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1. Introduction

European climate is thought to be influenced by variations in ocean
surface conditions occurring on interannual and |onger tinescales and
these links offer the potential for predictability at longer lead tine

than is offered by conventional weather forecasting. The relative
i nportance of the ocean in determ ning atnospheric variability is also
thought to increase at multiannual and |onger tinescales. In addition

the ocean also responds to the atnospheric state, integrating high

frequency atnospheric anonalies due to its large thernal inertia and
relatively long circulation tinmescales. This creates the potential for
f eedbacks on longer tinescales than occur in the atnosphere alone and
gives rise to inportant coupled ocean-atnosphere nodes of variability,
especially in the tropics, such as the EIl N fio Southern Gscillation
(ENSO . The role of the oceans in determ ning extratropical atnospheric
variability is less clear and effects on the Atlantic and Europe region
are therefore one focus of the EMJLATE project.

We describe results for prominent clinmate nodes of variability and froma
variety of analysis nethods ranging from conposite analysis to canonica
correlation analysis, to the application of a new form of clustering
techni que to atnospheric data. The clustering al gorithm devel oped in W2
has been applied to the EMJIATE nean sea |evel pressure data set to
anal yse possible links wth sea-surface tenperature (SST). The
clustering algorithm is carried out in the full pressure space of the
EMULATE data and uses each gridpoint independently.

Simul ated annealing clustering is a variant of conventional k-nmeans
cluster analysis, but differs in two points:

i) There is no starting partition needed (i.e. it starts on a
random zed starting partition respectively).

i) During the process of rearrangenents of objects between
clusters, tenporary worsening of the partition between clusters
is allowed.

The latter is included to avoid potential |ocal but non-optinmal m nim of
the optimsation function which is inpossible for conventional k-neans
optimsation algorithnms. Sinulated annealing is therefore superior to al

ot her clustering techni ques under consideration (see WP2) when conparing
strategies to reach the best partitioning of a certain dataset. One
drawback of this technique is that it necessarily includes sone
randomess and its results may al so therefore be dependent on the random
choices made to carry out the simulated annealing (although to a nuch
| esser extent than with all other techniques). The sinulated annealing
clustering technique mnimzes the influence of this randomess by
running sinmulated annealing clustering analysis repeatedly, each tine
with a changing series of random nunbers and selecting the result
converging nearest to the global mnimm of the optimsation function,
i.e. the best result available. This ensures a very stable solution for



the optimsation problem and avoids convergence on local optinma of |ow
quality. A full description of the technique is given in W2,

In order to examine the interactions of the atnospheric circulation
patterns with SSTs, the classification of daily MSLP fields generated by
the clustering algorithm is used to form conposite SST anonmaly fields

associated with occurrences of each cluster. The year is divided into
six 'natural’ seasons of two nonths each (JF, MA, MJ, JA SO ND) and the
daily MSLP fields for each season are clustered separately. The WNSLP

field for each day of each season is classified as belonging uniquely to
a particular cluster for that season. The conposite SST anomaly fields
are generated as a weighted average of the deseasonalised nonthly nean
SST fields fromthe Hadl SST (v1.1) dataset, available from 1870 onwards.
The Hadl SST data is high pass filtered (using a half power of 10 years).
Only high pass results are di scussed here.

2) The winter North Atlantic Gscillation (NAO

Surface Pressure

The winter NAOis the primary node of variability over the North Atlantic
region on tinescales fromdays to nmulti-decades. The basic pattern of a
meridional dipole with centres of action near Iceland and the Azores is
easily captured by the EMJLATE cluster analysis (Fig.1).

Figure 1. Centroid of the EMSLP cluster best representing the wi nter NAO
for JF (upper left). Si mul taneous SST anonalies (upper right) and
associ ated SST anonmlies at positive and negative lags (lower left and
| ower right respectively). Significant gridpoints at the 5% | evel of
confidence are narked with a cross and are calculated by a Mnte-Carlo
techni que using sinilar, randomy generated SST conposites.

