m were measured at the Institutéx’nseq“_ently the strain_ rates are obFained. The settings of
of Low Temperature Science. TH&80 isotope was mea- the_ g!amer model are given iBalamatin et al(2000 and
sured using a Finnigan Delta Plus mass spectrometer (error!liraiwa etal(200J). - _ .

0.06 %o at 2 confidence), andD using an Isoprime-PyrOH The trajectories of ice particles can be computed with the
mass spectrometer (error 0.3 %o at Gonfidence). Two sub- velocity field given by the analytical solution of the model. It

standard water probes (secondary water standards) were uskytherefore possible to estimate the change in annual layer
in each analysis, and results were corrected by the smowdhickness by using the back-trajectory method. The origin
SLAP scale Hagemann et 311970. (position at timerg=June 1998) of the back-trajectory of

The annual layers in the K2 core were dated b each annual layer is set to the central point of the layer at

reference to four volcanic ash layers. The ages ofPOSitionxc (wherex =(x, y, z)is the position vectory and

these ash layers are known based on their chemistry SPan the horizontal plane andpoints upward), and the
(Murav'yev et al, 2007, Fig. 7). They are also identi- end of the back-trajectory is at the glacier surface. The back-

fied by their mineral composition and stratigraphic fea- FJectory of an annual layer is given by

tures Qvsyannikov et a).2001). These layers are from the !
1985 Bezymianny eruption (12.04m below surface), 1956, _ xc — / v, (1)
Bezymianny (35.49m), 1829 Klyuchevskoy (102.82m),

o]

and 1737 Bezymianny (138.45m). The tephrochronolog-
ical interpretation of the dates of the four ash layerswhere the integration is carried out backward in timeintil

is also supported by analytical calculationSafamatin  the glacier surface is reached, anis the analytical solution
et al, 2000. Shiraiwa and Yamaguchi2002 confirmed  for the velocity field provided by the Salamatin model. The
the ages of the 1737 Bezymyanni, 1829 Klyuchevskoi andvertical strain rateD.., along each trajectory follows as
1956 Bezymyanni layers by counting annual layers in the ice

. o . .. dv;(x)
core. They were identified by locating the minima of the sea-Dz- (x) = ——. (2
. . . 0z
sonally varying amounts &fD. The dating error ist2 yr at o ) ) ) )
102.82 m depthhiraiwa and Yamaguc2002. The thinning function,R(xc), is defined as the ratio of the
annual layer thickness at the positisa in the glacier and
2.2 Accumulation-rate reconstruction at the surface, both counted in metres of ice equivalent. It

is obtained by the exponential of the integral of the vertical
The accumulation rate, i.e. the amount of snow that fallsStrain rate along the back-trajectory,

each year, is reconstructed by combining core data with ts

models. The core data provide the age of the annual lay- 1 — exp /D dr 3)
ers and their thickness. The thinning rate, how quickly an- R (xc) “

nual layers compact, can be estimated using ice flow mod- 0

els, measured vertical velocities, and radio echo sounding rewherers is the time in the past when the back-trajectory ends
sults Paterson and Waddingtpi984 Raymond et a).1996 (meets the glacier surface). The accumulation raiethat
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corresponds to an annual layer at positigrwith thickness
h (in metres of water equivalent) is
(@ /TR

= . AN
R(x¢) X 1:\\\\\\\\\&‘\‘\&
e NANA NN NN NN Y

.l NNNNNN f——
2.2.2 Elmer/ice N [

ds

Elmer/lce is a thermo-mechanically coupled, three-
dimensional flow model (e.gGagliardini and Zwinger
2008 Durand et al.2009 Zwinger and Moorg2009 Seddik

et al, 2011, 2012. It is based on the open-source multi- Tn—plane Velocity [m/a]

physical simulation software Elmeegltnerice.elmerfem.ojg

which employs the finite element method. In the version weFig. 2. Velocity field (absolute values as texture and direction vec-
used Zwinger et al, 2007, Elmer/ice accounts for com- tors) simulated with Elmer/Ice in anor_th—_south transect of the Gor-
pressible firn (firn model byGagliardini and Meyssonnigr ~ Skov crater glacier through the K2 drillsite.

