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Abstract The links between the observed variability of
the surface ocean variables estimated from reanalysis and
the overlying atmosphere decomposed in classes of large-
scale atmospheric circulation via clustering are investi-
gated over the Atlantic from 1958 to 2002. Daily 500 hPa
geopotential height and 1,000 hPa wind anomaly maps are
classified following a weather-typing approach to describe
the North Atlantic and tropical Atlantic atmospheric
dynamics, respectively. The algorithm yields patterns that
correspond in the extratropics to the well-known North
Atlantic-Europe weather regimes (NAE-WR) accounting
for the barotropic dynamics, and in the tropics to wind
classes (T-WC) representing the alteration of the trades.
10-m wind and 2-m temperature (T2) anomaly composites
derived from regime/wind class occurrence are indicative
of strong relationships between daily large-scale atmo-
spheric circulation and ocean surface over the entire
Atlantic basin. High temporal correlation values are
obtained basin-wide at low frequency between the
observed fields and their reconstruction by multiple linear
regressions with the frequencies of occurrence of both
NAE-WR and T-WC used as sole predictors. Additional
multiple linear regressions also emphasize the importance
of accounting for the strength of the daily anomalous
atmospheric circulation estimated by the combined dis-
tances to all regimes centroids in order to reproduce the
daily to interannual variability of the Atlantic ocean. We
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show that for most of the North Atlantic basin the occur-
rence of NAE-WR generally sets the sign of the ocean
surface anomaly for a given day, and that the inter-regime
distances are valuable predictors for the magnitude of that
anomaly. Finally, we provide evidence that a large fraction
of the low-frequency trends in the Atlantic observed at the
surface over the last 50 years can be traced back, except for
T2, to changes in occurrence of tropical and extratropical
weather classes. All together, our findings are encouraging
for the prospects of basin-scale ocean dynamical down-
scaling using a weather-typing approach to reconstruct
forcing fields for high resolution ocean models (Part II)
from coarse resolution climate models.
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1 Introduction

Ocean variability occurs over a broad range of spatio-
temporal scales, from seasonal (associated with surface
mixed layer processes) to decadal (e.g. gyres circulation) to
centennial and longer (e.g. the meridional overturning
circulation, MOC). Internal dynamics through mesoscale
transient eddies and their interaction with the mean flow
contributes to the evolution of the three-dimensional den-
sity distribution of the ocean. Sources for most of the low
frequency variability can be found though at the ocean—
atmosphere interface through changes in wind patterns and
buoyancy (heat and freshwater) fluxes acting as a forcing.
The wind-driven ocean circulation dominates the strong
current system in the upper ocean, such as the subtropical
and subpolar gyres, and interacts nonlinearly with the
buoyancy-driven flow. This is especially true in the
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Atlantic where deep water formation associated with deep
convection and strong vertical mixing occurs in the Nordic
Seas and in the Labrador Sea and feeds the lower limb of
the MOC.

Observational estimates for heat content show an overall
trend from 1955 to 2005 (Levitus et al. 2005). The Atlantic
Ocean accounts for approximately half of the global linear
trend over that period. Strong warming extending down to
1,000 m occurs along the Gulf Stream and North Atlantic
current, as part of a broader warming of the entire sub-
tropical gyre. Concurrently, the subpolar gyre intensifies,
cools down and gets fresher. The North Atlantic Oscillation
(hereafter NAQ) and associated perturbation of surface
wind patterns and buoyancy fluxes (Hurrell et al. 2003) is
the main driver of the oceanic variations in the Atlantic
gyres. Sea surface temperature (SST) and salinity (SSS)
anomalies, mixed layer depth, are highly correlated with
the NAO as well as the circulation (strength and position of
the main currents) with some lags (see Bindoff et al. 2007
for a review). Evidence has been also provided that the
NAO affects the production of Labrador Sea Water (LSW)
that is a major contributor to the lower limb of the MOC
(Yashayaev and Loder 2009). This example suggests that
understanding the 3-dimensional variability of the Atlantic
Ocean relies on the ability to correctly account for the
variability of the surface forcings associated with the large-
scale atmospheric modes. The ocean modelling community
even goes further and states that the surface fluxes play a
large part in determining the fidelity of the oceanic
simulation.

Despite considerable improvements, the 4th Intergov-
ernmental Panel on Climate Change (IPCC) report shows
that Coupled General Circulation Models (CGCMs) tra-
ditionally used to study the climate evolution for the last
century and to provide climate projections for the next,
still suffer from strong biases (e.g. Randall et al. 2007).
Some are directly attributed to surface fluxes and inter-
face processes. Displaced wind patterns or erroneous
mean strength, misrepresentation of cloud radiative forc-
ing and consequently surface radiative exchanges, wrong
precipitation—evaporation fluxes (Dai 2006), etc. are
associated with altered ocean circulation and buoyancy
budget leading to major errors of the climate mean state.
In addition, multi-model comparisons show (Frankignoul
et al. 2004) that coupled models in general are unable to
simulate the correct feedbacks between SST and both
surface turbulent and radiative fluxes at any time scale.
Some biases are also attributed to the representation of
oceanic processes themselves. For instance, mesoscale
dynamics is not resolved in current IPCC experiments
because of coarse resolution (about 2° on average for the
ocean). Recent publications (e.g. Cunningham et al. 2007
from observational derivations of meridional heat
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transport changes, Roberts et al. 2004 and Biastoch et al.
2008 among others from ocean simulations) strongly
suggest though that mesoscale physics is crucial to cap-
ture the interannual-to-decadal variability of the gyre
circulation and the MOC, and is likely to control part of
the climate sensitivity to anthropogenic forcings. All these
biases taking place in a poor observational context
somehow lower the strength of the IPCC conclusions
about ocean change, and are thought to partly explain the
large uncertainties in both climate projections and the
modeling of the twentieth century variability of the 3D
ocean (e.g. conflicting results for MOC evolution over the
last decades, Knight et al. 2005, Bryden et al. 2005,
Baehr et al. 2007).

An important challenge for the next IPCC exercise is to
reduce the large discrepancies in both present climate
simulations and future projections of the circulation and 3D
thermohaline structure of the ocean. The present study
participates to this difficult task by adapting to ocean
purposes the downscaling and bias-correction approaches
that are traditionally used in hydrology, wind-power esti-
mation, etc. (e.g. Boé et al. 2006; Najac et al. 2008).
Several attempts applied to relatively small oceanic basins
can be found in literature (e.g. the Baltic Sea, Heyen et al.
1996, Heyen and Dippner 1998). Here we take up the
challenge to set a scheme to reconstruct at best the surface
ocean forcing variables for the entire Atlantic Ocean
aiming at a better representation and understanding of the
ocean variability for both present and future climates. The
proposed method is divided into two steps:

e a statistical step to produce an unbiased forcing dataset
for the ocean from CGCMs outputs. It is commonly
admitted by the climate community that CGCMs have
some skill in reproducing large scale atmospheric
features while their performance is rather poor for
local and surface processes. The idea is thus to use
modelled large-scale atmospheric circulation (also
referred to as predictors) to reconstruct the ocean
forcing fields (or predictants) through a transfer func-
tion built beforehand from the observations, or their
best estimates. Change in the predictants for future
climate is obtained through this transfer function via
change in the statistical properties of the predictors in
input (see e.g. Wilby et al. 2004 for a review).

e a dynamical step also referred to as dynamical down-
scaling. This step is based on the use of a high
resolution ocean global circulation model (OGCM) that
is expected to account for key mesoscale processes (e.g.
oceanic deep convection, vertical mixing, etc.) known
to be crucial for low frequency ocean changes that we
want to reproduce for present climate or to predict in
future scenarios (circulation, MOC, etc.)
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Within this framework, ocean processes and nonlinear
effects are better resolved through the dynamical step,
while the mean and variability properties of the ocean
forcing are constrained through the statistics of the pre-
dictors built from observed data though the statistical step.