Si mul t aneous SST anonalies show a tripole structure in North Atlantic SST
with warm m d-latitude SSTs and cooler SSTs to the North and South being



associated with positive NAO anonalies as found in several other studies
(e.g. Rodwell et al. 1999). A stronger signal with a sinilar pattern is
found in the Atlantic SST follow ng positive NAO circul ati on anonali es,
leading to the possibility of positive feedback (Frankignoul, 1985).
Al though we find little indication of SST forcing the NAO in the nonths
i mediately prior to the occurrence of atnospheric anonalies, there is an
apparent connection between positive NAO weather patterns and the SST
distribution in the previous spring:

DJF MSLP cluster centroid

Figure 2. Centroid of the EMSLP cluster best representing the positive
phase of the winter NAO for DJF (upper). Correspondi ng SST conposite
fields at positive and negative lag for the periods 1901-1950 and 1951-
2000 (lower left and lower right). Significant gridpoints at the 5%
| evel of confidence are marked with a cross and are calculated by a
Mont e- Carl o technique using sinilar, randomy generated SST conposites.

Fig.2 illustrates this connection using conposite SST fields for the My
preceding each DJF season when the NAO anonalies occurred. The SST
conposite exhibits a statistically significant North Atlantic SST tripole
pattern in the 1951-2000 conposite but not in the 1901-1950 conposite.
This is consistent with the results of Rodwell and Folland (2002, 2003)
and suggests that May SST patterns nmay contain sonme predictability of the
frequency of positive NAO weat her patterns in the following winter. This
result supports the soundness of a seasonal forecasting technique for the
wi nter NAO based on the previous May SST in the North Atlantic that is
al ready operational .

Tenperature

The sinultaneous rel ationship between the extended w nter season (DIFM
SST and European land surface air tenperature (ET) has al so been expl ored
using a Canonical Correlation Analysis (CCA) in the Enpirical Othogonal
Functions (ECF) space. It has been found that there is a strong
connection between the two datasets. Mnthly wi nter SST explains around
37% of nmonthly winter ET variability (Fig. 3). The characteristic tripole
SST pattern is found to be the nobst inportant node of SST variability
that is connected with a | arge nonopol e of anomal ous ET over Europe.

Conposite analysis of extreme ET winters are shown in figure 4. In this
study, the selection of the extrene winters was based on the first
canoni cal score. Extrene warm and cold winters’ CCAl scores exceed +1 and
-1.5 standard deviations, respectively. Figure 4 shows that that cold
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anomal y conposite of exceptional positive ET. Black contours are standard
devi at i ons.

Precipitation

Expl oratory studi es have al so been conducted on the relationship between
Atl antic SSTs and European winter precipitation (EP) for the twentieth
century. Again, the extended w nter season has been used, however the
ECF/ CCA anal yses are based on seasonally averaged SST and EP. Figure 5
presents the first canonical pair between the winter Atlantic SSTs and
Eur opean precipitation.

Figure 5. First CCA pattern of (a) SST (in °C and (b) EP (in mm, and
correspondi ng scores (c) for extended w nter average (DIJFM 1901-1998.
The blue line is the SST, the green line the EP.

Figure 6. a) anomaly conposite of exceptional negative EP, b) anomaly
conposite of exceptional positive EP, c¢) SST anomaly conposite of



exceptional negative EP, d) SST anomaly conposite of exceptional EP, e€)
SLP anomaly conposite related to exceptional negative EP, f) SLP anonmaly
conposite of exceptional positive EP.

In the positive node (positive CCA scores in Fig. 5c) positive SST
anomal i es around the European coasts, the North Sea and al ong the US east
coast and negative anomalies in the subtropics and around Greenland are
connected with bel ow normal precipitation south of around 50°N and wetter
condi ti ons over Northern Europe.

