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Abstract The link between central Greenland stable oxy-
gen isotopes, atmospheric blocking frequency and cold
temperature extremes at decadal to multidecadal time
scales is investigated using observed and proxy data as well
as model experiments. A composite analysis reveals that
positive stable isotope anomalies in central Greenland are
associated with enhanced blocking activity in the Atlan-
tic European region. Several indices of blocking activity
in the Atlantic European region are higher correlated with
central Greenland stable isotope time series than with the
North Atlantic Oscillation indices both in observations and
model simulation. Furthermore, the blocking frequency
anomaly pattern associated with central Greenland stable
isotope variability is similar to the blocking anomaly pat-
tern associated with the Atlantic Multidecadal Oscillation.
A composite analysis reveals that stable isotope variations
in central Greenland are related to a large-scale pattern in
the frequency of extreme low temperature events with sig-
nificant positive anomalies over Europe and a southwest to
northeast dipolar pattern over Asia. During observational
period central Greenland isotope records, blocking and
extreme temperature indices over Europe show enhanced
variability 10-30 and 50-70 years. Similar quasi-periodic-
ities dominate the spectrum of central Greenland isotope
variability during the last millennium. We argue that long-
term variations of climate extreme indices over Europe and
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Asia, as derived from observational data, can be put into
a long-term perspective using central Greenland stable iso-
tope ice core records.
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1 Introduction

The stable isotope ratios (3'0 and 8D) from Greenland
ice cores are important archives of present and past climate
variability (e.g. Vinther et al. 2010a). The origin of this cli-
mate-isotope connection lies in the dependence of both the
stable isotopic composition of precipitation and the climate
variables on underlying atmospheric physics (Conroy et al.
2013). As there is a relatively high number of stable isotope
records available, covering various space and time periods
(e.g. Ortega et al. 2014), these relationships are of special
significance in paleoclimate research.

From the source regions to Greenland ice cores, the water
vapor stable isotope ratios can be modified through fraction-
ation processes. The condensation temperature is the main
parameter which controls the 3'0 in Greenland snowfall.
However, the 3'80 is affected also by changes in evaporation
conditions or air mass trajectories (e.g. Masson-Delmotte
et al. 2015). Other factors, like thermal inversions, discon-
tinuous sampling, precipitation seasonality, intermittency,
deposition effects and changes in the source region could
also influence 8'%0 signal in Greenland ice cores (e.g. Ortega
et al. 2014). These processes are related to atmospheric cir-
culation variability explaining the correlation between stable
isotope records from Greenland ice cores and teleconnec-
tion pattern indices (e.g. Vinther et al. 2010a), frequency
of weather regimes (Ortega et al. 2014), frequency of daily
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circulation patterns (Rimbu and Lohmann 2010) or atmos-
pheric blocking (Rimbu and Lohmann 2011).

The Arctic region has undergone significant warming
in the last decades compared with general warming of the
lower-latitudes, a phenomenon called Arctic amplification
(e.g. Cohen et al. 2014). This phenomenon was related
to significant changes in weather and climate extremes,
through a more frequent negative phase of the Arctic/
North Atlantic Oscillation (AO/NAO), a weaker zonal jet
with larger meanders or changes in large-scale Rossby
waves over Eurasia (Cohen et al. 2014). These possible
mechanisms are consistent with an increased frequency of
atmospheric blocking in the North Atlantic region and the
associated extreme climate events. Decadal to multidecadal
variations of several temperature and precipitation extreme
indices over Europe during the 1950-2013 period were
related to Arctic climate variability (Cohen et al. 2014).

Across the Northern Hemisphere, blocking circulations
are observed frequently throughout the year (e.g. Barriope-
dro et al. 2006). If such circulations are sufficiently strong
and persistent they can divert weather systems from their
normal path inducing significant climate anomalies, includ-
ing extreme climatic events (e.g. Silmann et al. 2011).
Recent studies identified significant decadal to multidec-
adal variations in the blocking frequency over Greenland
(McLeod and Mote 2016; Hanna et al. 2016) and the whole
North Atlantic region (e.g. Hikkinen et al. 2011, Ionita
et al., 2016). These variations in blocking frequency were
related further with decadal to multidecadal variations in
the frequency of extreme climate indices over Europe dur-
ing observational period (Rimbu et al. 2014). As the obser-
vational period is relatively short to have a clear view of
such variations, the main goal of this study is to put the
blocking and related extreme events variability into a long-
term perspective using stable isotope records from cen-
tral Greenland as well as atmospheric general circulation
model experiments. The choice of the central Greenland
stable isotope records is motivated by the data availabil-
ity. Another reason is the existence of a strong relationship
between the North Atlantic blocking and central Green-
land stable oxygen isotope variability during observational
period (Rimbu and Lohmann 2011).

