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ABSTRACT

NORTHERN HEMISPHERE SEA LEVEL PRESSURE SYNCHRONIZ®N AND
ITS EFFECT ON NORTHERN HEMISPHERE TEMPERATURE VARBALITY

by

Joshua D. Verbeten

The University of Wisconsin — Milwaukee, 2014
Under the Supervision of Dr. Kyle Swanson

We consider monthly anomalies of zonally averagedisvel pressure (SLP) in
the Northern Hemisphere (NH) from two reanalyszdoicts. A measure of
synchronization utilizing correlation coefficiemt a five-year sliding window across all
latitude pairs is computed over this data. It isnfo that there have been two NH SLP
synchronization episodes since the 1890s, whiclsigrgficant to approximately three
standard deviations. Similar statistically sigrafi¢ synchronization events are seen in
simulations of 42 global climate models (GCM) witle dominant synchronization
pattern in GCMs proving dynamically consistent wottservations. Furthermore, a
GCM-based NH temperature anomaly composite shdlastaning of temperature time
series in a decade prior to the synchronizatiosagfas, a brief warming trend just after
episodes, and a cooling trend thereafter, all atlwagrees with the temperature
structure around the observed synchronization dpiseen in the 1890s. NH sea ice
concentration anomalies are also composited frabajiclimate models and show a
decrease in ice concentration approximately one/doyears after the maximum increase

in temperature and an increase in ice concentrati@to two years after the maximum



decrease in temperature. These results have stibtaplications for climate

prediction up to a decade in advance.
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1 Introduction

In a pioneering worKTsonis et al. (2007) showed that an important precursor of
major climate shifts in large-scale climate patsesishort-term synchronization of
climate variability across a wide range of its gators. Under the right conditions, the
synchronization is destroyed and a new climate staterges. Therefore, they showed
that it is important to document and characterlaeate change surrounding observed, as

well as simulated synchronization episodes.

In this study, followingT'sonis et al. (2007), we aimed to better understand the
dynamics of Northern Hemisphere (NH) climate valigbconditioned on
synchronization episodes diagnosed in the zonabyamed sea level pressure (SLP)
field. The SLP synchronizations are characterizethts field’s anomalies at different
latitudes and how they vary in sync. SLP was chdsesynchronization based on the
field’s impact to low frequency variability withisensible weather and temperature
patterns. In this approach, it is revealed thatwstatistically significant
synchronizations in NH SLP are experienced, ardistemperature pattern in the NH

can be predicted thereatfter.

Section 2 provides the reader with the data andhodstthat are used in this
paper. Section 3 gives the results of observedhadkeled SLP synchronization and
temperature structure around significant synchiattion episodes. We then discuss

avenues for future work and give a summary of\wosk in section 4.



2 Dataand Methodology
2.1 Data

For this study, we chose to analyze monthly NCERAR@®eanalysis 1 (Kalnay et
al., 1996) and ZiCentury Reanalysis V2 (Compo et at., 2011), 100§etdpotential
height (h1000) and SLP data which is provided leyNAA/OAR/ESYL PSD in

Boulder, Colorado USA (available lattp://www.esrl.noaa.gov/psd)hese products are

produced through data assimilation methods thatievthe recovery of land surface,
ship, rawinsonde, aircraft, satellite, and othdaddservations, which are filtered into a
dynamical model. We considered wintertime (Decembiezbruary) data covering the
NH, on a 144 x 372.5° resolution spatial grid with temporal range fro841& — 2013 for
the Reanalysis 1 product and 1871 — 2013 for tren&gsgsis (V2) product. NH winter
months are chosen because wintertime variabilithénNH is stronger than that during
other seasons (Holton 1992), and hence, signattitatas easier. The data is then
zonally averaged with the seasonal cycle removegivothe final monthly NH SLP

anomaly dataset.

In addition, we also looked at observed NH surtaeceperature anomalies in this
study. The dataset chosen for this field is the®RT4 dataset, (Brohan et al. 2006),
which takes surface temperature and sea surfaqeetatare from 4,800 stations, which
are separately averaged int¢aresolution grid and then weighted (Morice et 8l12)
by latitude. The time series resulting from thisadat gives a good approximation of NH

temperature anomaly evolution from 1850-2013.