A stratified strategy of validation for the different stages
of the combined statistico-dynamical method is presented
in two companion papers. The design of the transfer
function from predictors to predictants, and more specifi-
cally the choice for predictors, are clearly at the core of the
approach. The present paper (or Part I) is devoted to the
assumption that weather typing techniques leading to rep-
resentative large-scale atmospheric circulation patterns can
be relevant to extract predictors to reconstruct the full
Atlantic Ocean surface variables used ultimately as forcing
for OGCMs. In other words, one has to check first as a
prerequisite that the observed weather regimes in both the
tropics and midlatitudes are discriminatory for ocean
forcings that we further want to reproduce. One must verify
in particular that a large fraction of the observed interan-
nual to decadal variability of the ocean surface variables
can be diagnosed over the entire Atlantic basin through the
observed frequency distribution and intrinsic properties of
the weather regimes. Part II will be devoted to the
description and validation of the transfer function using the
weather regimes as predictors to reconstruct the ocean
variables (Minvielle et al. 2010). Part II will also present
the performance of the statistical method when the recon-
structed datasets are used to force a high resolution OGCM
within a dynamical downscaling framework. Before
applying these methods to future climate projections, their
evaluation is necessary for present-day climate; both Part I
and Part II are accordingly devoted to this task.

Part I is organized as follows: concepts and definitions for
weather regimes, data and methods, are presented in Sect. 2.
Wintertime observed weather regimes and their relationship
with sea surface variables are illustrated in Sect. 3 for both
extratropical and tropical domains. Their relevance as pre-
dictors to reconstruct wintertime sea surface variables at
interannual time scale as well as their trend is presented in
Sect. 4. Emphasis is laid in Sect. 5 on the importance of both
the occurrence and the intrinsic properties of the regimes to
capture the observed daily to interannual variability. Sec-
tion 6 is devoted to summertime and the results are sum-
marized and further discussed in Sect. 7.

2 Weather regimes: concepts and definition

The weather regime paradigm has been extensively used to
describe the midlatitude atmospheric variability. Travelling
synoptic pressure systems or storms contribute to a sig-
nificant fraction of the daily to interannual variability of the

extratropical climate. Those are linked to the unstable
nature of the upper-level westerly jet stream and interact
with circulation patterns of larger scale, or weather
regimes, in which they are embedded. Weather regimes
could be understood as envelopes for daily atmospheric
variability; they have a typical 6-10 day nominal persis-
tence, are spatially well defined and limited in number.
They can be viewed, in midlatitudes, as the preferred and/
or recurrent quasi-stationary atmospheric circulation pat-
terns produced by the interaction between planetary-scale
and synoptic-scale atmospheric waves (e.g. Ghil and
Roberston 2002). The day-to-day meteorological fluctua-
tions can be described in terms of temporal transition
between regimes. The year-to-year (or longer timescale)
climate fluctuations can be interpreted as changes in their
frequency of occurrence provided the hypothesis of long-
term quasi-stationary climate (Yiou et al. 2007). This cli-
mate-oriented interpretation for weather regimes is shared
with the so-called continuum paradigm elaborated, for
instance, in Franzke and Feldstein (2005) to better under-
stand the low-frequency fluctuations of the Northern
Hemisphere atmospheric teleconnection patterns.

The weather regime entity is expected to be a promising
candidate as predictor for surface ocean variability from
intraseasonal to decadal timescale. Viewed as an efficient
spatio-temporal filter of the mostly chaotic atmospheric
flow at midlatitudes, it appears to be compatible with the
time-integrator properties of the ocean and might thus be
relevant to explain part of its low-frequency changes.
Associated surface winds and air temperature anomalies,
displaced cyclone activity within a given regime, result in
recurrent anomalous fluxes of sensible and latent heat
which could create ocean temperature anomalies extending
down to the base of the mixed layer. Statistically or tech-
nically speaking, weather regimes are classes of atmo-
spheric circulation patterns gathered together from a
similarity criterion. Those classes are defined by their mean
conditions, or centroids, by their variance and by their
frequency of occurrence. They are traditionally obtained
from clustering techniques: the most common are hierar-
chical algorithms (e.g. the Ward classification, Cheng and
Wallace 1993 among others) and the k-means approach
(e.g. Michelangeli et al. 1995). More complex approaches,
e.g. the Self-Organizing Map (SOM) method arising from
the field of artificial neural network (Johnson et al. 2008,
among others) have been also recently proposed. As
reported in all studies, there is always a part of subjectivity
associated with the spatial domain retained for computation
of weather representative patterns as well as their number.
Their existence is still even controversial (Christiansen
2007). In statistical reconstruction techniques, choices are
usually adapted to the predictants to be reconstructed and
to the time-scale characteristics of the underlying physical
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mechanisms. The domain considered here for predictants is
the full Atlantic ocean and our goal is twofold: (a) to
reconstruct at best all the forcing variables over the entire
basin for present day climate variability, (b) to extract at
best the climate change information from scenario experi-
ments over the entire basin that is linked to the perturbed
large-scale atmospheric changes that we trust the most in
IPCC-class CGCMs.

Based on the truly different nature of the atmospheric
dynamics between the tropics and the extratropics, the
Atlantic is divided into a mid-to-high latitude domain,
hereafter North Atlantic-Europe domain (NAE, 20°N-
80°N/90°W-30°E), and a tropical band between 20°N and
20°S. Two large scale atmospheric circulation fields from
the European Centre for the Medium-Range Weather
Forecasts (ECMWF) ERA40 reanalysis (Uppala et al.
2005) have been classified over 1958-2002 using the
k-means approach leading to NAE weather regimes
(henceforth NAE-WR) and tropical weather regimes, their
combination serving as predictors for sea surface variables
over the Atlantic Ocean as a whole. In the extratropics, we
use daily averaged 500 hPa geopotentiel height (Z500)
interpolated on a 2.5°x2.5° grid; in the tropical band, we
use both the meridional and zonal components of the wind
at 1,000 hPa (UV1000). Z500 and UV1000 data are
weighted by the square root of cosine of latitude and the
decomposition is done for computational efficiency in the
Empirical Orthogonal Functions (EOFs) phase space span
by the first 20 EOFs and principal components retaining
90% and 85% of the total Z500 and UV1000 daily vari-
ance, respectively. Even if the seasonal cycle has been
removed at each grid point (we refer to the resulting
quantities as anomalies in the following), two seasons are
considered to account for the seasonal latitudinal migration
and strength of the Atlantic pressure centers of action.

The large size of the domains considered here contrasts
with traditional downscaling or reconstruction techniques
usually devoted to regional application (e.g. Boé and
Terray 2008). NAE and tropical regimes appear to be a
good compromise in our case because, as detailed in the
course of the paper, they both capture the coherent vari-
ability among surface variables over the entire Atlantic, a
property that must be respected in the reconstructed forcing
when passed to the ocean model (see Part II).