The paper is organized as follows. Data and Methods
are presented in Sect. 2. The relationship of central Green-
land stable isotope variability and atmospheric blocking
variability is discussed in Sect. 3. The connection between
central Greenland stable isotope variability and extreme
temperatures and the role of atmospheric blocking in
explaining these relationships are discussed in Sect. 4.
Temporal variability of central Greenland stable isotope
anomalies and the possible connection with extreme cli-
matic phenomena are discussed in Sect. 5. A discussion and
the main conclusions follow in Sect. 6.
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2 Data and methods

The main quantities used in this study are three high reso-
lution stable isotope ratios records from central Green-
land: GISP2 8%H, Crete $'%0 and GRIP 3'30 (Fig. 1). The
GISP2 deuterium record (72.60°N, 38.50°W; elevation
3210 m.a.s.l.) covers the period 1300-1985 with annual
resolution. This record was retrieved from the environmen-
tal Publishing Network for Geoscientific & Environmen-
tal database PANGAEA (https://doi.pangaea.de/10.1594/
PANGAEA.56088). A detailed description of this record
can be found in Barlow et al. (1997). The Crete oxygen
isotope record (71.12°N; 37.32°W; elevation 3172 m.a.s.l.)
covers the period 553 AD-1973 AD with seasonal reso-
lution (Vinther et al. 2010b). The GRIP stable oxygen
record (72.58°N; 37.64°W; elevation 3238 m.a.s.l.) covers
the period 551 AD to 1979 AD with seasonal resolution
(Vinther et al. 2010c). Crete and GRIP records were down-
loaded also from the PANGAEA database (https://www.
pangaea.de). Although the winter 3'0 values correspond
to the November to March interval (Vinther et al. 2010a)
we look for the associated atmospheric circulation patterns
for December, January and February (DJF). This choice is
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Fig. 1 Map of Greenland showing the position of ice core records
used to establish central Greenland stable isotope variability during
1300-1973
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motivated by the fact that the patterns of two-dimensional
blocking indices used in this study are validated only for
DJF. However, no significant alteration of the results pre-
sented here is obtained when the analysis is extended to
November-March period.

To increase the signal to noise ratio we performed an
Empirical Orthogonal Function (EOF) analysis (e.g. von
Storch and Zwiers 1999) on the normalized values of the
winter GRIP and Crete and annual GISP2 records over the
common period 1300-1973 (684 years). The first principal
component (PC1) of these records is used to identify the
blocking and corresponding extreme phenomena patterns
associated with central Greenland isotope variability.

In this study the outputs of ECHAMS-wiso simulation
(Werner et al. 2011; Butzin et al. 2014) were used to iden-
tify the atmospheric circulation patterns associated with
central Greenland stable isotope variability. ECHAMS-
wiso is the isotope-enabled version of the atmospheric
general circulation model ECHAMS5 (e.g. Roeckner
et al. 2006). Details related to the stable isotope module
of ECHAMS-wiso model can be found in Werner et al.
(2011), Langebroek et al. (2011) and Butzin et al. (2014).
A horizontal model resolution of T106 in spectral space
(horizontal grid size of approximately 1.125° x 1.125°),
and a vertical resolution of 31 levels on hybrid sigma-
pressure coordinates were considered in this ECHAMS-
wiso simulation. To ensure a more realistic simulation of
present-day climate variability, the model was forced with
prescribed yearly values of present-day insolation and
greenhouse gas concentrations (IPCC 2000) as well as with
monthly varying fields of sea-surface temperatures and
sea-ice concentrations according to ERA-Interim reanaly-
sis data (Dee et al. 2011). Furthermore, the dynamic—ther-
modynamic state of the ECHAMS model is constrained to
reanalysis data by an implicit nudging technique. The mod-
eled fields of surface pressure, temperature, divergence and
vorticity are relaxed to the corresponding ERA-Interim rea-
nalysis fields. The performed simulation covers the period
September 1957 until July 2013. Here we regard the first
28 months as model spin-up and analyze the simulated
winter §'0 during a 53-year period between 1960/61 and
2012/13. The winter mean 5'®0 was calculated as a precipi-
tation weighted average of daily 8'80 for December, Janu-
ary and February.

The observed blocking frequency is calculated based
on the daily 500 hPa geopotential height (Z500) from the
twentieth Century Reanalysis database, version 2 (Compo
et al. 2011) (available at http://www.esrl.noaa.gov/psd/
data/gridded/data.20thC_ReanV2.html). The analysis is
limited to the period 1901-1973 when both ice cores and
extreme climate indices are available. We calculate both
one-dimensional (1D) and two-dimensional (2D) blocking
indicators. The 1D is based on the classical Tibaldi-Molteni

(TM) index (Tibaldi and Molteni 1990). The 2D blocking
indicator is based on the Scherrer et al. (2006) algorithm.
This 2D index is based on evaluation of blocking condi-
tions in each grid-point and goes beyond the classical one-
dimensional TM index (e.g. Davini et al. 2012). The same
algorithms were used to calculate the blocking frequency
in the ECHAMS-wiso model simulation over the period
1960/61-2012/2013 (53 winters).

To analyze the relationship between Greenland ice cores
and extreme climate events over Europe we use five indi-
ces of extreme temperatures: TN10p, TXx, TNx, TXn and
TNn, respectively. TN10p is an index measuring the per-
centage of time with daily minimum temperatures lower
than the 10th percentile of minimum temperatures calcu-
lated for each calendar day (with reference to the clima-
tological norm) using a running 5-day window. This is a
measure of the percentage of low temperature nights (cool
nights) in a winter. To check the consistency of the pat-
terns we used another four extreme temperature indices,
which are the maximum value of the maximum (minimum)
(TXx(TNx)) and the minimum value of the maximum
(minimum) (TXn(TNn)) daily temperature of each con-
sidered winter. Definition and details about these and other
extreme climate indices can be found in Karl et al. (1999).
These indices were extracted from the global land-based
gridded data set of climate extreme indices HadEX2 (Donat
et al. 2013). This data set covers the global land with a
3.75° x 2.5° resolution over the period 1901-2010 (avail-
able at http://www.metoffice.gov.uk/hadobs/hadex2). Addi-
tionally, we used station based extreme temperature indices
developed within the framework of the European Climate
Assessment & Dataset project (ECA&D) (e.g. Haylock
et al. 2008) (available at http://eca.knmi.nl/). We selected
only those stations which cover the period 1901-2010 hav-
ing more than 70 % available data.