Composite analysis of extreme EP winters are shown in figure 6. Extrene
warm and cold winters’ CCAl scores exceed +1 and -1 standard devi ati ons,
respectively. Wt winters with wet conditions in northern Europe and dry
conditions in central and sout hern Europe are associated with warner than
normal SSTs around Europe and the east coast of North Anerica and
positive NAO

3) The Summrer North Atlantic Oscillation

The summer North Atlantic Oscillation is the summer analogue of the
better known winter North Atlantic Gscillation. Both phenonena can be
defined by the first enpirical orthogonal function of extratropical
North Atlantic sea level pressure in their respective seasons. Fig. 7
shows the North Atlantic Gscillation pattern in all four three nonth
seasons (Hurrell et al, 2003) using the Trenberth and Paolino (1980) sea
| evel pressure data set.

Figure 7. The annual cycle of the North Atlantic Oscillation as defined
by the first covariance enpirical orthogonal function of sea |evel
pressure over the region 20°-70°N, 90°W40°E. Al so shown is the percentage



of total wvariance explained, 1899-2001, based on the Trenberth and
Paolino nonthly surface pressure data set. Patterns are in hPa obtained
by regressing the henispheric sea |evel pressure anomalies on the ECF1
time series. Contour increnents 0.5hPa with no zero contour

In this note we concentrate on the high sunmmer period July and August
when tenporal variations of the sumrer NAO are nost coherent. An initial
di scussion of the summer NAO phenonenon can be found in Hurrell and
Fol I and (2002).

Fi gure 8a-d. Conparison of the winter and sumer NAO Tine series in Fig.
8a i s standardi sed over the period 1899-2004. Spectra are snoothed used a
hanmming filter with weights as shown. The coherence squared significance
estimates allow for filtering.

Fig. 8a shows standardised tine series of the high sumrer NAO since 1899,
based on the above EOF anal ysis, conpared to the wi nter NAO based on an
index of the difference in surface pressure between the Azores and
I cel and for 1899-2004. The correl ation between the summer and winter NAO
time series over 1899-2004 is only 0.05. Over the period 1950-2004 the
correlation rises a little to 0.27 but is still not significant. Figs 8b
and 8c and the squared coherence between the spectra (Fig 8d) indicate
that the spectra have relatively little in comobn over 1899-2004, though
a peak near 7-8 years is seen in both summer and winter. In high sumer,
this peak is relatively rather stronger and worthy of investigation.
However the squared coherence between the high sumrer and w nter NAO
(which can be thought of as their squared correlation at each period)
does not approach the 5% confidence |evel of 0.52 at any period. So the
sunmer and wi nter NAGs, as defined here, can be regarded as effectively
i ndependent in tinme over the 1899-2004 peri od.

The sunmer NAO al so appears prominently in a cluster analysis of July
and August sea level pressures (Fig. 9), based on the new daily EMJILATE



surface pressure data set, 1850-2003. The anal ysis shown here groups days
into 6 high sumrer clusters. Fig. 9 shows the observed July - August
clusters based on single day events. The two cluster patterns shown are
very simlar to EOFl in Figure 7, for the area of overlap, but have
opposite signs. Together these clusters consist of 30% of all days with
nearly equal populations of the positive and negative patterns. The
negative sumrer NAO anomaly tends to be a few hundred km to the west
south west of the positive contours in the positive sumer NAO cluster.
Looking at the absolute pressure contours (white), it can be seen that
t he negative cluster corresponds to cyclonic flow over north west Europe,
especially the UK and the positive cluster to anticyclonic conditions,
especially over the UK So the changes represented by these two clusters
are large conpared to the variability of sea level pressure in high
sumer over the UK. Thus we may regard the sunmmrer NAO as a mmjor feature
of high summer North Atlantic and European climate variability in the
same way as the winter NAO is a mpjor feature of winter climte
variability.

Figure 10, based on ECF1 for 1899-2004, shows that the summrer NAO al so
has coherent multidecadal fluctuations. It tended to be negative on these
time scales in the early part of the twentieth century, near neutral
bet ween about 1930 and 1955, negative in the follow ng decade with a
rather rapid increase peaking in the 1980s to positive decadal averages.
There is sone evidence since the late 1990s of a reduction to only a
weakly positive summer NAO

Figure 9. The two sea |level pressure clusters that contribute to the
sumer NAO, based on individual days, 1850-2003. Absolute pressures are
contoured white, anonmalies from a 1961-90 average are coloured. 30% of
all days are classified in both clusters, which are nearly equi probabl e.