3 Atlantic wintertime atmospheric circulation classes
and associated surface ocean variables
3.1 North Atlantic-Europe Z500 weather regimes

Wintertime (December-March) is first documented in this
section. Consistently with previous literature (e.g. Vautard

@ Springer

1990), four NAE-WR are obtained (Fig. la—d). The num-
ber of clusters (k = 4) has been chosen following statistical
tests (not shown) based on reproducibility (Michelangeli
et al. 1995), sampling dependence and variance ratio con-
sideration like in Straus et al. (2007). The possibility of
perhaps two regimes as documented in recent papers
(Woollings et al. 2010, Hannachi 2010) was envisioned
because the k = 2 partition also emerges from the statis-
tical tests, but this option was abandoned because sub-
sequent results (forecast skill like in Fig. 5) are
considerably degraded in that case. We here use raw data
for clustering as opposed to Fereday et al. (2008) in which
filtering is applied before classification; we tested that
results are indeed very similar for both options. Once the
representative patterns determined, we classify each daily
7500 field in the 44-year dataset to one of the four regimes
using the criterion of minimum Euclidian distance. The
corresponding temporal evolution of the total number of
days attributed to a given regime over the complete winter
season is given in Fig. le, h. The two-first Z500 regimes
can be viewed as the negative and positive phase of the
North Atlantic Oscillation (NAO— and NAO+, respec-
tively). Their respective occurrence is indeed strongly
correlated (—0.89 and 4-0.73) to the traditional wintertime
NAO index estimated from EOF (Fig. le, f). Note that
spatial asymmetries between the two NAO phases are
clearly evidenced here by clustering techniques that do not
make any assumption for linearity. The year-to-year
occurrence of the NAO regimes captures the strong inter-
annual-to-interdecadal variability of the oscillation that has
been extensively documented in literature (see e.g. Hurrell
et al. 2003 for a review). The third regime is named
Atlantic ridge (AR) and is reminiscent of the so-called East
Atlantic pattern (negative phase, Barnston and Livezey
1987) viewed as a Euro-Atlantic wave train. The forth
regime is often referred to as Scandinavian blocking
(S-BL) and is characterized by a strong anomalous height
anomaly over Northern Europe (Tyrlis and Hoskins 2008)
while a mild deeper trough extends southeastward from the
Labrador Sea to the Iberian Peninsula. These two regimes
all together are excited about 50% of time on average in
winter and exhibit considerable interannual variability
(Fig. 1g, h, less loading in the decadal frequency band
compared to NAO regimes).

Links between flow regimes and anomalous climate
conditions over continental Europe have been extensively
documented in literature from daily (e.g. Slonosky and
Yiou 2001; Philipp et al. 2007) to decadal timescales
(Hurrell 1995). ERA40 anomalous 10-m wind (hereafter
UV10) and 2-m temperature (hereafter T2) associated with
NAE-WR are shown in Fig. 2 over the ocean based on
composites. The NAO regimes can be essentially consi-
dered as a measure of the strength of the prevailing
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Fig. 1 a-d Centroids of the four wintertime NAE Z500 weather
regimes (m). Each percentage represents the mean frequency
occurrence of the regime computed over 1958-2002 from 1
December to 31 March. Contour intervals are 25 m. e-h Number of
days of occurrence of each regime per winter from 1959 to 2002. The

westerlies flow over the North Atlantic as well as the trade
winds in the subtropics. Spatial asymmetry is found though
in wind patterns between the two NAO regimes in agree-
ment with the longitudinal shift of the anomalous centers of
action and associated storm track that is intrinsically linked
to two NAO phases (Cassou et al. 2004). Such an

NAO index

1960 1970 1980 1990 2000

NAO index

1960 1970 1980 1990 2000

1960 1970 1980 1990 2000

1960 1970 1980 1990 2000

NAO index (orange curve) defined here by the normalized principal
component of the leading EOF of averaged DJFM Z500 is superim-
posed on the upper two panels corresponding to the NAO regimes.
Correlation (R) between the NAO index and the frequency of
occurrence of the NAO regimes is provided

asymmetry is expected to have an important impact on the
ocean/sea ice dynamics because of the nonlinearity pro-
perties of the processes governing the gyre circulations and
the ocean mixed layer variability (vertical mixing, turbu-
lent sensible and latent heat fluxes controlling a large part
of the buoyancy, etc.). For instance it is clearly visible here
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Fig. 2 Daily derived-regime
anomaly composites for (a—d)

10-m wind (arrows, UV10) and
its module, and for (e-h) 2-m
temperature (T2). Contour
intervals are 0.15 m s~! and
0.25°C respectively. Dotted
shading stands for non-
significant area based on ¢
statistics at the 95% level of

30N

confidence. Non significant
wind anomaly arrows are
omitted
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that the occurrence of NAO— regimes will not be dis-
criminatory to explain anomalous sea-ice export through
the Fram Strait while NAO+ clearly will (Hilmer and Jung
2000). AR is associated with a strong surface anomalous
cyclonic circulation located downstream the maximum
7500 high. It corresponds to diminished (reinforced)
westerlies off Western Europe (along 60°N) while rein-
forced northerlies (southerlies) conditions dominate from
10°W eastward (in the Labrador Sea). The long-lasting
high pressure center over Europe in S-BL is powerful
enough to completely disrupt the prevailing westerly flow
penetrating inland. Easterlies dominate off-Europe and the
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recirculation branch associated climatologically with the
Icelandic Low is stopped in the Nordic Seas.
Interestingly, T2 anomalies linked to NAE-WR are
rarely collocated with maximum wind changes (Fig. 2e, f).
A strong cooling (warming) occurs in the Labrador Sea for
NAO+ (NAO-) while the Nordic Seas as well as the
midlatitudes are warmer (colder). It is clear that in addition
to the direct impact of wind intensity changes, the mean
advection of anomalous temperature responsible for altered
local heat exchanges through turbulent fluxes over the
ocean (Cayan 1992; Deser and Timlin 1997) is crucial to
understand the NAO regime-derived T2 composite. This
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inference holds for AR and S-BL where, respectively,
maximum T2 anomalies are found off Newfoundland, i.e.
upstream of the anomalous high core and maximum wind
speed disturbance, and in the Nordic Seas.

3.2 Tropical Atlantic UV1000 wind classes

Similarly to midlatitudes, clustering is applied to tropical
dynamics (20°N-20°S) with some adaptations. First
UV1000 is preferred as predictor for ocean surface fields
instead of Z500. The latter is not relevant anymore because
of the baroclinic nature of the tropical variability while
extratropical fluctuations are mostly barotropic due to
strong eddy-mean flow interaction. Second, it is essential to
capture the true coupled nature of the tropical variability
between the surface ocean and the surface atmosphere.
Because of this coupling and the intrinsic thermal inertia of
the ocean, daily variability in the tropics is consequently
weaker than at midlatitudes and leads to enhanced energy
in power spectrum from intra-seasonal timescale onward.
To preserve the coupled properties of the tropical Atlantic
variability, we applied a 30-day low pass filter to UV1000
daily maps prior to classification based on Pefia et al.
(2004) who suggests that uncoupled atmospheric noise is
concentrated in the 1-30 day frequency band. We verified
though that the main results are insensitive to filtering.
Because the core of the episodic paradigm associated with
extratropical regimes is somehow violated in the tropics
due to the nature itself of the tropical dynamics, and thus in
order to avoid any possible misinterpretations of our con-
clusions, we will prefer the term “wind classes” to the term
“regimes” to refer to the tropical UV1000 centroids
(henceforth T-WC) in the following,

Four wintertime T-WC are obtained from k-means
clustering and related statistics, and are displayed in Fig 3.
Strengthened (relaxed) trade winds in both hemispheres are
captured in T-WCI (T-WC2) with maximum loading in the
northern basin though. Significant changes are mostly
found in the southern hemisphere for T-WC3 and T-WC4
encroaching on the equator. When Southeast (SE) trades
are slackened (reinforced) in T-WC3 (T-WC4), NE trades
are concurrently slightly intensified (diminished), the node
of the anomalies being collocated around 7°N on the
northward side of the climatological position of the Inter
Tropical Convergence Zone (ITCZ). As opposed to NAE-
WR, note that T-WC centroids have a fair amount of
linearity in terms of spatial structures.