The fingerprints of the North Atlantic Oscillation (NAO)
on central Greenland stable isotope variability are investi-
gated using the instrumental index of the NAO defined as
the standard difference in sea level pressure (SLP) between
Gibraltar and Iceland (Jones et al. 1997) (available at http://
www.cru.uea.ac.uk/cru/data/) as well as station and PC
based NAO indices (hereafter referred to as NAO-S and
NAO-PC respectively) defined by Hurrell et al. (2003)
(available at https://climatedataguide.ucar.edu/climate-
data/). The modeled NAO index is calculated as the PC1 of
the linearly detrended and normalized winter SLP from the
North Atlantic region (90°W—40°E; 20°N-80°N). Further-
more, we used also the PCs associated with the dominant
patterns of blocking in the North Atlantic region during the
1871-2010 period, described in Rimbu et al. (2014). The
time series of the Atlantic Multidecadal Oscillation (AMO)
index, defined as the area weighted average of the North
Atlantic (0-70°N) sea surface temperature anomalies, was
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downloaded from the Earth System Research Laboratory
(ESRL) web page (http://www.esrl.noaa.gov/psd/data/cor-
relation/amon.us.long.data).

Through composite analysis, we identify the block-
ing and extreme temperature anomaly patterns associ-
ated with central Greenland stable isotope anomalies. The
anomaly maps corresponding to winters characterized by
high (>+40.75 standard deviation) and low (<—0.75 stand-
ard deviation) values of a certain index are averaged. The
difference between these averaged maps will be referred to
as composite maps. The statistical significance of the com-
posite or correlation maps is calculated using a simple ¢
test (e.g. von Storch and Zwiers 1999). Temporal periodic

Fig. 2 Original (dotted) and (a)

-235

signals in the time series of stable isotope from central
Greenland ice cores are identified using wavelet analysis
(e.g. Torrence and Compo 1998). Statistical significance is
determined against a red noise null hypothesis using a Chi-
square test.

3 Stable isotope and blocking variability
The stable isotopes time series (Fig. 2) shows pronounced
interannual to multidecadal variations during the last mil-

lennium. The variability of these records during the last
decades is not unusual in the perspective of last millennium
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variability. Over the common period, which is 1300-1973,
the three time series are positively correlated each other.
At decadal time scales (5-year running mean) the correla-
tion coefficients of GISP2 with Crete and GRIP time series
are 4-0.14 and 4-0.29 respectively, while GRIP and Crete
time series are correlated at +0.30 level. Consistent with
this correlation structure, the first EOF of the three nor-
malized time series, which describes 48 % variance, has a
monopolar structure (loadings are 0.54, 0.64 and 0.53 for
Crete, GRIP and GISP2 respectively). The corresponding
principal component (PC1) is used further as an index of
observed central Greenland stable isotopes variability at
decadal to multidecadal time scales over the 1300-1973
period.

For the ECHAMS5-wiso, the winter 80 climatol-
ogy (Fig. 3) shows pronounced negative values in central
Greenland, consistent with 8'80 climatology derived from
seasonal resolution Greenland ice cores (e.g. Vinther et al.
2010a). We define a central Greenland 8'%0 index by aver-
aging the simulated winter 8'80 within the (39°W-36°W;
70°N-73°N) area (Fig. 3). The selected ice cores (Fig. 1)
are located within this region. The mean value of this
index over the period 1961-1973 is —34.55 %o, which is
higher than the average 3'80 from Crete over the same
period, which is —35.90 %o. The average 3'0 during the
1961-1979 period is higher in the simulation (—34.24 %o)
compared with the GRIP record (—37.40 %o). To our
knowledge, no evaluation of ECHAMS-wiso winter 3180
simulation has been published yet. However, a previous
version of this model, i.e. ECHAM4-wiso, shows a warm
bias over the Greenland ice sheet, probably associated with
model biases for surface temperature inversion or albedo

70W 60w oo 40W S0W 20W 10w

-3 -3 -3 -3 -27 -4 -21 -18 -5 -12 -9

Fig. 3 Winter (DJF) mean 8'30 over Greenland for the period
1960/61-2012/13 as simulated by the ECHAMS-wiso model. Units

%o. The box represents the region used to define a central Greenland
3130 index (see text for details)

(Werner and Heimann 2002). This warm bias is consistent
with more positive central Greenland 8'0 in ECHAMS-
wiso simulation compared with observations (Fig. 4).