Figure 10. Tine series of EOF1l in high sumrer, 1899-2004, using the
Trenberth and Paolino sea | evel pressure data set.



The behaviour of the summer NAO is as nmarked in its own season as the
decadal to interdecadal variations in the winter NAO given the weaker

variation of sea level pressure in high summer. To illustrate this, the
i mpact of decadal summer NAO variations on sea |evel pressure and
rainfall is illustrated in Fig 11. The sunmer NAO is associated wth

consi derable nultidecadal variations in atnospheric pressure and, not
surprisingly, rainfall over the North Atlantic and European region (Figs
11a, 11b). The tendency to dry high sumers in recent decades over the
UK and a region extending towards western Russia is notable. Over the
Medi t erranean, summers have tended to becone wetter. However, Fig. 10
i ndicates that this tendency has probably ceased and may have started to
reverse.

Figure 11. (a) Differences in sea | evel pressure between a period of high
values of EOF1 (1967-1998) and relatively low values (1921-60) (b)
Rainfall in 1967-1998 (based on the Hulnme data set) as a percentage of
the 1921-60 average. Stars in (a) show grid points where sea |evel
pressure is significantly different between the two periods at the |ocal
5% confidence Iimt. The area shown is clearly highly field significant.

Figure 11c) Decadal variations of rainfall in South East Engl and conpared
to those in North West Scotl and, 1931-2004, based on regional UK rainfall
series (Al exander and Jones, 2001).

Fig. 11c shows an approximately decadally averaged tinme series of
rainfall, expressed as a percentage of the 1961-90 average, for south
East England in high sumrer. This is a region very strongly affected by



the sumrer NAO. For conparative purposes a conparable tine series of
rainfall in winter (Decenber to March) is shown for North Wst Scotland
(Fig. 11c); this is known to be strongly affected by the winter NAO (Fig.
5). Note that conpared to the 1950s, south east England rainfall has
averaged persistently 30% | ower over the 20 years fromthe md 1970s to
the late 1990s, though with signs of a slight recovery to wetter
conditions since then as night be expected from Fig. 10. These
fluctuations, and the future course of high sunmer rainfall, are clearly
of strong societal inportance. It is interesting to note that the fanous
1975/ 76 drought over UK, particularly severe in sumrer, fell at the
begi nning of the really dry recent decades. This drought was followed by
a nunber of other drought summers including 1984 when the UK briefly
appoi nted a Mnister for Drought.

Figure 11d extends this analysis geographically using an NCAR rainfall
data set. A feature indicated by Fig. 11d is a possible link between
| onger termvariation in high sumrer rainfall related to the summer NAO
(see Fig. 1l1a) and summer nonsoon rainfall over North Africa, e.g. the
Sahelian region of Africa. This link was first noticed by Folland et al
(1988) in an early study before the summer NAO was naned; the
relationship has held up well since then (Fig. 12), suggesting a real
relationship between Sahel rainfall and the summer NAO on decadal tine
scales. There is also sonme resenblance on subdecadal tinme scal es which
needs investi gati ng.

Figure 11d. Rainfall in 1967-2000 expressed as a percentage of that in
1921-60 for Europe and North Africa.
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Figure 12. Summer Sahel rainfall (c.f. N cholson 1985) and the nean sea
| evel pressure in (approximately) the southern node of the high sunmer
NAO (30°W 30°E, 40°N-70°N) as indicated by EOF1, 1899-2002.