T-WC occurrences are dominated by interdecadal vari-
ability over 1958-2002, except for T-WC3 characterized
by some interannual pulses superimposed on a significant
trend. T-WC1 is almost totally absent before 1970 while
T-WC2 virtually disappears post to 1970 (Fig 3e, f); such a
shift can be simply interpreted as an intensification of the

mean trades from the mid-1970’s onward. The discrimi-
natory skill of the UV1000 classification to capture such a
decadal fluctuation is further confirmed in Fig 4 based on
probability density functions (pdf) for raw daily 10-m
winds (UV10) averaged over two selected domains. The
pdf diagnosed from the whole dataset (black dashed line) is
compared to the four-ones computed for each wind class
taken separately (color curves). UV 10 pdfs associated with
T-WC1 and T-WC2 are clearly distinct (Fig. 4a) in the
northern basin (10°-20°N/50°-30°W): upper quantiles in
the full dataset clearly fall in T-WC1 while weak-to-
moderate surface wind days belong to T-WC2. Note that
the mean statistics of the direction of the surface wind
assessed from the wind rose added in the upper-left corner
of the graph is the same in both T-WC1 and T-WC2. The
late 1960s—early 1970s decadal rupture detected here from
wind clustering has been documented in many papers from
other fields such as convection over adjacent continents
(Sahel and Amazonian basin); in fact, it is part of world
wide coordinated changes associated with a rapid global
climate shift whose signatures are particularly pronounced
in the Atlantic sector (see Baines and Folland 2007 for a
detailed description). The origin of this shift in the tropical
Atlantic atmosphere has been linked with more and more
confidence to interdecadal changes in either local (Atlantic
Multidecadal Oscillation—AMO, Knight et al. 2006) or
remote tropical SSTs (e.g. Giannini et al. 2003).

A similar pdf analysis has been carried for a region
straddling the equator in the western part of the tropical
Atlantic basin (2°N-2°S/35°-20°W, Fig. 4b). Results sug-
gest that the four wind classes are not discriminatory there
for surface wind speed: the four pdfs, except maybe for T-
WC4, are almost superimposed to each other. The wind
roses for T-WC3 and T-WC4 show however that the latter
classes are very skilful in capturing the direction properties
of the surface wind along the equator. The proportion of
northeasterly days is equal to 7% in T-WC4 whereas they
represent about 40% for T-WC3. It appears rather complex
to link the occurrence of T-WC3 and T-WC4 (Fig 3gh) to
any specific SST pattern because it is very likely that
several processes, operating on a range of timescales, play
a role. Their occurrences are mostly correlated to the so-
called interhemispheric gradient SST mode (Ruiz-Barradas
et al. 2000) but are modulated by Atlantic Nifio-type
anomalies along the equator (Zebiak 1993; Carton and
Huang 1994 among others) and by El Nifio Southern
Oscillation (ENSO) whose remote influence is maximum in
DJF (Sutton et al. 2000). Note that all the T-WCs are
tightly linked to both the position and strength of the
Atlantic ITCZ. Finally, it is also evident that the equator-
ward penetration of the NAO and associated decadal
variability blur the entire picture in winter as detailed in the
next section.
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Fig. 3 a-d Centroids of the four wintertime tropical UV1000 classes. Each percentage represents the mean frequency occurrence of the class
computed over 1958-2002 from 1 December to 31 March. e-h Number of days of occurrence of each wind class per winter from 1959 to 2002

4 Link between occurrence of atmospheric circulation
and ocean low-frequency variability

4.1 Interannual variability of surface ocean variables

The ability of NAE-WR and/or T-WC to capture the
observed low-frequency variability of the surface ocean
variables over the Atlantic is now examined using least-
square multiple linear regressions. The December—March
frequencies of occurrence of the circulation patterns are
used as predictors while U10, V10 and T2 are the predic-
tants of the regression models. The interannual band is first
addressed: time series of sea surface fields and frequencies
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of occurrence of regimes/classes are high pass filtered
using a Lanczos filter to retain periods shorter than 7 years
(classical frequency cutoff to separate interannual from
decadal fluctuations in the Atlantic, e.g. Giannini et al.
2003). Correlation maps between observed and recon-
structed fields are shown in Fig 5 from three different
multiple regression models. Predictors are alternatively
limited to NAE-WR or to T-WC in order to better isolate
the respective role of the extratropical and tropical atmo-
spheric dynamics on the interannual fluctuations of the
surface ocean fields; their combination is additionally
illustrated. We verify that multicolinearity between the
predictors (correlation between two or more explanatory
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Fig. 4 10-meter wind speed (m s™') distribution within each tropical
wind classes (colored lines) and for the whole dataset (dashed black
line) for (a) the north tropical Atlantic basin (10°-20°N/50°-30°W),
(b) along the equator (2°N-2°S/35°-20°W). Wind roses are shown for
T-WCI (red) and T-WC2 (green), and for T-WC3 (orange) and T-

variables, von Storch and Zwiers 1999) does not actually
bias results. An alternative way to reconstruct surface fields
would have been to multiply the frequency of occurrence
of the circulation classes by the derived anomaly composite
maps displayed in Fig 2, following Johnson et al. (2008)
formulation applied to SOM-derived patterns. We verify
that the latter approach also produces very similar results.

U10 correlation patterns for the NAE-WR regression
model (Fig. 5a) range from 0.4 to 0.8 over the entire
extratropical domain. Maximum values extend zonally
along two latitudinal bands projecting on the actual NAO
anomaly composite pattern for surface wind (Fig. 2a, b).
Weaker, though significant, correlation penetrates south-
ward in the tropical basin while skill is lost south of the
ITCZ. As expected, most of the interannual variability for
Ul10 in the tropics is captured in the T-WC regression
model, especially in the northern basin where correlation
values locally reach 0.7 (Fig 5b). Note that a narrow band
of significant correlation is found off Newfoundland in the
latter model and is indicative of the existence of a con-
nection between tropics and extratropics as further detailed
below. Using NAE-WR + T-WC as predictors is virtually
additive for U10 interannual variability over the entire
basin (Fig. 5¢). This conclusion holds for V10 (Fig. 5f).
The best reconstruction is found over a large Northeastern
Atlantic basin and can be attributed to S-BL and AR sig-
nals (Fig. 5d). Fluctuations in trade winds and meridional
wind changes along the equator associated with the
anomalous position of the ITCZ are well captured in the T-
WC regression model (Fig. 5e) consistently with T-WC3
and T-WC4 distribution properties discussed in the previ-
ous section. Combining NAE-WR and T-WC allows to
reproduce V10 interannual variability relatively well over

Wind speed

WC4 (blue) in the upper-left and upper-right corner, respectively.
Each circle represents the percentage of time the wind blows from a
particular direction. Contour interval is every 15% and the wind dial
is divided into 16 directions represented by a color line depending of
the wind class

the entire basin, except at midlatitudes from Florida to the
Azores archipelago. As to T2, much of the interannual
variability is well reproduced at midlatitudes (north of
40°N) based on the sole NAE-WR frequencies of occur-
rence. The highest correlations surround Europe and are
found in the Labrador and Irminger Seas (Fig. 5g). By
construction, skill for T2 is poorer in the T-WC regression
model compared to Ul0 and V10 because surface wind
components are tightly linked to 1,000 hPa wind used for
clustering while T2 is not (Sutton et al. 2000). The corre-
lation pattern for T2 and T-WC regression model (Fig. 5h)
is reminiscent of the North Atlantic tripole (Deser and
Timlin 1997) and suggests again that T-WC occurrences
are associated with anomalous extratropical atmospheric
circulation through teleconnection.