Both the simulated $'®0 index and the PCI of stable
isotope ice cores show pronounced decadal variations over
1960-2013 and 1900-1973 periods (Fig. 4). The period
covered by both the simulated 3'30 index as well as the ice
cores PC1 is relatively short, i.e. 1960-1973. Small vari-
ations from 1960 to 1968 followed by pronounced nega-
tive linear trends are recorded both in the ice cores PCl1
and simulated 3'80 index (Fig. 4). Therefore, the observed
decadal variations in the central Greenland stable isotopes
are quite well reproduced in this ECHAMS-wiso model
simulation during this short period, i.e. 1960-1973. The
central Greenland stable isotope variability, as captured
by ice cores PC1 shows strong variability at time scales of
20-30 years with minima (maxima) in 1920s and 1950s
(1900s, 1930s and 1960s) (Fig. 4).

The 2D blocking climatology based on daily Z500
fields from the 20CR reanalysis (Fig. 5a) is very similar
to the corresponding ECHAMS-wiso blocking climatol-
ogy (Fig. 5b). Both maps indicate relatively high block-
ing frequency in a region that stretches from Davis Strait/
Labrador Sea to Scandinavia as well as another region that
extends from the Azores to southern Scandinavia. High
frequency blocking centers are founded over southeastern
Greenland, North Sea and Ural mountain region (Fig. 5).
Similar results were obtained in previous studies (e.g.
Scherrer et al. 2006; Rimbu et al. 2014). The differences
between absolute values of blocking frequency in 20CR
(Fig. 5a) and ECHAMS5-wiso simulation (Fig. 5b) could
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Fig. 4 Time series of central Greenland 5'30 index simulated with
ECHAMS-wiso (dashed) and PC1 of stable isotope records from
Crete, GRIP and GISP2 ice cores (solid). The PC1 was scaled to have
the same mean and standard deviation as the GRIP record. Data are
linear detrended and filtered with a 5-year running mean

@ Springer



N. Rimbu et al.

20CR BLOCKING CLIMATOLOGY DJF

C))

80W BOW 40w 200 O 20E 40E 60E BOE 100E 1208 140E

05 1 15 25 3 35 45 5 55 65 7 15
(b) ECHAMS -wiso BLOCKING CLIMATOLOGY DJF

8OW 60w 40w 200 0

206 40E 60FE 8OF TOOE 120E 140F

0.5 1 15 25 3 35 45 5 55 65
30 T T T T T T T T T
>s — - ECHAMS-wiso

P~

PN NI NN A O I N

L L L L L L L L L
-160 -120 -80 -40 o 40 80 120 160

longitude

Fig. 5 2D blocking frequency climatology for a observations (20CR
reanalysis) and b ECHAMS5-wiso model simulation. ¢ 1D blocking
frequency climatology for observations (solid) and ECHAMS-wiso
simulation (dashed). Units are % of blocked days from total number
of winter days of the period 1960/61-2012/13

be related to model characteristics as well as to blocking
characteristics in ERA-Interim reanalysis used as nudging
fields in this ECHAMS-wiso simulation. The 1D block-
ing climatology in 20CR and ECHAMS5-wiso simulation
(Fig. 5c) capture well the maxima of blocking frequencies
in the Atlantic and Pacific regions with frequency similar to
that presented in previous observational studies (e.g. Bar-
riopedro et al. 2006).

The 2D blocking composite map associated with the cen-
tral Greenland stable isotope ice core variability (Fig. 6a)
shows a pattern similar to that associated to the Atlantic
Multidecadal Oscillation (AMO) (Hékkinen et al. 2011). Pos-
itive (negative) stable isotope anomalies in central Greenland
are associated with positive (negative) blocking frequency
anomalies in a region stretching from southern Greenland
to central Europe as well as with negative (positive) block-
ing frequency anomalies over northeastern Europe (Fig. 6a).
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Fig. 6 a The composite map of 2D blocking frequency associ-
ated to PCI1 of stable isotope records from central Greenland. The
regions where the anomalies are significant at 90 % level are hatched.
b The 1D blocking frequency corresponding to high (solid) and low
(dashed) values of PC1 of central Greenland stable isotope time
series ¢ PC1 of stable isotope time series (solid), blocking frequency
index (dashed), PC2 of second pattern of blocking variability (dotted-
dashed) and the NAO index multiplied with minus one (dotted). Data
are linear detrended and filtered with a 5-year running mean

The corresponding 1D composite maps (Fig. 6b) shows
enhanced blocking activity in the Atlantic European sector
(80°W=20°E) for positive stable isotope anomalies in the cen-
tral Greenland, consistent with the 2D blocking pattern com-
posite (Fig. 6a). Note the significant differences between both
2D and 1D patterns associated with central Greenland isotope
variability (Fig. 6a, b) and the corresponding NAO blocking
patterns (Barriopedro et al. 2006; Scherrer et al. 2006). Based
on the composite map represented in Fig. 6b, we define a
blocking index as the number of days in a winter when the
sector (80°W-20°E) was blocked. This sector is considered to
be blocked if TM blocking conditions are satisfied for at least
five consecutive longitudes within it for at least five consecu-
tive days. This blocking index is significantly positively cor-
related with PC1 of central Greenland ice cores (r = 40.55)
(Fig. 6¢). The ice core PCl is negatively correlated with
NAO-CRU (r = —0.46), NAO-PC (r = —0.39) as well as
with NAO-S (r = —0.41). The ice core PCI is best correlated
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(r = 40.64) with PC2 of the North Atlantic blocking vari-
ability (Fig. 6c). This is consistent with strongly resemblance
between blocking anomaly pattern associated with central
Greenland stable isotope variability (Fig. 6a) and second pat-
tern of blocking variability in this region (Rimbu et al. 2014;
their Fig. 4a). Multidecadal variations of both ice core PC1
and blocking indices shows strong variations at 20-30 years
time scales with minima in 1920s and 1950s and maxima
1900s, 1930s and 1960s (Fig. 6¢).