1997. It diagnostically solves the full Stokes equations for

the Gorshkov crater glacier using the density profile fromwherepi
the K2 borehole and the present-day surface temperatum?h e vari
We have improved the approach Bwinger et al.(2007) in
two major ways:

=910kgnt2 is the density of pure ice and(d)
able density of the firn at depth This function is
governed by the equation

— In order to avoid the necessity of describing a bound- dR . aR . aR . aR _&D )
ary condition at the northern outflow of the crater dr  * ax ' > dy = ° az “

glacier, we have added to the model domain a 500 m . . L .
long downhill slab with a constant thickness of 50m | "€ Vertical strain rate is given by =dv./dz. According

and a slope of 0.2 (estimated from the map shown int© EGs. 6) and @) the surface boundary condition for E) (

Fig. 2 of Shiraiwa and YamagucH2002). IS

— In parameterizing the geothermal heat flwinger Rls = —, (8)
et al, 2007, Eq. 27), we optimized the parameters Ps
qgeo (Minimum geothermal heat flux at the deepestwhere ps is the firn density at the glacier surface. We set
point of the crater glacier) ang: (exponent of the  ps=0.45p; (Zwinger et al, 2007).
bed elevation) for best agreement with the tempera- We implemented the numerical solution of Eq) for
ture measured and the age profiles at K2. Optimizing g (x) in EImer/Ice, and the original thinning functiaR(x)
was carried out with APPSPACK (*Asynchronous Par- results from Eq. §). For a dated annual layer at position
allel Pattern Search”) software and produced values ofy = x. with thickness: (in metres of ice equivalent), the ac-
qgee =17.578 MW 2 andm = 2.3359. cumulation ratess is given by Eq. 4).

Applying the model provided a velocity field in the north—
south transect of the crater glacier through the K2 driIIsite3 Results and discussion

(Fig. 2).
In order to compute layer thinning in the Gorshkov glacier 3.1 |sotope §D) record and accumulation-rate
from the three-dimensional velocity field from the Elmer/Ice reconstruction
simulation, we applied the thinning functid(x) introduced
above. It is equal to unity at the surface, Annual layers were more than adequately sampled. There
Rl = 1. ) were 1461 samples covering the 170yr 1828-1997, equiva-

lent to 8.55 samples per annual layer. There were 1132 sam-
and decreases with depth. In contrast to the Salamatin modeples from the 92 yr 1736-1827, equivalent to 11.44 samples
the argument oR is not limited to the positions. of annual  per layer.
layers in the K2 ice core; it can now be any positom the Isotope measurements were hugely variable over the years
June 1998 configuration of the glacier. (Fig. 3). The standard deviation &D was 15.8 %o in the
Whereas the computed velocity field accounts for com-previous analysis (from the top to 110.03 m depth), and was
paction, this is neglected in the definition of the thinning 18.4 %. in the newly measured part (110.03—-140.60 m depth).
function R(x). Therefore, an auxiliary thinning function These values are more than ten times larger than the measure-

R(x) is defined by ment errors (Sec.1). The annual mean isotope ratio was
- Oi estimated using the dating results (My.The 20 yr running
R(x) = 0(d) R(x), (6) mean ofsD is also shown. The average annual mean isotope
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Fig. 5. Thinning rates calculated by the Salamatin (dotted line) and
Fig. 3. Measured water isotope profiles with dating results. Upper gimer/ice (solid line) models.

line: 5180, lower line:sD. Dotted lines with year number indicate
dated volcanic ash layerSi(rav’yev et al, 2007).
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Fig. 6. Reconstructed 20yr mean accumulation rates and annual
layer thickness (ALT) profiles.
-180 -
2000 1950 1900 1850 1800 1750
Year A.D. the measurement errors are large (S2d, it is difficult to

analyse the annual mean deuterium excess of the ice core in
& reasonable way.

Accumulation reconstruction using the two glacier flow
models indicated that the ice at 140 m depth thins by a factor
of 2 (water equivalent depth) in the ElImer/Ice model and by
a factor of 1.5 in the Salamatin model (F&). The substan-

ratio from 1736-1997 was 160.1 %o. The 20 yr measD in-
tial difference between these two reconstruction methods is
creased from the late 19th to the early 20th century. There is a
mainly due to the different rheologies. The constitutive flow

change in measD values mgﬁrthe late 19th century. The years law used in Elmer/ice is a power law which approaches the

1735-1880 and 1880-199D differ by 6.0%.. The mean o ional Glen flow law svith a stress ex onpeprmsf3 in

for 17351880 was-162.1 %o and that for 1880-1997 was . o1 ! . po! .
the limit of pure ice, whereas in the Salamatin model a lin-