The table of contingency between T-WC and NAE-WR
daily occurrence confirms that extratropical and tropical
dynamics are clearly not independent (Table 1) on a daily
basis. Table 1 should be read in column. When T-WCl is
excited, NAO+- is overly prevalent (about 50% of the days)
while NAO— and AR occurrences are clearly reduced. The
opposite is found for T-WC2 and a similar balance between
the four NAE-WR (NAO—/AR vs. NAO+/S-BL) is also
obtained, although less pronounced, for T-WC3 and
T-WC4. The tropical-extratropical relationship explored
here through clustering is consistent with previous pictures
described in literature. Evidence has been provided based
on modeling (Sutton et al. 2001; Cassou et al. 2004 among
others) that altered NE trades lead to changes in the
probability of occurrence of NAE regimes via the modifi-
cation of the local Hadley cells (Terray and Cassou 2002).
The NAO regimes are the most sensitive to the tropical
forcing which likely explains the tripole structure found in

@ Springer



28 C. Cassou et al.: A statistical-dynamical scheme for reconstructing ocean forcing in the Atlantic

(a) __ (b)

60N

30N

(c) NAE-WR + T-WC
g~

60N

30N

(d)

60N

30N

U]

60N

30N

(9)

60N

30N

(M)

60N

30N

0.1 03 05 0.7 0.9 0.1

0.3

Fig. 5 Interannual linear correlation between wintertime ERA40 10-
m zonal wind (U10, a—c¢), 10-m meridional wind (V10, d—f) and 2-m
temperature (T2, g-i) and reconstructed fields via multiple linear
regression when NAE-WR (left panels), T-WC (middle panels)

the correlation map for T2 based on the occurrence of the
sole T-WCs used as predictors (Fig. Sh). Conversely, in
agreement with Sutton et al. (2000), the equatorward
extension of the NAE-WR imprint highlighted in Fig. 5a
(Fig. 5d) for U10 (V10) also supports the conclusion that a
significant part of the northern tropical Atlantic atmo-
spheric variability is controlled by the southward
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frequencies of occurrence and their combination (right panels) are
used as predictors. Contour interval is 0.1. Shading stands for non-
significant correlation based on R-statistics at the 95% confidence
level

penetration of the extratropical modes. The NAO appears
to be the most important such modes (Fig. 2).
4.2 Low-frequency trends of surface ocean variables

We use linear trend analysis as a simple way of charac-
terizing changes in atmospheric circulation that have
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Table 1 Table of contingency (in %) between T-WC and NAE-WR
in winter

T-WCl1 T-WC2 T-WC3 T-WC4
NAO— 11.3 324 20.8 29.2
NAO+ 48.6 12.5 322 19.1
AR 12.9 41.8 15.7 30.8
BL 27.5 13.2 31.2 20.9

The sum of percentages for a given T-WC (column) is equal to 100%.
The sum of percentages for a given NAE-WR is not by construction
because regimes and classes are not equally excited

occurred over 1958-2002. Seasonal anomalies are formed
by subtracting the long-term seasonal mean based on the
full period and the DJFM trends are computed using least
squares linear regression. Observed trends are shown in
Fig. 6 for U10, V10 and T2 (upper panels). Large-scale
atmospheric circulation changes are characterized in the
Atlantic by an intensification of the midlatitude westerlies
and a concomitant strengthening of the NE trades (Fig. 6a)
and easterlies along the equator. Northward displaced
storm track is associated with prevalent southerlies north of

uto

40°N whereas equatorward convergence associated with a
southward retreat the ITCZ is enhanced (Fig. 6b) due to
enhanced trade winds in both hemispheres. The node for
the wind trend corresponds to the mean position of the
Azores High and is consistent with the positive trend in the
NAO (Hurrell 1995). Consistently, the largest trends for T2
occur in the western part of the North Atlantic and strongly
project on the North Atlantic tripole (Fig. 6¢). The causes
of observed atmospheric circulation trends over the last
half century are a subject of ongoing investigation. Latest
studies suggest that direct atmospheric radiative forcing
due to greenhouse gases (GHG) concentration and indirect
SST forcing drive circulation responses that contribute
about equally to the global pattern of circulation trends
(Deser and Phillips 2009).

The pattern of trends reconstructed from multiple
regression using raw NAE-WR + T-WC frequencies of
occurrence as predictors compares very well with obser-
vations (Fig. 6, lower panels). The pattern correlations are
0.98, 0.93, 0.98 for U10, V10 and T2, respectively. The
magnitudes of the reconstructed trends are slightly stronger
than observed north of 40°N, while they are slightly
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Fig. 6 Linear trends computed over 1959-2002 for wintertime (a—c)
ERA40 U10, V10 and T2 and for (d-f) reconstructed fields from
multiple linear regression using NAE-WR + T-WC occurrences as

0.225 0.45 -06 -03 0 0.3 0.6

predictors. Hashing stands for sign disagreement between observed
and reconstructed trends. Contour intervals are 0.15 m sfl/decade,
0.075 m s~ '/decade for UV10 and V10, respectively, and 0.1°C for T2
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underestimated over a large tropical band. Maximum dis-
crepancies are found for T2 where the observed warming
along the African coast is barely captured whereas the
weak cooling over the northwest tropical basin is too broad
in the reconstruction compared to observed estimates.
Based on our findings, we conclude that observed trends in
surface ocean fields can be viewed to a large extent as the
temporal integration of the anomalous frequencies of
occurrence of both NAE-WR and T-WC over the last
50 years or so. Similar conclusions have been put forward
for trends over land (e.g. Hurrell 1995; Boé and Terray
2008) and appear to be fairly robust at midlatitudes. By
contrast, underestimated warming south of 40°N likely
indicates that the T2 tendency is additionally determined
by influences other than the sole atmospheric dynamics;
direct radiative contribution from increased GHG concen-
tration appears to be a reasonable candidate, as well as the
AMO.

4.3 Subsurface ocean

We now proceed to examine if the subsurface ocean vari-
ability in addition to the surface is also linked to the
temporal excitation/recurrence of the regimes. We con-
centrate on the subsurface variability in the Labrador Sea
where deep convection during winter forms and transforms
dense water masses known to play a role in the 3D circu-
lation of the ocean. Systematic physical observations have
been collected over the past two decades along the so-
called AR7W line extending from the Labrador Shelf to the
Greenland Shelf straddling the main deep convection core
(Vage et al. 2009). Since 2002, observations from the Argo
floats nicely complement the AR7W survey but the period
of the two combined ocean datasets is too short and the
spatial coverage too sparse to assess a robust glimpse of the
interannual variability of the subsurface. To circumvent
this limitation, we make use of three ocean reanalyses
products carried out within the ENSEMBLES EU-project
(http://www.ecmwf.int/research/EU_projects/ ENSEMBLES/
index.html) over 1960-2005, hereafter referred to as
CERFACS (Daget et al. 2009), ECMWF (Balmaseda et al.
2008) and UKMO (Martin et al. 2007). All are state-of-
the-art model-data assimilation systems and are considered
as the best estimates available today for a 3D coverage of
the ocean variability. They differ in their assimilation
scheme as well as in the OGCM used, but share the same
atmospheric forcing derived from ERA40 or operational
ECMWEF analyses post to 2002. It is beyond the scope of
this paper to document properties and performances of
each product; we simply combine them in the present study
to evaluate the uncertainties of our results.