The ECHAMS-wiso simulated 2D blocking pattern
associated with the central Greenland 3'0 index shows
positive anomalies in a region stretching from southern
Greenland to western Europe (Fig. 7a). However, positive
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Fig.7 a The composite map of 2D blocking frequency associated
with central Greenland 3'*0 index simulated by the ECHAMS-wiso.
The regions where the anomalies are significant at 90 % level are
hatched. b The 1D blocking frequency corresponding to high (solid)
and low (dashed) values of simulated central Greenland $'0 index.
¢ Simulated central Greenland 3'%0 index (solid) and blocking fre-
quency index (dashed) and the NAO index multiplied with minus one
(dotted-dashed). Period is 1960-2013. Data are linear detrended and
filtered with a 5-year running mean

blocking anomalies do not extend to central Europe as
in the observed pattern (Fig. 6a). The increase in the 1D
blocking frequency index in the Atlantic region (80°W-0)
during positive 5'®0 anomalies compared with negative
8!80 anomalies in central Greenland is clearly shown by
the model simulation (Fig. 7b), consistent with the 2D
blocking pattern (Fig. 7a). Both the 2D as well as the 1D
simulated blocking anomaly patterns (Fig. 7a, b) strongly
resembles the corresponding NAO blocking related pat-
terns. Based on the composite map represented in Fig. 7b,
we calculate the frequency of blocking in the sector
(80°W-0). The simulated blocking index (Fig. 7c) shows
decadal variations similar to §!%0 index and the simu-
lated NAO index (Fig. 7c). The 3'%0 index is significantly
positively correlated (r = +0.76) with blocking index and
significantly negatively correlated (r = —0.69) with simu-
lated NAO index. The correlation decreases to +0.60 if
the blocking index is evaluated for (80°W-20°E) as in the
case of observations. Correlation coefficients of similar
magnitudes between the NAO index and §'80 over Europe
in the ECHAMS-wiso simulations are reported by But-
zin et al. (2014) and more recently by Comas-Bru et al.
(2016).

To better assess the relationship between central Green-
land stable isotope and blocking variability at AMO time
scales we filtered out the variability at time scales smaller
than 40 years both from ice core PC1, simulated 3180 index
and blocking PC2. The ice core PC1 and simulated cen-
tral Greenland 8'%0 index follow variations similar to the
AMO index over the period 1901-2013 (Fig. 8). The phase

MULTIDECADAL (>40 YR)
3
I I I T I
+ = PCIICE CORES
L —  DI80 index (ECHAMS.wiso) ||
—  AMO
9 - PC2-BLOCKING

2 \ \ \
1900 1920 1940 1960 1980 2000
time (years)

Fig. 8 Multidecadal (time scales longer than 40 years) variations of
ice core PCl (dotted-dashed), simulated $'%0 index (dashed), PC2
of blocking (dotted) and AMO index (solid). The mismatch between
central Greenland 330 time series, AMO and blocking indices could
be related to strong filtering applied to these relatively short time
series
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differences in the 1950s (1980s) AMO maximum (mini-
mum) could be related to the strong filtering of these rela-
tively short time series. The AMO index leads the block-
ing PC2 with 5-10 years, consistent with previous studies
(Rimbu et al. 2014).

4 Relationship with extreme temperatures

We investigate first the extreme temperature indices and
atmospheric circulation anomaly patterns associated with
central Greenland isotope anomalies using winter reso-
lution data. The composite map of winter TN10p indices
associated with PC1 of stable isotope ice cores from cen-
tral Greenland (Fig. 9a) shows coherent large-scale struc-
tures. Significant positive anomalies are recorded over
central and southern Europe (10°E—40°E; 40°N-55°N)
and over a region stretching from Turkey to western China
(40°E-80°E; 35°N—45°N) while negative correlations
prevail over a large part of eastern Russia (70°E-120°E;
45°N-70°N). The corresponding pattern of 500 hPa atmos-
pheric circulation (Fig. 9b) is consistent with the extreme

DIFF Composite Map
(a) PC1 Stable Isotopes - Tn10p

80°E 120°E

(b) Z500 U V HIGH—LOW PC1 1901-1973

1S

D P 29

Fig. 9 a Composite map of TN10p indices associated with ice core
PCI. b As in a but for 500 hPa geopotential height (color) and wind
(arrows). The regions where the anomalies are significant at 90 %
level are hatched. Period is 1901-1973. Units: days and m and m/s
respectively
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temperature pattern represented in Fig. 9a. Enhanced cold
air advection over central and southern Europe during high
blocking activity in the Atlantic-European region is con-
sistent with a high frequency of the cold events in these
regions. Also the anomalous warm and cold advection asso-
ciated with the anomalous high pressure center from central
Asia (Fig. 9b) is consistent with the southwest to northeast
dipole pattern in the TN10p indices over Asia (Fig. 9a). A
similar wave-train from Atlantic to southern Asia is associ-
ated with the second pattern of blocking variability in the
North Atlantic region (Rimbu et al. 2014), which is sig-
nificantly positively correlated with ice core PC1 (Fig. 6¢).
The Z500 pattern associated with central Greenland simu-
lated 3'30 (not shown) projects strongly on the NAO. How-
ever, some characteristics of the observed atmospheric cir-
culation pattern are captured in the simulation.