In addition to observed data, we also consideredtMyp Coupled Model

Intercomparison Project version 5 (CMIP5) represiwvee concentration pathway (RCP)



4.5 scenario model simulations of SLP and surfaogerature. These fields were
analyzed in a similar fashion as to the NCEP/NCAdairalysis product previously
mentioned. The “4.5” is a midrange mitigation enaas scenario with temporal range
extending from 1861-2100 (Taylor et al., 2012)ofat of 42 individual contribution
simulations are considered with zonally averagedNR and NH temperature

anomalies computed over2=° resolution spatial grid.

In addition to the temperature and SLP fields ftbenCMIP5 RCP 4.5 climate
models, NH sea ice concentration is also consider#us study. Unlike temperature and
SLP, only nine model simulations of sea ice comegiain from the CMIP5 RCP 4.5
climate models are made available to the publiceagain with anomalies computed on

a 2.5°spatial grid with the same temporal resolution.

2.2 Synchronization Measure

Following the work ofTsonis et al. (2007) we aimed to quantify how in sync NH
SLP is at a given time, and thus; a measure oftspmization is created for this study.
The measure of synchronization was computed by sngithe absolute values of
correlation coefficients between SLP time seriediffétrent latitudes computed over a
five-year sliding window, for all possible latitughirs. In obtaining the above multiple
correlation coefficient, we used a weighted sumamatin which the single correlation
coefficient representing a given pair of latitueess multiplied by the square root of the
product of the cosines of these latitudes. Theltiagumultiple correlation coefficient is
divided by the sum of all such square roots fonmadization (so that the resulting

multiple correlation coefficient is between 0 andThis weighting provides an area-



weighted synchronization measure. The resultingevaf synchronization measure (or
multiple correlation coefficient) was then assignedhe midpoint of the five-year
window considered. The five-year window is therftelli ahead one time step with the

same calculation performed until the end of thergds achieved.

3 Resaults

3.1 Observed SLP Synchronization

To filter out unpredictable white noise, we firsbgected the zonally averaged NH
SLP anomaly dataset from the Reanalysis 1 produtata compression via singular

value decomposition

(1) SLP=XeV

where X represents the matrix of principle compon@?®s) of the SLP dataset and the
columns ofV are the corresponding Empirical Orthmad-unctions (EOFs). With the
first four terms of the decomposition (1) accougtiar 98.6% of the total SLP variance,
the remainder of the EOFs were discarded in tHevirhg analysis using the

synchronization algorithm described in section 2.2.

The time series of synchronization measure from @halysis is plotted in blue, in
Figure 1. For completeness, h1000 data is alsdsgnized (not shown), however, it is
noted that the NH h1000 synchronization measure series and NH SLP
synchronization measure time series are approxiynatgial. Four local maximums of
synchronization measure are seen in Figure 1,avitbvent in the early 1950s, an event
in the early 1970s, an event in the late 1970s tla@anost significant of the four events

occurring in mid to late 2000s. Figure 1 also shdvesmean (black line) and one



standard deviation of this synchronization timeese(dashed black line). The peak in the
synchronization measure of NH SLP in the mid te B@00s takes a standard score of
3.13, where the standard score quantifies how retamdard deviations a data point in a

time series is away from the mean of the time serie

3.2 Significance Testing Using Linear I nverse Modeling

A stochastic linear inverse model (LIM) is utilizemldetermine whether or not
the observed SLP synchronization peak in the mldteo2000s is likely to be caused by
intrinsic variability of the SLP system, or, othese, if it was forced externally. Linear
inverse modeling is a data modeling technique, lwhts a parametric multivariate red-

noise model

(2) X" -X"=BeX"+R

to the observed multivariate time seris by figdime set of coefficient8 to
minimize the difference between the left-hand sidé right-hand side of equation (2).
This is achieved via multiple linear regressionteAimodel construction, synthetic
realizations of the variablX time series can aiobd by simulating its evolution
according to model (2) forced by the white-noise@yates sampled from a distribution
with the same covariance structure as thdRof oBReearlier discussion, we performed
LIM modeling in the subspace of the four leadingsRESLP and using equation (2), we
generate 1,000 surrogate sets of these PCs. TheHUSLP anomaly datasets are