Annual vertical profiles for ocean potential temperature
and salinity are computed over a box straddling the ARW7
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line and encompassing the deep convection area in the
three reanalysis datasets. Absolute values of correlation as
a function of depth between temperature and NAE-WR
frequencies of occurrence are maxima between 500 and
1200 meter depth for NAO+ and NAO— where LSW are
produced (Yashayaev and Loder 2009), and are close to
zero through the entire ocean column for S-BL and AR
(Fig. 7a). Significant correlation extends deeper for NAO+
regimes in all reanalysis products and is indicative of more
active (shallow) convection during positive (negative)
NAO winters as extensively documented in literature from
observations (e.g. Dickson et al. 1996). The density
properties of the reanalysed LSW as a function of the
wintertime integrated occurrence are further evaluated for
NAO-— only from a T-S diagram at 750-m depth (Fig. 7b).
Repeated (rare) appearance of NAO— days in winter tends
to form warmer (colder) LSW while salinity is somehow
less affected. Consequently, lighter waters are produced
inhibiting the convection and the ventilation of the deep
ocean during NAO— winter. The opposite is found for
NAO+ (not shown). Even if there is not a one-to-one
correspondence between the NAO and the production and
the density properties of LSW since preconditioning and/or
large-scale horizontal advection play a role in regulating
the depth of the convection (Yashayaev 2007), we suggest
that the regime approach adopted here seems to be relevant
to capture part of the 3D ocean variability.

5 Link between strength of anomalous atmospheric
circulations and surface ocean variables

The results presented so far establish that a large fraction of
air-sea low-frequency variability can be traced back to the
anomalous frequencies of occurrence of atmospheric cir-
culation classes. To address more thoroughly the relevance
of the regime paradigm in capturing surface ocean changes,
we now evaluate how the strength of the atmospheric
circulation within a given regime and/or with respect to
the others can provide an additional insight. We include the
Euclidean distance as a measure of similarity between the
centroids of the regimes and a given day’s anomalous
circulation. Let D be that given day. We define the “intra-
regime distance” as the distance between the anomalous
circulation of D and the centroid of the regime whose D
belongs to. We term “inter-regime distances” the distances
between the anomalous circulation of D and the centroids
of the other regimes. Because spatial resemblances are
strong by construction within the pool of days attributed to
the same regime, intra-regime distances mostly provide
information on the differences in the anomaly magnitudes
between D and its associated regime centroid; it can be
viewed as the strength of the anomalous circulation.
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Fig. 7 a Correlation as a function of depth between the wintertime
frequency of occurrence of the four NAE-WR regimes (red NAO+,
blue S-BL, orange AR, green NAO—) and the corresponding annual
ocean temperature box-averaged over S55°N-58°N/55°W-47°W
across ARW?7 for the three reanalysis products. Hatching stands for
significance estimated from ¢ statistics (b) T-S diagram at 750-m
depth for the three reanalysis products; one point represents 1 year,
the blue color (magenta) stands for above-average (below-average)
occurrence of winter NAO— regime. Black thick lines correspond to
the temperature, salinity and density means of the total sample

Figure 8 illustrates the relative importance of intra-
versus inter-regime distances to interpret the strength of the
midlatitude westerlies (upper panels). A daily index of
anomalous U10 averaged over a box corresponding to the
climatological position of the North Atlantic westerlies is
computed. Intra-regime is investigated first (Fig. 8a). For

NAO+, the amplitude of the anomalous westerlies is
clearly independent on the intra-regime distance decom-
posed into deciles. In others words, it is suggestive that the
more or less reinforcement of the westerlies when NAO+
is excited is not controlled by the strength of the NAO+
circulation itself. This conclusion is also valid for the other
three regimes but to a lower extent though. NAO— slack-
ened westerlies are all the more diminished when NAO—
intra-regime distances are greater likely suggesting that the
strength of the anomalous NAO— circulation (especially
for extreme NAO— days) slightly matters for the amplitude
of wind anomalies. Overall, Fig. 8a shows that the sign of
the basin-wide westerlies anomalies (scale relevant for
ocean low frequency variability) is primarily set by the
excitation of the regime itself and that intra-dynamical
characteristic within the excited regime plays a secondary
role. Figure 8b suggests however that inter-regime dis-
tances are crucial to modulate the westerlies anomalies for
a given regime, here NAO+. The three inter-regime dis-
tances between NAO + days and the other regimes are
computed and classified into deciles similarly to Fig. 8a.
Results indicate that the amplitude of the reinforced
westerlies during NAO+ is clearly controlled by the dis-
tance to NAO— and/or AR centroids. The closer to NAO—
and/or AR the circulation of the NAO+ day is, the weaker
the westerlies intensification is following a quasi-linear
relationship.

A similar analysis has been conducted for T2 over the
Labrador Sea (Fig. 8c, d). Like for U10, we find that intra-
regime distances do not play a primary role in modulating
the T2 anomalies, except for the upper-decile of the NAO+
and NAO-— regimes; cooling (warming) is more pro-
nounced when NAO+ (NAO-) circulations are marked.
The sign of the anomalies is clearly set by the regime and is
consistent with the anomalous composite patterns dis-
played in Fig. 2. The inter-regime distances act however as
a strong modulator of the amplitude of the T2 anomalies.
“Very far” NAO+ days from the NAO— centroid are
associated with very cold T2 anomalies while “very close”
NAO+ days to NAO— centroid lead to normal T2 condi-
tions. Both AR and NAO— directions in the regime phase
space are found to be discriminatory for the magnitude of
T2 anomalies during NAO+ in the Labrador Sea while
the S-BL direction appears to be less of importance. The
importance of inter-regime distances is not specific to the
NAO+ regime but is also valid for the three others (not
shown).

To go further, linear correlations between on one hand
the Labrador T2 daily values, and on the other hand the
daily distance to the NAE-WR centroids, are computed
considering the four regimes separately (Table 2). This
diagnostic is complementary to Fig. 8 and helps to deter-
mine the main direction or axis of the intra-regime
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Fig. 8 a 10-m zonal wind box-averaged over 40°N-60°N/50°W-
10°W and (c) 2-m temperature anomalies over the Labrador Sea
(47°N-62°N/60°W-47°W) as a function of intra-regime distances

variability. The table should be read by column. For
instance, for NAO+ days, the Labrador T2 daily values are
anti-correlated to NAO— and AR distances at —0.53 and
—0.43, respectively, while no significant correlation is
found between NAO+ and BL daily distances. Similar
(opposite) results are found for S-BL (NAO—) while AR
T2 anomalies are linked to all distances, except to its own
ones. The last line of Table 2 indicates the correlation
coefficient for a given regime between observed T2 daily
values and T2 estimated by multiple linear regression using
the four distances as predictors. Correlation values are
higher in the latter case. This provides further insight that
all the distances, as intrinsic parameters of decomposition
in classes, are important factors to be used for the
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Table 2 Linear correlations for a given NAE-WR regime between
the daily distances to the four NAE-WR centroids taken separately
and ERA40 2-m temperature daily anomalies over the Labrador Sea
(47°N-62°N/60°W—-47°W)

NAO— NAO+ AR S-BL
NAO— 0.02 —0.53 —0.24 —0.48
NAO+ —0.48 0.03 0.34 0.10
AR 0.10 —0.43 0.02 —-0.27
S-BL 0.44 —0.15 0.33 0.02
ALL 0.64 0.62 0.60 0.58

Intra-regime distance stands in italics. Last line (bold): correlation for
a given regime between the ERA40 2-m temperature anomalous
values and their reconstruction via multiple regression when the four
distances are used as predictors
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reconstruction of the surface ocean variables following a
weather typing approach, in addition to the occurrence
frequencies of the classes.