To better assess and confirm the patterns based on sea-
sonal resolution data, we look for the synoptic-scale pat-
terns associated with extreme positive daily anomalies
of the central Greenland 8'80 index in the ECHAMS-
wiso model simulation. An extreme positive 8'%0 event
is defined as the number of consecutive days with central

(a) HIGH D180 EVENTS ECHAMS5-wiso
200 T T T T T T T T T

180
160
140
120
100

#events
[\ P -, -3
o o o o

ST T T T T T
-
(8]
w
'S

5 6 7 8 9 10 11 12
length (days)
(bZON Z500 DAILY ANO HIGH D180 ECHAMS-—wiso

Fig. 10 a Frequency of extreme high 3'30 events (consecutive val-
ues of daily 8'30 index >1 standard deviation) function of their dura-
tion. b Average daily Z500 (contour) and positive Z500 anomalies
(shaded) when the daily central Greenland 3180 index was higher
than one standard deviation. Both $'%0 and Z500 fields are from
ECHAMS5-wiso simulation for the period 1960-2013. Units: m
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Greenland §'80 index higher than one standard deviation.
No filter was applied to daily §'0 index prior to this analy-
sis. Such events have different durations varying between
1 day and 10 days (Fig. 10a). The average map of daily
Z500 field simulated with ECHAMS-wiso for all high "0
events (Fig. 10b) shows a pronounced ridge in the North
Atlantic, which is indicative of enhanced blocking in the
region. A less pronounced ridge is recorded downstream
over Asia (Fig. 10b). These ridges are compatible with a

(d)
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high frequency of cold events over Europe as well as with
the dipole pattern in the frequency of cold events over Asia
(Fig. 9a).

The longest high 3'30 event in the ECHAMS-wiso simu-
lation, which occurred during 19-28 February, 2005, lasted
10 days (Fig. 10a). It is interesting to see the atmospheric
circulation associated with this particular event. During 19
February, a pronounced ridge appears in the North Atlantic
(Fig. 11a) which is associated with advection of warm and
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Fig. 11 a—c Z500 (contour) and Z500 anomaly (color) maps for 19, 23 and 28 February 2005 from ECHAMS5-wiso simulation. d—f as in a—¢

but for the 20CR data. Units m
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moist air towards Greenland. This ridge breaks cyclonically
into a high pressure system centered southeast of Green-
land on 23 February (Fig. 11b) A less pronounced ridge
appears over central Asia (Fig. 1la—c). Similar structures
appear in the corresponding 20CR Z500 maps (Fig. 11d-
f). This event resembles a typical cyclonic Rossby wave
breaking event in the North Atlantic region as presented in
Liu and Barnes (2015). Cyclonic and anticyclonic Rossby
wave breaking events are responsible for extreme moisture
transport into the Arctic region (Liu and Barnes 2015) and
could be related to extreme 8'%0 events in Greenland pre-
cipitation. The structure of the circulation for this particular
8180 event in central Greenland is consistent with a more
meandering polar jet, a circulation structure that appears
more often during the recent decades connected to the Arc-
tic amplification phenomena (Cohen et al. 2014). There-
fore, the composite structure associated with high positive
anomalies of 8'%0 in central Greenland (Fig. 9b) is consist-
ent with increased frequency of synoptic scale circulations
like those represented in Fig. 11.

The composite maps of absolute minimum (TNn)
(Fig. 12a), maximum of minimum (TNx) (Fig. 12c),

(a) DIFF Composite Map
PC1 Stable Isotopes - TNn

54°N

45°N

36°N

80°E

90°E 120°E
b DIFF Composite Map
(b) PC1 Stable Isotopes - TXn
72N ;
63°N |'f§
54°N I
45°N
36°N I

90°E 120°E

60°E

Fig. 12 The composite maps of winter a minimum value of daily
minimum temperature (TNn), b minimum value of daily maximum
temperature (TXn), ¢ maximum value of minimum daily temperature
(TNx) and d maximum value of maximum daily temperature (TXx),
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minimum of maximum (TXn) (Fig. 12b) and absolute
maximum (TXXx) (Fig. 12d) values of daily winter tempera-
tures, associated with ice core PC1, show anomalies com-
patible with the TN10p pattern (Fig. 9a). All indices show
significant negative anomalies over Europe, consistent with
increased frequency of extreme cold events over this region
(Fig. 9a). However, the dipolar structure over Asia is less
clearly defined for these extreme indices compared with
TN10p (Fig. 9a). This is due to the fact that TN10p indi-
ces, which are based on percentile thresholds, are less noisy
compared with TNn, TNx, TXn and TXx indices, which
represents particular measured temperatures.