—156.1 %0. The multi-decadaD fluctuation persisted from
ear rheology is assumed. The deeper ice is therefore softer in
the early 18th century to the late 19th century and becam?he Elmer/Ice model than in the Salamatin model. Because

W?/?llg ZI;:edi?;?n:iigt;%e deuterium excésssD — 85180 of this, and other differences between the models as detailed
in Sect.2.2, we feel unable to judge which model is more

his i indi r of chan in atmospheric
because this is a good indicator of changes in atmosphe approprlate However, the difference between the two recon-
circulation, precipitation seasonality and moisture source

(Dansgaard1964. However, the standard deviation of the structions provides a good estimate of the uncertainty asso-
. o ciated with reconstructed accumulation.

annual mean deuterium excess was small,3 %o, for the

entire period (although there were seasonal cycles). Because

Fig. 4. Annual mean (thin line) and 20 yr mean (thick lirs®) pro-
files. Note that the average isotope ratio increases from the lat
19th to the early 20th century.
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Fig. 7. () Wavelet plot forsD: binary logarithm of the power (ab- Fig. 8. a) Wavelet plot for reconstructed accumulation rates

e ’
solute sauagr;; ;f the \;\_/gvelet tlran:Tform_) |r?/3!;’:10k1<_:ontours repd (Elmer/Ice): binary logarithm of the power (absolute square of the
resent the 959% confidence level against red nofserénce and . oot transform) in Ma—2. Black contours represent the 95 %

Compg 1999- Areas outside th.e cone of influence (indicated by confidence level against red noi§®frence and Compd999. Ar-

the thick white Ilne)_are o be d_lscqrde_(dt.) Global wa:)/elet SPEC eas outside the cone of influence (indicated by the thick white line)

trum for ‘.SD' The th.m dashed line indicates the 95% confidence are to be discardedb) Global wavelet spectrum for reconstructed

level against red noise. accumulation rates (Elmer/Ice). The thin dashed line indicates the
the 95 % confidence level against red noise.

The trend of the accumulation rate has been nearly sta-

Flet (2Eblr(r)1erllce) (l):r' sllgr%trl]y increasing (Sa:a:_natm) tovefr the the linear detrending operation removes their greatest differ-
as years (Figo). The mean accumulation rates from ence, and so only the EImer/Ice results are plotted here.

1736 to 1997 were 0.62mw.eq. in the Elmer/ice model, and™ 4 o isotopesD expresses decadal (10-20yr band) and

2'51 '(;n \;vﬂe q.tln :[[h € Salfabmtagm mOd?I' Tredre were clle?r mUItt"muIti—decadal (40-60yr band) variabilities that are statisti-
ecadalfiuctuations of both reconstructed accumuration ra et?ally significant. Similar variabilities are found in the global