It is well known that sea surface tenperature in various parts of the
world has an influence on Sahel rainfall (e.g. Folland et al, 1986,
Rowel | et al, 1995), partly through nodulation of the npisture flux
convergence into, and latitude of, the North African Intertropical
Convergence Zone (Rowell et al, 1992). Indeed SST is used as the main
factor in UK Met Ofice seasonal forecasts of North African rainfall
(Folland et al, 1991). On the decadal tine scale, SST influences are
very wi despread as shown by individual ocean basin SST experinments with a
climte nodel described in Folland et al (1991). Thus could variations in
the high summer NAO be physically linked to variations in the West
Afri can sumrer nonsoon?

To investigate any SST links with the sunmer NAO we look first at
variations of SST on subdecadal tine scales (Fig 13). SST is taken from
the Hadl SST data set (Rayner et al, 2003) using the period 1870-2003.
Figs 13c, 13d show sone apparent influence of ENSO on the high summer NAO
in the lead SST field (June and July nean), which strengthens as the
season progresses. There appears to be some influence of a tripole
pattern of SST in the North Atlantic in the |ead SST pattern as well,
though this disintegrates to a near nonopole as the season progresses.
Credibility is added to these results by conparison of the left and right
SST di agrans. The two NAO clusters are taken from i ndependent days but as
m ght be hoped, the SST anomaly patterns are largely opposite in sign.
However no other region than the two described above clearly has an
i nfluence — thus el sewhere there is |ack of persistence in SST when going
fromthe lead SST pictures (Figs 13c, 13d) to the lag SST (August and
Septenber, Figs 13g,13h). The large SST anonalies that develop near the
UK during and after the sunmer NAO period are very likely to be a I ocal
response to anonal ous cyclonic (cold SST) or anticyclonic forcing (warm
SST) fromthe sunmer NAO itself and it remains to be discovered which are
the real influencing regions for this inportant node of sumrer climte
variability. Note that an ENSO |link is also seen with Sahel rainfall
(Folland et al, 1991). However any link to the sumer NAO needs car ef ul
st udy.

Time has not allowed the exploration of decadal to nultidecadal |Iinks
with SST. These will follow in a future report, but based on work with
Sahel rainfall, these are expected given the simlarity of the tine
series in Fig.12.



Figure 13. Association between the two summer NAO cl usters and SST
worl dwide, filtered to accept only interannual variations of SST. Bel ow
each EMSLP cluster centroid (a,b) are displayed the associated SST
anomal i es where SST | eads MSLP (c,d), SST and MSLP are sinultaneous (e,f)

and SST lags MSLP (g, h).



4) Possible links between the EI N fio Sout hern
Gscillation (ENSO and European climate.

Al t hough ENSO is perhaps the nost promnent natural node of variability
in tropospheric climte, robust European effects of ENSO have so far been
difficult to ascertain. In particular, despite sonme clainms of
reproduci bl e effects of ENSO in individual events (e.g. Dong et al. 2000,
Bronni mann et al. 2004) there has been little consensus on the renpote
response to ENSO over Europe. Indeed, it has been recently shown
(Greatbatch et al. 2004) that the response to ENSO over Europe varies in
sign with the tenporal period chosen for analysis and may therefore be

non-stationary. Here we suggest nonlinearity as an alternative
expl anation for the uncertainty in the European response to ENSO  This
is illustrated in Figures 14-15 which show 200hPa eddy geopotenti al

hei ght and MSLP anonalies from conposites of weak and strong ENSO events
i n Jan- March. In the weak ENSO case (upper panels in Figure 14), there
is a statistically significant response in the upper |evel height over
the tropical Pacific with a wavetrain extending out to higher latitudes
across the Pacific basin. However, the response over the North Atlantic
and Europe is weak and generally not statistically significant.

Figure 14.

Conmposi te

ENSO

anonal i es

for weak events (upper) and strong events (lower) over the latter half of

the 20" Century. Eddy geopotential heights at 200hPa (left) and nmean sea

| evel pressure (right) are plotted in units of m and hPa respectively

from NCEP data (Kalnay et al. 1996). 90% significance levels froma t-

test are shown by black contours. Conposites are based on the N NO3 index

derived from Hadl SST. Anomalies are calculated with respect to 20-year
runni ng-wi ndow cl i mat ol ogi cal neans.