S Temporal variability

The composite maps represented in Fig. 12 show that sig-
nificant negative (positive) anomalies of extreme tempera-
tures over central and southern Europe are associated with
positive (negative) 8'30 anomalies in central Greenland ice
cores. To check the robustness of this result, we performed
a similar analysis, but using station based extreme climatic

(c) DIFF Composite Map
PC1 Stable Isotopes - TNx

60°E

DIFF Composite Map
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(d)

120°E

90°E

60°E

associated with ice core PCI1. Period is 1901-1973. The regions
where the anomalies are significant at 90 % level are hatched. Units
°C



Links between central Greenland stable isotopes, blocking and extreme climate variability...

indices from the ECA&D data set. The composite maps
associated with ice core PC1 (not shown) are in perfect
agreement with the corresponding composite maps based
on HadEX?2 data set (Figs. 9a, 12). Based on these maps
we define extreme temperature indices by averaging the
all available normalized TN10p, TNn, TNx, TXn and TXx
records within the region (10°E-30°E; 40°N-55°N). In this
region the anomaly of all indices are significantly (90 %
level) different from zero (Figs. 9a, 12). Coherent multi-
decadal variability of these indices and ice core PC1 are
detected. Opposite anomalies of TNn, TNx, TXn and TXx
indices and TN10p as well as ice core PC1 are recorded
during 1910-1920, 1930-1945 and 1960-1970 (Fig. 13).
Less coherent variations are recorded in 1950s, when ice
core PC1 shows a pronounced minimum (Fig. 13). Decadal
to multidecadal variations similar to ice cores PCI char-
acterize the second pattern of blocking variability in the
North Atlantic region (Fig. 6¢).

The ice core PC1, which covers the 1300-1973 period
(Fig. 14a), shows weak multicentennial but pronounced
decadal to multidecadal variations. There are not unusual
variations of the PC1 during recent decades. The wavelet
spectrum of this time series (Fig. 14b) shows significant,
but strong non-stationary oscillations, in the 10-30 years
frequency interval as well as enhanced variability at
50-70 years time scales. The global spectrum (not shown)
shows significant peaks at ~12 and ~20 years as well as a
non-significant peak at ~50 years. Strong bi-decadal varia-
bility was identified in other proxy records from the region,
like 8'80 from northern Greenland (Masson-Delmotte et al.

PC1-ICE CORES EXTREME TEMPERATURE INDICES

T T T T T T T T T T T T T T
= PCI-ICE CORE
4 --—. TN10p INDEX

[ — TNnINDEX 7

norm by std

- 1 l 1 l 1 l 1 l 1 l 1 l 1 l
1900 1910 1920 1930 1940 1950 1960 1970

time (years)

Fig. 13 PCI1 of stable isotope time series from central Greenland ice
cores (thick) and the extreme temperature indices over Europe (see
text for definition) (thin). The time series are linear detrended, fil-
tered with a 5-year running mean and normalized with corresponding
standard deviation. Period is 1901-1973

2015) and an accumulation records from northern Green-
land (Rimbu et al. 2007).

6 Discussion and conclusions

Both model simulations and analysis of observational data
show that decadal 3'30 variability in central Greenland is
related to distinct patterns in the frequency of atmospheric
blocking and extreme temperature indices over the Eurasian
continent. Enhanced blocking activity in the Atlantic-Euro-
pean region as well as positive anomalies in the frequency
of cold events over Europe are recorded during periods
characterized by positive anomalies of stable isotope (3°H
and 3'®0) in central Greenland ice cores. A correlation
analysis reveals that stable isotope from central Greenland
are significantly negatively correlated with the NAO index
(e.g. Vinther et al. 2010a). Consistent with these results, the
negative phase of the NAO, which is related to enhanced
blocking activity in the North Atlantic region (e.g. Shab-
bar et al. 2001), is accompanied by enhanced frequency of
extreme cold events over western and central Europe (e.g.
Andrade et al. 2012). However, we show here that, during
the instrumental period, central Greenland stable isotope
ice core records and extreme climate indices over Europe
are better correlated with indices of blocking activity in the
North Atlantic region than with the NAO indices at decadal
to multidecadal time scales. A similar analysis applied to
the five 8'30 records from central Greenland records (sites
A, B, D, E and G), described in Vinther et al. (2010a), (not
shown) reveals also a higher correlation of these ice core
PC1 with blocking PC2 (r = +0.72) than with NAO-CRU
index (r = —0.34) for the 1901-1970 period.

Analysis of observational data as well as model simula-
tion reveals that central Greenland stable isotope variability
is associated with a blocking anomaly pattern similar to that
of the AMO (e.g. Hikkinen et al. 2011). McLeod and Mote
(2016) showed that AMO and Greenland blocking are posi-
tively correlated. Masson-Delmotte et al. (2015) show that
northwestern Greenland stable oxygen isotope variability is
related to a sea surface temperature (SST) pattern showing
strong SST anomalies near Greenland as well as in the sub-
tropical and tropical Atlantic (their Fig. 6a). In the Atlantic
region, their SST pattern is very similar with the SST pat-
tern associated to the second mode of North Atlantic block-
ing variability (Rimbu et al. 2014), which contains AMO
related blocking signal. This suggests that the imprint of
the AMO in the NEEM record from northwestern Green-
land (Masson-Delmotte et al. 2015) is related to the block-
ing anomaly pattern associated with the AMO. Interest-
ingly, the central Greenland 3'80 index simulated with
ECHAMS5-wiso model shows multidecadal variations simi-
lar to those of the AMO index over the period 1960-2013.
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Fig. 14 a First principal component (PC1) of stable isotope ice core
records for the period 1300-1973. b Wavelet spectrum of the time
series represented in a. The thick black contours designate the 90 %

However, long-term simulations of the ECHAMS-wiso and
other general circulation models which include the repre-
sentation of water stable isotopes are necessary to clearly
detect and understand the AMO signal in central Greenland
stable isotopes variability at multidecadal time scales.