(20yr running mean). They were strong-#i 730-1850 and wavelet spectrum for periods of 11-13 and 35-52yr. The re-
became weak after 1950. constructed accumulation rates also show significant decadal
(10-20yr band, before 1850) and multi-decadal (20-50yr
3.2 Wavelet analysis band) variabilities (28-35 yr in the global wavelet spectrum).
ForsD, the multi-decadal variabilities decrease aftet840
Morlet wavelet analysis was applied to detrended (i.e. we re-and fall below the confidence interval at1880. It matches
moved the linear trend over the entire period of the signal)the shift in average value éD. Both mean values and the
annual meadD (Fig. 7a) and detrended reconstructed accu-dominant periods ofD changed between the end of the Lit-
mulation rates (Fig8a) in order to examine in more detail tle Ice Age and the present. The variability of the recon-
decadal and multi-decadal oscillations and its variation. Thestructed accumulation rates also shows this change in signif-
global wavelet spectrums are also shown (Fiisand8b). icance. Multi-decadal significant variability (40—60yr band)
These were tested for significance at the 95 % confidencéound in~ 1740-1830 weakens thereafter. Then the 20-40 yr
level against red noisd¢rrence and Compd 998. Wavelet  domain becomes significant #n 1860-1940.
results for accumulation rate reconstructions derived by the Some paleoclimatic proxies retrieved from the eastern
Salamatin model and Elmer/ice are roughly the same, sinc&lorth Pacific also show the change of decadal time periods
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of precipitation after the mid-19th century. Reconstructed1995. Increases around 1970 coincide with positive mass
accumulation rates derived from the Mt. Logan ice corebalances of glaciers in Kamchatkshjraiwa and Yamaguchi
(Holdsworth et al. 1989 also show that the dominant time 2002. Reconstructed, detrended annual accumulation from
period changed in the mid-19th century. There was a 36 ytthis ice core coincides to a degree with past winter accumu-
peak before 1860 but it became less significant after that pelation rates reconstructed using a model of Koryto glacier,
riod whereas there were 4, 11 and 21yr peaks after 1880ocated halfway up the east coast of Kamchatanjaguchi
Tree ring records in western North Americagdalof and et al, 2008.
Smith 2001, Gray et al, 2003 also show the shift of multi- Solomina et al(2007) found that the Ushkovsky accumu-
decadal variabilities in the mid-19th century. The match of lation record is in phase with the regional tree ring chronol-
the Ushkovsky/K2 ice core results with other paleoclimatic ogy KAML for ~1830-1880. Our results show that this is
studies in this region demonstrates that the mid-19th cenalso the case for 1730-1830. The mass balance phase of
tury climate change affected North Pacific surface precipi-Kozelsky glacier is generally in phase with the Ushkovsky
tation conditions. However, the mechanism is not necessaraccumulation. There is an anti-phase relationship between
ily the same in both places. Water isotope records from theJshkovsky accumulation rates and Asian PDO expression
Mt. Logan Eclipse ice core suggest the shift between mixedD’Arrigo and Wilson 2006. This is consistent with the anti-
and zonal flow regimes of water vapour transport occurredphase relation between accumulation rates and PDO index
around 1840FKisher et al.2004. However, there is a clear (Shiraiwa and Yamaguch2002).
difference between the water isotope ratios of the Mt. Logan
core and the Ushkovsky core. They decrease in the Mt. Lo3.4 Comparison with large-scale climate data
gan core but increase in the Ushkovsky core between the Lit-
tle Ice Age and the present. Increasing ratios were also foun#Ve also compared ouD signal and reconstructed accumu-
in the Altai ice core and this increase was interpreted as dation rates with surface temperatures (ECMWF ERA-40 re-
warming signal Henderson et gl2009. analysis, 2m monthly mean temperature fields for the pe-
riod 1958-1996, in 3yr meanEippala et al.2009. ForésD,
3.3 Comparison with local climate and glaciation data there is a significant positive correlation with mid-latitude
North Pacific (20—3DN) surface temperatures, and a signifi-
We compared the annual medb with precipitation and cant negative correlation with subpolar (40250 North Pa-
air temperature records from the Kljuchi weather stationcific surface temperatures (Figa). The correlation map of
(56.32 N, 160.83E, approx. 40ma.s.l., WMO Global reconstructed accumulation rates and ERA-40 2 m air tem-
Surface Network). Monthly precipitation (1961-1991) and peratures shows a significant negative correlation with the
monthly mean air temperature (1967-1989) were used tsubpolar North Pacific (40—-80, 180-150 W), and a sig-
calculate the annual mean air temperature and annual talificant positive correlation with the western coast of North
tal precipitation. The annual med@l® was not significantly ~ America (40 N, 125 W and 60 N, 145 W) (Fig. 10a). This
correlated with the annual mean air temperature{0.22, evidence indicates that the ice cdif@ records reflect extrat-
n.s.) or the annual total precipitation£—0.14, n.s.). Here ropical North Pacific surface climate conditions.
and below we lowered the effective degrees of freedom The pattern of the correlation map &b resembled the
in order to reduce the effect of the autocorrelations in thesecond leading mode of the North Pacific surface tempera-
two time series being correlated which would otherwiseture Bond et al, 2003, which is related to the North Pa-
inflate the probability of obtaining significant correlations cific Gyre Oscillation (NPGO) i Lorenzo et al. 2010
(Trenberth 1984. The monthly-precipitation-weighted tem- Furtado et al.2011). The correlation of annual meaiD
perature $teig et al. 1994 was derived to account for sea- with the annual mean NPGO indeDi( Lorenzo et al.
sonal variation in precipitation. This was significantly corre- 200§ was r =0.27 (p <0.10) for 1950-1997 and=0.70
lated with the weighted annual mean temperature at Kljuchi(p < 0.01) for 1979-1997. These results suggest idbate-
station andD (r =0.45,p < 0.05) in 1967-1989. This sug- flects the NPGO after the climate regime shift in 1976/1977,
gests thabdD reflects seasonal variation of precipitation rates but not before that. Since then, the location of the Aleu-
and temperature though it is difficult to obtain a simple rela-tian Low was shifted westward and the central pressure was
tionship betweedD and temperature. deepenedNitta and Yamadal989 Trenberth 1990. The
There are peaks at 1810-1860, 1920 and 1970 in the 20 yreconstructed accumulation rates also correlated with the
mean reconstructed accumulation rates. There are trough§PGO index for 1950-1997- £ 0.29, p < 0.10); however,
around 1760-1770 followed by a steady increase to large valfor 1979-1997 the correlation was smaller=0.21, n.s.)
ues at~ 1850. This again indicates that the reconstructed acthan that forsD.
cumulation rate is related to the history of glacier advance We further compared ice core signals with a sea sur-
and retreat in the region. The peaks ©fLl810-1860 and face temperature (SST) record, namely the Extended Re-
1920 coincide with glacier advances on Kamchatka Peninconstructed Sea Surface Temperature (ERSST) version 3
sula in the mid-19th and early 20th centu8o{omina et al. (Smith et al, 2008, in three year means (1854 to 1995,
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Fig. 9. (a) Correlation map of the ice co@D with ERA-40 3yr Fig. 10. (a) Correlation map of reconstructed accumulation rates