6 Atlantic summertime atmospheric circulation classes

The summer season (June—September) is now examined
following the same line of reasoning as the one adopted so
far for winter. Five summertime NAE-WR are obtained
from k-means clustering (Fig. 9a—e). The first two NAE-
WRs bear a strong resemblance to the negative and
positive phases of the summertime NAO (Folland et al.
2009), respectively. Their respective occurrence integrated
over the entire season is indeed strongly correlated (0.88
and 0.83) to the traditional summertime NAO index esti-
mated from JJAS EOF. The teleconnection pattern is
northward shifted compared to its winter counterpart
(Fig. 1a, b) following the seasonal migration of the North
Atlantic centers of action (Hurrell et al. 2003). Like in
winter, a fair amount of asymmetry is found between the
two summertime NAO weather regimes especially off
Newfoundland; this yields significant impacts in terms of
surface wind and T2 associated anomalies (not shown).
The third regime is referred to as Atlantic Ridge because
of its strong similarity to the winter pattern (Fig. 1c); the
associated surface ocean anomalies are very close to the
ones depicted in Fig. 2c, g, but with weaker amplitude.
The forth regime is named Icelandic Low (IL). Interest-
ingly, IL strongly projects on the wintertime NAO-+
spatial structure but is not correlated with the summertime
NAO index (the correlation value is equal to —0.31). The
last regime is termed WES standing for Scandinavia—
Western Europe. This regime is associated with bursts of
thunderstorms over Western Europe because of southerly
advection of warm air masses from Maghreb (van Delden
2001). Similarly to wintertime, summer NAO frequencies
of occurrence exhibit decadal fluctuations (not shown)
superimposed on considerable interannual variability as
also shown in Folland et al. (2009).

Five NAE-WR are kept in the present manuscript as
opposed to Cassou et al. (2005) or Guemas et al. (2010)
papers using four summertime patterns defined from June
to August days. We found that including September in the
clustering step alters the robustness of the partition into
four regimes while kK = 5 appears to be more stable (i.e. not
dependent on the sampling size/period as tested in Straus
et al. 2007). Note though that k = 5 fails the Michelangeli
et al. (1995) red noise test from which none of k-values are
significant. Five summertime tropical wind classes are also
chosen for the same reasons (Fig. 9f—j). T-WCl is char-
acterized by reinforced trade winds in both hemispheres.
T-WC2 exhibits a strong reduction of the NE trades while

signs for anomalous anticyclonic circulation in the south-
ern hemisphere are visible. Both regimes are overly
dominated by decadal variability that is even more pro-
nounced in summer than in winter (not shown) and is
clearly associated with the AMO. T-WC3 and T-WC4
exhibits a fair amount of linearity; T-WC3 (T-WC4) is
characterized by enhanced (reduced) NE trades while SE
trades are diminished (reinforced). Their occurrence is
correlated with the cross-equator SST gradient mode.
Maximum occurrence for T-WC3 (T-WC4) is found in the
1970s and 1980s (1960s and 1990s) with strong interannual
pulses over the entire period. T-WCS5 is characterized by a
pronounced equatorial surface wind divergence and its
appearance is dominated by an upward trend; T-WCS5 is
mostly active from the mid-1980s onward.

To what extent is decomposition in weather classes
relevant for reconstructing the low-frequency changes of
the surface ocean variables in summer? Following the exact
same approach as for the winter season (Sect. 4), the
frequencies of occurrence of summer NAE-WR or/and
T-WC are entered as predictors in least-square multiple
linear regressions. We only show correlation skills (Fig. 10)
when both NAE-WR and T-WC are used in the regression
equation, their relative contribution over the entire Atlantic
basin being even more regionally additive than in winter.
Indeed, there is no sign of significant tropical-extratropical
connection in summertime as also confirmed by the table of
contingency between summer NAE-WR and T-WC (same
as Table 1, not shown). This result is consistent with the
accepted notion that tropical-extratropical connections
are mostly active during wintertime because of their
dependence upon the climatological background of the
atmospheric dynamics. Figure 10a shows that the U10
reconstruction based on summertime occurrence frequen-
cies is as skillful as in winter with values ranging from 0.5
to 0.9. Marginal low correlation areas are found south of
Newfoundland and around the Canaries Archipelago while
performances are improved within the tropical band. Good
correlation values are also obtained for summertime V10
except over a broad Northwest Atlantic basin (Fig. 10b).
Reasonable skill is found for T2 although slightly lower
north of 40°N compared to wintertime. Because no signif-
icant value for k is suggested by statistical tests, we verified
that the reconstruction skill is not changed from k values
ranging from 4 to 7 (not shown), the maximum recon-
struction skill being obtained for k = 5.

Summertime trends are weak in U10, V10 and T2 in the
Atlantic. Their reconstruction is however quite correct like
in winter, except for T2 for which the warming is under-
estimated by 60-70% over the entire basin (not shown).
This suggests again that part of the thermal trends of the
ocean surface is not directly linked to the overlying
atmospheric dynamics and is controlled by other factors.
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Fig. 9 Same as Figs. 1 and 2 but for summertime (over 1958-2002 from 1 June to 30 September)

Because of the shallowness of the summertime ocean
mixed layer, radiative forcing from GHG increased con-
centration is expected to be even more efficient to produce
a superficial warming, being subsequently entrained at
depth in winter when the seasonal deepening of the mixed
layer occurs.
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7 Summary and discussion

In this study, we have investigated the link between the
observed variability of the surface ocean variables over the
Atlantic and the overlying atmosphere decomposed in
classes of daily large-scale atmospheric circulation. The
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k-means partition method has been applied first to daily
7500 anomaly maps from ERA40 over a broad NAE
domain from 1958 to 2002. The clustering analysis pro-
vides a set or representative patterns that correspond in the
extratropics to well-known NAE weather regimes
accounting for the barotropic dynamics. The k-means
algorithm has been then applied to daily 30-day low pass
filtered UV1000 anomaly maps in the tropical band; it
yields to wind classes representing the alteration of the
trades. Even if they are temporally connected, tropics and
extratropics are treated separately because of the intrinsi-
cally different nature of their atmospheric dynamics and
associated surface ocean changes. The primary aim of Part

I of our study was to evaluate how relevant the decom-
position of the atmospheric variability into daily midlati-
tude weather regimes and/or tropical classes is to capture
the low-frequency changes of the surface ocean variables.
This step appears to be a prerequisite before thinking about
applying the weather-typing perspective to ocean dynami-
cal downscaling as further described in Part II of this work
(Minvielle et al. 2010).

Winter and summer seasons are analyzed individually.
Consistent with many studies, four wintertime NAE-WR
are detected: the NAO— and NAO+ regimes, the AR
regime and the S-BL regime. Derived anomaly composites
for UV10 and T2 exhibit significant ocean basin wide
structures for each regime and are indicative of strong links
between anomalous large-scale atmospheric circulations
and surface ocean fields in the North Atlantic. Because
there is no assumption for linearity in clustering, spatial
asymmetries are found in surface fields, especially for
UV10, between the two NAO regimes. We argue at that
point that such asymmetries could be of great importance
when surface fields associated with the NAO are used as
forcing in OGCMs, and can therefore be considered as an
added-value of the weather-typing approach. We indeed
expect the ocean to be very sensitive to asymmetries
because of nonlinear processes present in key regions for
its dynamics and variability (deep convection, vertical
entrainment in the mixed layer, etc.).

In the tropical Atlantic, four wintertime wind classes are
obtained corresponding to either basin wide alteration of
the trade wind intensity in both hemispheres or to changes
in the cross-equatorial flow. Their occurrence is largely
dominated by decadal changes. Clustering is able to cap-
ture the late 1960s-early 1970s climate shift that underwent
a number of significant variables of the atmospheric cir-
culation. We find that the prevalence of this shift renders
difficult to firmly link the individual T-WC occurrence to
any specific SST patterns at interannual to quasi-decadal
timescale. Besides, there is clear evidence of tropical-
extratropical connection as diagnosed by the table of con-
tingency between wintertime NAE-WR and T-WC mean
occurrences. Additional investigations are thus consider-
ably needed to clarify the relative roles of the different
actors in the tropical Atlantic climate. Those investigations
might likely imply some refinement at the very first stage
of the UV1000 clustering and our study should be treated
as a first attempt.