The recent strong increase in Arctic temperature leads
to decrease of temperature difference between Arctic and
mid-latitudes and therefore to a weaker zonal jet with larger
meanders (e.g. Cohen et al. 2014). Such a polar jet struc-
ture is consistent with more persistent weather patterns
(Francis and Vavrus 2012). Furthermore, Arctic warming
causes the thickness of atmospheric layers to increase more
to the north, such that the peaks of atmospheric ridges may
elongate northward, and thus, increase the north—south
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significant level against red noise. The spectrum outside the cone of
influence where the edge effects might be important is shown as a
light shaded. Colors show power or variance

amplitude of the flow (Francis and Vavrus 2012) and there-
fore more extreme mid-latitude climate. Such processes
could be responsible also for decadal to multidecadal varia-
tions of central Greenland ice cores and associated extreme
temperatures over Europe during past periods. Long-term
isotopic-enabled model simulations should be performed
in order to understand the relationships between central
Greenland stable isotope variability, atmospheric circula-
tion and extreme climate variability at decadal to multidec-
adal time scales.

A growing body of studies, reports enhanced variability
in the North Atlantic at 20-30 years time scales in model
simulations (Ortega et al. 2015) as well as in observa-
tional (e.g. Dima et al. 2002) or proxy (Rimbu et al. 2007;
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Masson-Delmotte et al. 2015) data. Analysis of model
simulations (e.g. Swingedouw et al. 2015 and references
therein) suggests that such variability is related to the size
and characteristic time of advection processes involved in
the dynamics of subpolar gyre. The long-lasting impact of
moderate volcanic eruptions can excite this mode of inter-
nal ocean variability (Swingedouw et al. 2015). Wavelet
analysis of our central Greenland stable isotope records
shows increased variability at 10-30 years time scale. Con-
sistent with above mentioned studies, the bi-decadal signal
in our ice core records is strongly not-stationary in time
suggesting a possible not regular external forcing.

Weather extremes frequently occur when atmospheric
circulation patterns are persistent which tends to occur
with a strong meridional wind component. This pattern
is consistent with increasing activity of blocking in the
Atlantic European region and its downstream effects dur-
ing positive stable isotope anomalies in central Greenland
ice cores. Previous studies (e.g. Trigo et al. 2004) shows
that frequency of cold events over Europe increase during
periods of enhanced blocking activity in the North Atlantic
due to increasing advection of cold polar air masses over
Europe. Recent studies show that there are also down-
stream effects of NAO and blocking (e.g. Sung et al. 2010).
They show that persistent (several days) negative NAO
events are accompanied by quasi-stationary wave trains in
downstream upper levels as well as with surface eastward
migrating anticyclones. The atmospheric circulation pattern
associated to central Greenland decadal stable isotope vari-
ability (Fig. 9b) as well associated with extreme positive
daily 5'®0 events in central Greenland in the model simu-
lation (Fig. 10b) are consistent with this mechanism. We
argue that low frequency of cold events over (70°E-120°E;
50°N-70°N) region as well as high frequency of such
events over (40°E-80°E; 35°N-45°N) (Fig. 9a) is a con-
sequence of high frequency of surface anticyclones that
accompany persistent negative NAO or blocking events in
the North Atlantic region. Analysis of daily atmospheric
circulation in ECHAMS5-wiso simulation confirms that, on
average, high 3'80 daily events in central Greenland are
associated with a pronounced ridge over the North Atlantic
as well as with a less pronounced ridge downstream over
central Asia.

A recent study (Comas-Bru et al. 2016) investigates
non-stationarities in the patterns of precipitation 8'%0 over
Europe associated with the NAO. Such non-stationarities
are due to spatial shifts of regions where NAO and precipi-
tation 8'%0 are significantly correlated and such shifts are
a consequence of different NAO and East Atlantic pattern
(EA) combination. They identified regions where the NAO
signal in 8'80 field is stationary and argue that 8'80 prox-
ies from such regions are good predictors for NAO recon-
structions. However, stable predictors for climate indices

could be identified systematically through analysis of run-
ning correlation maps (Lohmann et al. 2005; Ionita et al.
2008, 2014). Certainly, the patterns of extreme temperature
indices associated with central Greenland $'30 variabil-
ity presented here are specific to the observational period.
Assuming a stationary relationship between ice core PCl
and climate extreme indices over certain regions of Europe,
part of the decadal to multidecadal extreme temperature
climate indices variability can be reconstructed using cen-
tral Greenland stable isotope ice core records. In particu-
lar, the periodic signals detected in the ice core PClI, i.e.
10-30 and 50-70 years frequency intervals should charac-
terize also extreme climate indices variability over parts of
Europe and Asia during the last millennium and possible in
the future. This implies a certain degree of predictability of
extreme temperatures in these regions at decadal to multi-
decadal time scales.

In this study we have shown that stable isotope variabil-
ity from central Greenland ice cores are strongly related to
climate extreme indices variability over Eurasian continent
at decadal to multidecadal time scales. The analysis could
be extended to other extreme climate indices for tempera-
ture, precipitation, heat or drought. Therefore, the cen-
tral Greenland ice core records may be used to put recent
blocking and extreme climate variations into a long-term
perspective.
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