For large-anplitude ENSO events (see |lower panels) there is also a
secondary effect of reduced geopotential height over the tropica
Atlantic, with an eddy anomaly of similar pattern but opposite sign to



the Pacific anomaly suggesting reduced tropospheric heating. The
stronger positive height anomaly over the tropical Atlantic region and
the mdl atitude European region may be part of a second wavetrai n which

Figure 15. Conposite ENSO anonmalies in Jan-March for weak events (upper)
and strong events (lower) over the period 1850-2000. Data are from the
new EMJLATE dataset of nean sea l|level pressure and are plotted in units
of hPa. 90 % significance levels from a t-test are shown by black
contours. Anonalies are calculated in the sane way as for the NCEP dat a.

emanates fromthis region. The sea |level pressure anonalies show in all
cases a largely barotropic ENSO signal over Wstern Europe which however
becones a statistically significant dipolar surface pressure anomaly
(oriented SWNE) only in the strong ENSO case.

The suggestion of a possible non-linear effect on European climate in md
to late winter is supported by the EMJILATE surface pressure dataset which
extends further into the past. Figure 15 shows similar conposites of
weak and strong ENSO events which include all warm events since 1870.
The extended set of strong ENSO events captured here show a simlar
pattern to the analysis linmted to the latter part of the 20" century
usi ng NCEP dat a. The weak events also show a simlar pattern to the
snmal l er sanple in the NCEP data but the negative anonaly over the Pacific
is now statistically significant and extends further eastwards.



5) Concl usi ons

We have shown significant |inks between SST and the frequency of daily
weat her patterns as well as seasonally averaged atnospheric anomaly
patterns. In particular, the winter NAO and sumer NAO show links with a
tripole like pattern of North Atlantic SST and there is likely to be sone
predictability in the frequency of winter NAO like weather reginmes from
spring SST as previously shown explicitly by Rodwell and Folland (2003).
Both tenperature across Europe and European precipitation also show
strong links with the NAO and tripolar Atlantic SST anomalies, wth
Northern Europe being wetter and Southern Europe being drier during
periods of positive NAO

The sunmer NAO appears to be a robust phenonenon, appearing in a simlar

way in ECF and cluster analyses of sea level pressure. It is a dipolar
anomaly in surface pressure that corresponds to a |arge change over NW
Europe relative to the variability. Its pattern is such that it has

maxi num i nfluence in high sumer near |ocations where its southern node
varies fromcyclonic to anticyclonic. This coincides closely with UK and
coastal North West Europe. It exhibits a simlar spectrum of variations

to the winter NAO but these are essentially uncorrelated. We have
concentrated on rainfall influences in this note as the tendency to
droughts and fl oods is probably the nost inportant inpact of the sumrer
NAQ. Nevert hel ess, tenperature influences will also be inportant and
need investigation. Li ke the winter NAO interannual variations in the
summer NAO may also be forced by a tripolar SST pattern. Unlike the

winter pattern, its feedback on the ocean appears to be a nore uniform
change in East Atlantic SST: wth warmng in positive sumer NAO
(anticyclonic) conditions and cooling in negative summer NAO (cyclonic)
condi ti ons. There al so appears to be an association of the summer NAO
with the North African nonsoon throughout the twentieth century, but the
mechani sm of this, if it exists, requires nodel studies. The influences
of SST on decadal tine scales also need investigation.

Because of its prominent role in climate variability we al so exam ned the
possi bl e influence of ENSO on the European region. Ext ended anal ysi s
using the EMJULATE sea |level pressure data indicates a robust response
over Europe in January to March in high anplitude ENSO events which could
also lead to predictability in that season. The tropical Atlantic
appears to play a role in this effect but again this requires nodel
studies for verification.

This report represents a summary of the prom nent areas of observational
SST- at nosphere |inks being examned in the EMIULATE project. Along with
further decadal influences of SST on European clinmate currently being
anal ysed, it will be used to guide nodelling studies, and particularly
SST perturbation experinments in the coming year.
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