mean surface (2 m) temperature for 1958—-1996 (39 yr). Black con{Elmer/ice) with ERA-40 3yr mean surface (2 m) temperature for

tours indicate the land-water margin and the 90 % confidence level1958-1996 (39 yr). Black contours indicate the land-water margin

b) Correlation map of the ice codD with ERSST 3yr mean sea and the 90 % confidence levéh) Correlation map of reconstructed

surface temperature for 1854-1995 (142 yr). Black contours indi-accumulation rates (EImer/ice) with ERSST 3 yr mean sea surface

cate the land-water margin and the 90 % confidence level. temperature for 1854-1995 (142yr). Black contours indicate the
land-water margin and the 90 % confidence level.

141 yr). ForsD, there is a significant positive correlation with
mid to high latitude Northwest Pacific (30-48, 165 E— (Numagutj 1999. The ocean is thus the main source of wa-
165> W) surface temperatures, and a significant negative corter vapour for the Kamchatka Peninsula, particularly in win-
relation with offshore California (20—3%, 120-130W), ter. The precipitation record at Kljuchi showed that winter
and a part of the Gulf of Alaska (55-60, 145-158 W) precipitation is higher than during other seasons, which sug-
(Fig. 9b). The structure is close to the first leading mode gests that there might be high winter precipitation ratios in
of the SST anomaly, PDO, rather than NPGO. The corre-the annual layers of the K2 ice core.
lation map of reconstructed accumulation rates and ERSST Since the main source of the ice in the core is precipitation
(Fig. 10b) showed a significant positive correlation with the from the North Pacific, the variation of water isotope ratio
region 35-43N, 155-1685 E (east of Japan) and a signif- and reconstructed accumulation rates reflect the conditions of
icant negative correlation with the region 25230 165— the regionNumaguti(1999 differentiates between western
175 E (further southeast in the subtropics). and eastern Pacific sources, and shows that the main water
Water vapour transport analysis showed that almost 80 %vapour source is the West Pacific. The back-trajectory analy-
of winter precipitation and 50% of summer precipita- sis from the Ushkovsky volcan&KGwamura et a).2012) in-
tion over eastern Siberia originates from the North Pacificdicates that the air masses come from the Northwest Pacific
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and Siberia. Therefore, one of the main water vapour sourced Summary and conclusions

is the Northwest Pacific. By contrast, the Arctic Ocean is not

a main source, even though it is important for the materialWe presented and analysed water isotope records for the top
transport. 140.7 m of the Ushkovsky/K2 ice core. The average level of