reconstructed from these PCs using equation (1f, the observed EOFY



The 1,000 full surrogate datasets obtained by thedre then subjected to the
same synchronization algorithm as described in@et2. The o8 percentile of the
maximum values (over the whole simulation perigddymchronization measure in each
of the 1,000 datasets is the red line plotted guf@ 1. This line signifies that peaks of
similar or greater magnitude to the synchronizagieak seen in the mid to late 2000s are
likely to happen within the scope of the record.(there is a 5% chance that there will be
a peak of similar magnitude to that of the red Bbhsome time throughout the period).
Since the entire synchronization measure time s&ibelow the red line, we conclude
that the mid to late 2000s peak in synchronizaamot unlikely to have come about due
to intrinsic variability within the SLP field andag have not been forced by an outside
source (since our empirical SLP model (2) has poasentation of the external forcing).
The green line is the mean of théhq:ﬁercentile of all time series valuésr, a given year,
throughout all 1,000-surrogate synchronization tseges. This line shows that it is very
unlikely to see a synchronization peak of similagmitude to the mid to late 2000s peak
at any random year selected in the period (i.eetlsea 5% chance to see an event similar

in magnitude to the green line at any discrete tilmeughout the period).

In summary, SLP synchronization events, of sinmagnitude to the episode in
the mid to late 2000s, appear to arise due tagitriSLP variability and, by themselves,
may be difficult to predict. We will see below, hever, that once the synchronization
episode has been observed, we may expect a ptadibihavior over the following
decade in important climate variables, such asi®&hperature and sea-ice

concentration/extent.



3.3 NH Temperature Behavior Around Synchronization Episodes

Encouraged by finding a significant NH SLP synclization event in the mid to
late 2000s, we then looked at a SLP dataset thahéx further into the past than the
NCEP/NCAR Reanalysis 1 dataset. In particular 2tfeCentury Reanalysis (V2)
dataset, with temporal range from 1871-2013, wagested to the same synchronization
algorithm described in section 2.2. The top pahé&ligure 2 shows NH SLP
synchronization of this late Tao early 2% century dataset analogous to Figure 1. From
the figure, we now see two significant synchron@atpisodes. The first
synchronization episode we point out is the episas in the NCEP/NCAR Reanalysis
1 product, which obtains a local maximum in the moidate 2000s. We note that the peak
the Reanalysis (V2) is slightly less pronounceahttiet identified in the Reanalysis 1
product. However, another local maximum in SLP &yanization seen in the V2
product, which comes in the mid 1890s, has a petitksamilar magnitude to the peak in

the mid to late 2000s.

Having a synchronization peak in the past, rathan on the edge of the available
data record, provides us with a unique opportuisitgxamine if an SLP synchronization
episode may have any influence on temperature dresma the NH. Figure 2 also
shows the NH temperature anomaly @, from the HadCRUT4 dataset. An
examination of this anomaly shows no significact@ase or decrease in temperature
anomaly prior to the 1890 NH SLP synchronizatioisege, followed by an anomalous
local increase in temperature starting at approtaéipat 1899, and an anomalous local

decrease in temperature after 1910.



When considering the mid 2000s synchronization peakalso see that there is no
significant increase or decrease in temperaturenahoprior to the synchronization
episode, consistent with an early"2@entury behavior, but we cannot say what happens
afterwards, since the temperature anomaly struetitiee the episode is not yet available.
The results described above on the NH temperathavior associated with SLP
synchronization thus far are interesting, but saéstically suspect, given that we only
have two synchronization episodes to compare teayrer structure around. To check
for robustness of this behavior and to boost stegissignificance, we next look into

whether global climate models can produce and éunthtionalize this type of behavior.
3.4 Global Climate Model Analysis

To determine if global climate models (GCMs) shomikar temperature structures
around synchronization episodes as seen in obgargaan analysis of 42 CMIP5 RCP
4.5 GCMs was performed. Once again, our purposeila@heck if GCMs are simulating
NH SLP synchronization episodes with magnitude Isinto observations to increase
synchronization sample size, and if this is thecasdocument the temperature anomaly

structure around these episodes.