Five NAE-WR and T-WC are obtained for summer.
Similar conclusions hold for that season: the importance of
the spatial asymmetry found in derived surface variables
anomalies from NAE regimes, and the dominant signature
of the late-1960 s climate shift in the tropics, although the
relationship between T-WC summertime occurrence and
local summertime SST appears to be less blurred in
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agreement with the seasonal estimate of the trade winds
potential predictability given in Sutton et al. (2000). By
contrast to winter, there is no evidence of tropical-extra-
tropical connection in summer. Note that such an assertion
is drawn from mean statistics that does not preclude some
possible connections for some specific events or years as
documented in literature (Cassou et al. 2005).

The relevance of the decomposition in NAE-WR and/or
T-WC to derive basin-wide low-frequency changes of
surface ocean variables has been demonstrated. Our results
highlight that both the type of regime, i.e. its occurrence,
and its relative strength with respect to the others regimes,
i.e. its inter-regime distances, are valuable predictors for
surface ocean variables. Best results are obtained when
NAE and tropical clusters are combined because of closely
interwoven dynamics. Figure 11 provides a schematic
means of visualizing and summarizing the latter findings.
Let us consider two regimes A and B whose centroid
position is represented by a thick black cross in a reduced
phase space span by two arbitrary dimensions. For the sake
of simplicity, let us consider T2 as the surface variable to
be reconstructed from regime-derived information. Each
individual dot represents a day and its color stands for the
sign and the magnitude of the T2 anomalies of that day;
reddish (bluish) color stands for warm (cold) T2 anomalies
and the redder (bluer), the warmer (colder). For a given
region, we found that:

e the attribution to a given regime controls to a great
extent the sign of the surface anomalies. Schematically
warm (cold) days mostly belong to regime B (regime
A).

e the strength of the regime with respect to its own
centroid does not explain the magnitude of the surface
anomalies. Schematically, let us take two warm days
from Regime B (colored stars) located at the same

Direction 2

4.0 2.0 0.0 2.0 4.0
Direction 1

Fig. 11 Schematic summary diagram of inter- and intra-distance
influence on surface variable anomalies
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distance to Regime B centroid, i.e. along the same solid
circle. Intra-regime distances (pink arrows) are thus
identical and cannot explain the fact than 1 day is
warmer than the other.

e the strength of the regime with respect to the centroids
of the other regimes do explain the magnitude of the
surface anomalies. Difference in inter-regime distances
(blue arrows) explains why one day is warmer than the
other despite the fact that both belong to the same
regime.

The latter conclusions are valid to a large extent over
most of the NAE domain and have been validated for two
key regions for ocean dynamics: the Labrador Sea (deep
water formation, etc.) and a latitudinal band along the
mean westerlies whose strength controls a large part of the
variability of the ocean gyre dynamics.

We have verified that inter-regime distances used as
predictors in least-square multiple linear regressions to
reconstruct surface ocean variables yields significant cor-
relations between observed and reconstructed daily values.
We have shown that intra-regime distances do not play a
significant role, a conclusion that is not straightforward.
For instance, it is definitely not the case for precipitation or
temperature over land and we believe that it might be
related to the large size of the domain considered in our
case. Note that this assertion may not hold for climate
change studies. We have verified that using the combined
frequencies of occurrence of NAE-WR + T-WC as pre-
dictors enables us to reproduce very reasonably the inter-
annual variability of Ul0, V10 and T2 over the entire
Atlantic basin We also have suggested that part of sub-
surface water properties in the Labrador Sea where deep
convection occurs can be linked to NAE-WR excitation
providing further assurance in the relevance of our
weather-typing approach to investigate the 3-dimensional
ocean dynamics. Finally, we have provided some evidence
that a large fraction of the low-frequency trends in the
Atlantic observed at the surface over the last 50 years can
be traced back to changes in occurrence of tropical and
extratropical weather classes and can be interpreted as the
time integration of higher frequency fluctuations in the
atmosphere. One direct interpretation of these findings is
that the weather-typing statistical scheme to be proposed in
Part II of this study to reconstruct the sea surface variables
should include both the frequency of occurrence and the
distance as input parameters.

The last element to be considered is the tropical-extra-
tropical connection that must be respected in the future
reconstruction scheme. Complementary analyses (not
shown) suggest that, in addition to the fact that T-WC and
NAE-WR occurrences are not independent, the NAE-WR
strength is modulated by the tropical states. This is
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Occurence (%)

Fig. 12 Percentage of days attributed to each regime among the nine
winter + summer NAE centroids as function of calendar month.
Bluish (reddish) color stands for the winter (summer) NAE-WR

particularly true for the NAO regimes and to a lesser extent
for S-BL and AR. This arises through atmospheric tele-
connections sustained by a Rossby wave-like disturbances
propagating northward from the western part of the tropical
Atlantic (Terray and Cassou 2002). The triangles in Fig 11
schematically symbolize the modulator role of the tropics
in the spatial distribution of the NAE regime. The gray
large triangle on the left side represents the direction of the
tropical forcing in the reduced phase space. Let regime B
(A) be the NAO— (NAO+) regime and T2 over the Lab-
rador Sea. Individual colored triangles stand for days where
T-WC2 is excited; those are sparse in regime A and
directed towards regime B (light green) whereas they are
numerous in regime B but located on the opposite side
“running away” from A and leading to stronger surface
anomalies (dark red). Recall that Fig 11 is a simplified or
noise-free view for heuristic purposes; the true nature of
the dynamics is much more blurred.

We concentrated our analyses on winter and summer
seasons. How about spring and fall? Because we are
interested in low-frequency changes of the ocean (inter-
annual variability and trends), a continuous full-year daily
forcing must be provided to OGCMs. When clustering is
applied to the two intermediate seasons, obtained classifi-
cations are not stable at all. This could be consistent with
the idea that intermediate seasons may not be characterized
by specific atmospheric circulation patterns; those should
rather be treated as transition periods between summertime
and wintertime distinct dynamics, the timing of shift
between the two varying with years leading to unstable
statistics. This interpretation is reinforced by Fig. 12 for
NAE-WR. All anomalous Z500 calendar days are attri-
buted to one of the 9 NAE-WRs formed by the 4 + 5
winter + summer weather regimes obtained from seasonal
clustering as described above. We count the number of

days attributed to each regime considering the 12 calendar
months separately. As anticipated by construction, D/J/F/
M days mostly fit in one of the four winter centroids while
J/J/A/S days rarely picked them. Interestingly, occurrences
are less segregated in winter than in summer. We found
that weak Z500 anomalies days in winter are artificially
closer to summertime regimes because the Euclidian dis-
tance mostly accounts for the amplitude of the anomalies.
Such a behavior disappears if the pattern correlation dis-
tance is used instead or if non-persistent regimes (episodes
lasting less than four consecutive days and interpreted as
transition days) are removed from the statistics. Winter and
summer regimes are about equally excited in spring and
autumn months, except for May where summer regimes
slightly dominate. This suggests that both summertime and
wintertime dynamics statistically occur during the inter-
mediate seasons making difficult the extraction of specific
representative patterns through clustering for April, Octo-
ber, November and May to a lesser extent. This result
highlights the need for considerable further work to
understand the nature and physics of the intermediate
season atmospheric dynamics.

All together, this paper, or Part I, tends to show that a
weather-typing approach could be promising for ocean
dynamical downscaling application. As a prerequisite, we
provided some evidence that weather regimes/classes
occurrence and strength are indeed discriminatory for the
variability of the surface ocean fields used as forcing in
OGCMs. Consequently, we have elaborated a statistical
method based on the conclusions described here to estimate
the ocean forcing variables from observed estimates, and
have used a high resolution ocean model to test its rele-
vance. The reader is invited to report to Minvielle et al.
(2009) or Part II of the present study, for a complete
description of the statistico-dynamical algorithm and its
performance.
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