The NPGO index is defined by the sea surface heighttD changed by 6.0 %o, from 1736—1880 to 1910-1997. This
anomaly of the California current region in the Northeast may well have been caused by an increase in average temper-
Pacific Oi Lorenzo et al. 2008. However, it is not di- ature between the end of the Little Ice Age and the present.
rectly reflected in the ice core records because of interventt is difficult, however, to ascertain a simple relationship with
ing processes. Transportation of the signal via the oceamnnual mean temperature because anéiDds modified by
through Rossby wave propagation takes several years at leastasonal precipitation change, as is suggested by the compar-
(Ceballos et a).2009. Other possibilities are connections ison with precipitation-weighted temperature.
via the atmosphere. There is a significant correlation between Lagrangian and Eulerian accumulation reconstruction
the low-passed North Pacific Oscillation (NP@Ydlker and  methods were developed for the thermo-mechanical coupled
Bliss, 1932 Rogers 198]) and the SST anomaly around 2-D Salamatin $alamatin et al.2000 and 3-D Elmer/Ice
Kamchatka Furtado et al. 2012). This represents atmo- (Zwinger et al, 2007) glacier models including firn dynam-
spheric forcing of the NPGQJgballos et a).2009 Furtado ics. These reconstructions showed that the layer of snow de-
et al, 2011, 2012. Linkin and Nigam(2008 showed that posited in a year on the surface compresses by 0.50 to 0.75 at
this sea level pressure pattern, NPO, is linked with the upperi40 m depth at the K2 drillsite. Reconstructed accumulation
air west Pacific connection pattern (WP pattéffgllace and  rates in the late Little Ice Age were slightly less than, or al-
Gutzler, 1981, and that the NPO/WP is a prominent mode most the same, as today. One of the large uncertainties is the
of winter mid-latitude variability. The correlation of the win- different firn and ice rheology employed in the two models.
ter term (January—March) WP index with annual méa&n  Glaciological observations of firn properties at the site and
is significant { =0.50, p < 0.05) for 1977-1997, though it transient simulations using a firn layer model would improve
is not significant for 1950-1997 £ 0.13, n.s.). This implies the accumulation reconstruction. The highest reconstructed
that the correlation betweetD and the NPGO index after accumulation rates, at 1810-1850, 1910 and 1970, coin-
the climate regime shift in 1976/1977 reflects that beweencide with glacier advances and mass balance changes and
8D and the WP index. moraine records in glaciers in Kamchatk&o{omina et al.

In contrast, the relationship betweé® and SST for 1995 Yamaguchi et aJ.2008. Therefore, the variation in ac-
1854-1995 differs significantly from that betwe&b and  cumulation can be used as a proxy for glacier accumulation
the ECMWF ERA-40 surface temperatures for 1958-1996changes in central Kamchatka. It is thus likely that Siberian
discussed above (Fi@b). (This difference also occurs if High and Aleutian Low activities affect the changes of Kam-
the ERA-40 surface temperatures are replaced by SST fochatkan glaciersBarr and Soloming2013. Analysis of the
1958-1996; not shown. The crucial point is thus the differentactivity of these pressure systems, their spatial extent and el-
time scale.) The structure shown in Féip resembles that of  evation will improve understanding of the forcing factors for
the PDO. There is a negative correlation between the winteglacier mass balance in the region.

(November—April) PDO index and precipitation and temper- The §D record and the reconstructed accumulation rates
ature in Kamchatka\lantua and Hare2002. Winter precip-  show significant decadal and multi-decadal variabilities and
itation increases and decreases cause corresponding changdmnges of multi-decadal time periods in the mid to late

in annual meardD through changes in winter layer thick- 19th century. The time at which the multi-decadal oscillation

ness. One of the reasons for the structure of Bigwould signal insD was lost coincided with changes in its average

be this precipitation-weight effect. The negative relationshipvalue between the end of the Little Ice Age and the present.
between winter precipitation in Kamchatka and PDO index The shifts of the dominant time period for the reconstructed

(Mantua and Hare002 also agrees with the negative phase accumulation also appears in the 1850s.

relationship between reconstructed accumulation and PDO We found significant correlations between the ice core

index Shiraiwa and Yamaguch2002. records and ERA-40 surface temperatures in the North Pa-

The water isotope ratio of precipitation depends on itscific, somewhat more pronounced & than for the recon-
sources and the condensation temperatures during transpatructed accumulation rates. The significant relationship be-
(Dansgaard1964. Although variation insD is caused by tween theSD record and the winter NPGO index is caused by
its dependence on the source conditions, this is not the cauges correlation with the winter WP index; the NPO/WP pat-
since it also depends on the precipitation-weighted local temtern is the forcing of NPGOCeballos et a).2009 Furtado
perature, as suggested above. Detailed water isotope moet al, 2011, 2012.
elling analysis (cfField et al, 201Q Porter et al.2014 of However, there is no significant relationship betwéén
Kamchatka and this ice core site can improve understandingnd the NPGO and WP indices before the climate regime
of the detailed mechanism behind water isotope variation. shift in 1976/1977. The correlation maps of the ice core and

140-yr SST records imply that there is a different pattern on
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