It is important to increase the SLP synchronizasample size to understand if
the observed temperature structure before andegisodes can be expected when we
observe a significant SLP synchronization episaaegyforward; this possibility
provides a potential bridge to interannual-to-detatimate predictability. The next task
then is to subject the 42 CMIP5 RCP 4.5 model satmuhs of NH SLP anomaly to the

synchronization algorithm described in section 2.2.



The NH SLP anomaly fields provided from the GCM slations do produce
synchronization episodes with similar and, in sens¢éances, greater magnitude than
what is seen in the Reanalysis 1 product (see &igurin fact, a total of 51
synchronization episodes occurring at or abovertheimum synchronization peak in the
observed mid to late 2000s peak (0.7251) are seteiGCMs simulations we analyzed.
In Figure 3, we plot three examples of model-basaathronization time series, with one
model producing no episodes, one model producirgepisode, and one model
producing many episodes. Since we do see the siMHaSLP synchronization episodes
in the models as we do in observations, we nexh@ed, what happens to NH
temperature around the episodes in the GCMs ardftmssimilarities to the temperature

structure seen in observations (see Figure 2 oingbianel).

Shown in Figure 4 are the NH (Figure 4a) and Aragigion (Figure 4b)
temperature anomaly composites over the 20-ye&geentered on each of the GCM
simulated 51 synchronization events, along withemtainty thresholds obtained via
surrogate compositing over a random year in theetsatiat produce synchronization
episodes. For consistency with the 51 membergtiogaiuced the actual composite, the
latter re-sampling procedure considered the samauof synchronization episodes for
each sample as that of the number of observed symichtion episodes from their
respective GCMs. The 97'%nd the 2.8 confidence levels based on 1,000 surrogate

composites are also shown in Figure 4a and Fidoi®lack lines).

There is strong similarity between these two figuespecially with regards to
when a significant positive and negative tempeeatumomaly arises following the

synchronization episodes. The first significant pemature increase in Figure 4a and
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Figure 4b comes approximately three to four yeties a NH SLP synchronization
episode with the anomaly peaking at G6and 0.37C respectively. A significant
decrease in temperature anomaly is seen aftemé@mémum increase in temperature with
a minimum in temperature anomaly peaking at -0°@52and -0.32C respectively at
approximately eight years after the episode. Thetrature then seems to approach zero
after maximum decrease in temperature anomaly stiggea decadal temperature

variation time scale after synchronization episodes

With the significant increase and subsequent deergatemperature seen in GCMs
after synchronization, especially in the Arcticioeg Arctic sea ice concentration is
analyzed in a similar fashion to temperature. Téraposite that is seen in Figure 5 is
composed of 21 synchronization episodes from nifierdnt CMIP5 RCP 4.5 model
simulations where a synchronization episode is@hdsthe peak arises above a 0.7251
synchronization measure threshold. Figure 5 sugdkat there is a significant decrease
in sea ice concentration approximately five yeftiex &ynchronization episodes and a
significant increase in sea ice concentration agprately ten years after synchronization

episodes.

When comparing the sea ice concentration comp(@sigerre 5) with the
temperature composite (Figure 4b), one can sedheaignificant increase/decrease in
temperature leads the significant decrease/inclieasss ice concentration by
approximately two years. This result makes physeake in two ways; first, it appears
that the sea-ice behavior is forced by the NH tewmtpee (that is, warming causes a
decrease in concentration), and second, that tbeeps takes a bit of time due to the sea-

ice thermodynamic and possibly dynamic inertiawgonvouldn’t expect to see an
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immediate impact on sea-ice concentration at ex#otd same time as we see changes in

the temperature structure).

3.5 Spatial Structure of SLP Synchronizations

It is important to understand whether or not th&2Vis models are dynamically
consistent with observations to conclude that ¢éineperature structure found in the
GCMs is significant and is likely to be seen follog/possible future synchronization
episodes. The main question we explore here ishehet not the modeled SLP
synchronization episodes represent the same phermonas observations do and whether
the same physical processes are leading to synezhtmm events for both GCMs and
observations. If the modeled synchronization emsatb physically represent the same
processes that observations show, the argued tatapestructure after synchronizations
episodes can confidently be used as a predictatdoadal temperature variability after a

synchronization episode is experienced.

To explain whether or not observations and GCMgegpessenting the same SLP
patterns that are contributing the most to synalzedion, a latitudinal distribution
analysis was performed. In particular, we computiedsingular value decomposition of
the correlation matrixC  for a multivariate SLP tiseries,S, over a five-year period

centered at the synchronization episodes (lineadtwvas removed prior to the analysis):

(3)C=UeSeV
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hereU andV are identical matrices of spatial weiglthose columns correspond to the
spatial pattern that contributes the most to théiphe correlation coefficient related to

our synchronization measure.

This leading synchronization pattern is plottedrigure 6 for all significant
synchronization episodes this study has consid@&episodes). First, the plots tell us
how correlated each latitude band is with one arofior example, if a latitude band
takes a value of 0.2 and a different latitude bakes a value of 0.2 as well, these bands
are said to be in perfect correlation. Secondly,plots tell us which latitude bands are
contributing the most to the synchronization meague. multiple correlation
coefficient) and are found at which latitude thetpltake maxima and minima. By this
analysis, we can say that the latitude bands thatibute the most to the
synchronization measure at&—3C°N  a@-8C°N  , which alsoharéatitude bands
that hold maximum anti-correlation between one lagiotsince they correspond to the

largest positive and negative weights, respectjvely

All of the 53 episodes shown in Figure 6 exhilbmigar latitudinal structure with the
exception of one GCM episode. This means that #s€ majority of GCMs examined in
this study agree with observations in that theyusate synchronizations episodes with
robust spatial patterns consistent with the obsepagtern. Therefore, we can conclude
that our significance testing with regards to terapge and sea ice concentration
anomaly composites are in fact an extension torgagens and that the composites give
a true representation of temperature and sea rteeatration in the 10-year period
before and after NH SLP synchronization episodass giving way to a new framework

for forecasting decadal NH temperature variability.
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3.6 Synchronization Episode Connection to AO Index

Lastly, to investigate which SLP pattern dominghtssynchronization episodes we
looked into the possible relationship between A@em(Thompson and Wallace, 1998)
and SLP synchronization described in this studythWie correlation coefficient of the
first EOF mode of our SLP dataset and the AO inalging 0.83, it is concluded that the
leading EOF of our SLP dataset effectively represtre AO index. The leading EOF
mode of our SLP dataset is plotted in Figure @lue, and shows that it exhibits the
same spatial pattern as the leading mode of syn@ation episodes considered
previously. This suggests that the trailing modesun SLP dataset gives minimal
contribution to the synchronization measure usddigstudy. To test if the first EOF
mode of our SLP dataset (AO index) dominates onclssonization measure compared
to trailing EOF modes, an AO-dominance ratio isated. This ratio goes as

X

(4) Ratio=_—

2. X5
where X*are the squared PCs of the SLP dataset, with sptssirdicating which modes
are summed. This ratio is computed over a five-giding window over the Z0century
reanalysis dataset and is plotted in Figure 7|ue.brhe synchronization measure
described in section 2.2 is also plotted in Figura green. From the figure, we see that
there are local maximums in AO-dominance ratio \wwhee see the two significant
synchronization episodes (1890s and 2000s). Thess#ts lead us to believe that since
the AO index exhibits similar spatial structuresymchronization episodes, and that the

AO-dominance ratio takes maxima at synchronizagtjpisodes, we are likely to see
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synchronization episodes when the trailing EOF rsoderfere least with the leading

(first) EOF mode (AO index).

4 Summary and Future Work

Zonally averaged NH SLP anomalies in observations@CMs are shown to
exhibit rare, but climatically important synchroaiion episodes during which the polar
SLP becomes abnormally anti-correlated with trddsiaP. The two observed events
occurred in the 1890s and then again in the midteo2000s. Significance testing using
an empirical SLP model simulating its intrinsic iadility shows that episodes are not
unlikely to happen due to intrinsic variability aticht they are essentially unpredictable
by themselves. However, a look at temperature stre@round these episodes provides a
promise for predictability. In particular, the Nemperature anomaly shows no
increase/decrease just prior to the synchronizaw@mt but an interannual oscillation
afterwards, with a warming and then cooling tramthe 10-year period following the
synchronization episodes. All of this behavior lilding the existence of abnormal SLP
synchronizations, the dominate latitudinal pat@resynchronization episodes, as well as
the interannual temperature trends around the $h€hsonization, is shown to be
ubiquitous and statistically significant in GCMBus providing a useful framework for

climate prediction on interannual-to-decadal tiroales.

There are many avenues to explore with regardsttwe work to pursue following
the results presented in this study. First, it widug useful to build off of section 3.6 and
dig deeper into how and why these synchronizatmsogles happen. Are the episodes

exclusively being driven by intrinsic variability are they forced somehow by
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interacting climate modes or external forcing? $eca would be worthwhile to look
into other climate/weather related variables toicteey are also being affected around

synchronization episodes, much like how temperature
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NH SLP Synchronization
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Figure 1. Synchronization measure time series tioan reconstructed NH SLP

anomaly time series using four leading modes, il bMean of this time series is plotted
in solid black with one standard deviation plotiedlashed black. The chance of seeing a
synchronization peak throughout the period hetbeated line is 5%. The chance of
seeing a synchronization peak at a discrete tintlgeagreen line is 5%.
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NH SLP Synchronization

0'81_”"1' """""""" o o T o o
o ‘ ‘ : : : :
2o
B 07 e
0 .
2
s :
.g 0 et £ S
(u .
N :
c !
o
E 05 """""""""""""""""""""""""""""""""""""""""""""""""
[ .
E
04n T T Lo Lo Lo -
1880 1900 1920 1940 1960 1980 2000
Year
NH Temperature Anomaly
11_””1 """"""""" o . e s

Temperature Anomaly (C°)

1880 1900 1920 1940 1960 1980 2000
Year

Figure 2. Top panel: NH SLP synchronization measising 28 Century Reanalysis
(V2) from 1873-2010. Bottom panel: HadCRUT4 NH tergiure anomaly.
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CMIP5/Observed SLP Synchronization
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Figure 3. Three SLP synchronization measure tienes from the CMIP5 RCP 4.5
GCMs. No significant synchronization episode inéhlane episode in red, multiple
episodes in green, and observations in black.@8centile of all model synchronization
time series is plotted in dashed black and is apprately the value of the significant
episode peak seen in observations.
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Temperature anomaly (C °)
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Figure 4a. NH temperature anomaly composite ar@lnsignificant NH SLP
synchronization episodes from 42 CMIP5 RCP 4.5 rhsideulations in blue. 97"5and
2.5" significance levels from re-sampling in black. Gmsite of the 51 synchronization
episodes plotted in dashed red.
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Figure 4b. Arctic region{0—9C°N ) temperature anomalgnposite around 51
significant NH SLP synchronization episodes fromGMIP5 RCP 4.5 model

simulations in blue. 97"5and 2.8 significance levels from re-sampling in black.

Composite of the 51 synchronization episodes mlattedlashed red.
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Arctic sea ice concentration anomaly around synchronization episodes in GCMs
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Figure 5. Arctic sea ice concentration anomaly posite around significant NH SLP
synchronization episodes from 9 CMIP5 RCP 4.5 meitellations in blue. 97"5and
2.5" significance levels from re-sampling in black. Gmsite of the 21 synchronization
episodes plotted in dashed red.
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Latitudinal Disturbution of Synchronization Extremes
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Figure 6. Latitudinal distribution analysis of &ignificant NH SLP synchronization
episodes. 51 synchronization episodes seen in modblack. The 1890s

synchronization episode seen in green and thearate 2000s episodes seen in red. The
leading EOF mode (AO index) in light blue.
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Synchronlzatlon vs. AO dominance ratio
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Figure 7. Synchronization measure from th® @éntury reanalysis V2 dataset in green.
AO dominance ratio as described in equation (4p)ie.
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