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Abstract Trajectories of surface cyclones and anticy-
clones were constructed using an automated scheme by
tracking local minima and maxima of mean daily sea level
pressure data in the NCEP-NCAR reanalysis and the
Centre National de Recherches Météorologiques coupled
global climate Model (CNRM-CM3) SRES A2 integration.
Mid-latitude lows and highs traveling in the North Pacific
were tracked and daily frequencies were gridded. Transient
activity in the CNRM-CM3 historical simulation (1950-
1999) was validated against reanalysis. The GCM correctly
reproduces winter trajectories as well as mean geographical
distributions of cyclones and anticyclones over the North
Pacific in spite of a general under-estimation of cyclones’
frequency. On inter-annual time scales, frequencies of
cyclones and anticyclones vary in accordance with the
Aleutian Low (AL) strength. When the AL is stronger
(weaker), cyclones are more (less) numerous over the
central and eastern North Pacific, while anticyclones are
significantly less (more) numerous over this region. The
action of transient cyclones and anticyclones over the
central and eastern North Pacific determines seasonal
climate over the West Coast of North America, and spe-
cifically, winter weather over California. Relationships
between winter cyclone/anticyclone behavior and daily
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precipitation/cold temperature extremes over Western
North America (the West) were examined and yielded two
simple indices summarizing North Pacific transient activity
relevant to regional climates. These indices are strongly
related to the observed inter-annual variability of daily
precipitation and cold temperature extremes over the West
as well as to large scale seasonally averaged near surface
climate conditions (e.g., air temperature at 2 m and wind at
10 m). In fact, they represent the synoptic links that
accomplish the teleconnections. Comparison of patterns
derived from NCEP-NCAR and CNRM-CM3 revealed that
the model reproduces links between cyclone/anticyclone
frequencies over the Northeastern Pacific and extra-tropical
climate conditions but is deficient in relation to tropical
climate variability. The connections between these synop-
tic indices and Western weather are well reproduced by the
model. Under advanced global warming conditions, that is,
the last half of the century, the model predicts a significant
reduction of cyclonic transients throughout the mid-latitude
North Pacific with the exception of the far northern and
northeastern domains. Anticyclonic transients respond
somewhat more regionally but consistently to strong
greenhouse forcing, with notably fewer anticyclones over
the Okhotsk/Kamchatka sector and generally more anti-
cyclones in the Northeastern Pacific. These modifications
of synoptic weather result in regional feedbacks, that is,
regional synoptic alterations of the anthropogenic warming
signal around the North Pacific. In the eastern Pacific, for
example, synoptic feedbacks, having to do especially with
the northward shift of the eastern Pacific storm-track
(responding, in turn, to a weaker equator-to-pole tempera-
ture gradient), are favorable to more anticyclonic
conditions off the American mid-latitude west coast and
more cyclonic conditions at higher latitudes. These circu-
lation feedbacks further reduce the equator-to-pole
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temperature gradient by favoring high-latitude mean winter
warming especially over a broad wedge of the Arctic north
of the Bering Sea and moderating the warming along the
mid-latitude west coast of north America while also
reducing precipitation frequencies from California to
Northern Mexico.

1 Introduction

At global scale, during the last half-century, observed mid-
latitude transient winter cyclones became less frequent, but
more intense. The occurrence of deep cyclones increased
significantly in both the Southern (e.g., Simmonds and
Keay 2000a, b Pezza and Ambrizzi 2003) and the Northern
(e.g., Serreze et al. 1997; Gulev et al. 2001) mid-latitudes
since mid-twentieth century. While the number of mid-
latitude (30°-60°N) lows diminished during this period,
high latitude (north of 60°N) lows became more numerous
in accordance with the general warming of the Northern
Hemisphere (McCabe et al. 2001).

In the North Pacific, Graham and Diaz (2001) observed
that strong extra-tropical cyclones gradually increased in
number during the last five decades. This trend was
accompanied by an eastward shift and an intensification of
the Aleutian Low (AL) from the mid-1970s (e.g., Trenberth
1990; Trenberth and Hurrell 1994; Overland et al. 1999)
coinciding with strengthened cyclonic activity and weak-
ened anticyclonic activity in the Northeastern Pacific
(Favre and Gershunov 2006, hereafter FG2006). The
observed general strengthening of eastern North Pacific
cyclonic activity went counter to global observations and
most climate change projections for the mid-latitudes.
Regionally, these observations coincide and are consistent
with a general nighttime warming over the West (e.g., Karl
et al. 1984, 1986, 1993; Easterling 2002; Groisman et al.
2004) and more frequent downpours over the southwestern
United States after the mid-1970s (Gershunov and Cayan
2003). Were these observed regional synoptic changes
purely natural? How are regional synoptic transients
expected to evolve under global climate change? What
does that bode for Western weather and climate? These
questions motivate this work and are addressed below.

Most models project a general reduction of mid-lati-
tude cyclones in response to global warming scenarios
(e.g., Koenig et al. 1993; Lambert 1995; Lambert and
Fyfe 2006; IPCC 2007). The principal reason evoked is
the change in baroclinicity in the lower troposphere (e.g.,
Lambert 1995; Lunkeit et al. 1998; Yin 2005). These
modifications could be induced by a reduced equator-to-
pole temperature gradient due to stronger warming pre-
dicted for high-relative to low-latitudes and related factors
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such as reduction of sea-ice extent (e.g., Holland and Bitz
2003; Sewall and Sloan 2004; Sewall 2005). This could
lead to reduced baroclinic instability, which would be
unfavorable to cyclogenesis. Nevertheless, in a warming
atmosphere, the models predict increasing humidity. The
enhanced potential for latent heat release could reinforce
the deepest cyclones, making deep lows more numerous
while moderate events decline (Lambert 1995; Lambert
and Fyfe 2006).

As for mid-latitude transient anticyclones, few studies
address their features, and evolution in a changing climate.
Considering Northern Hemisphere winter climate warming
in the NCAR Community Climate Model version 1, Zhang
and Wang (1997) found that a decrease of cyclone fre-
quencies was accompanied by a similar decrease in the
frequency of transient anticyclones.

Furthermore, studies of possible regional climate
change, suggest a more moderate winter warming of the
West compared to the inner North American continent
(IPCC, 2007) as well as less precipitation over the south-
western US and northern Mexico but more in the
Northwest and western Canada (e.g., Sewall and Sloan
2004; Sewall 2005; IPCC 2007).

Regional weather and climate variations in mid-latitudes
(e.g., occurrence of precipitation, cold waves, etc.), spe-
cifically during winter, depend directly on transient
synoptic features (e.g., FG2006). Thus, the study of pos-
sible evolution of regional transient activity in models
provides the opportunity to envisage the synoptic nature
and dynamics of regional climatic evolution. In this work,
we will analyze how the winter climatology of North
Pacific mid-latitude surface cyclones and anticyclones
could evolve in the context of global warming and what
consequences are foreseen for winter weather over the
West.

The paper is arranged as follows: Sect. 2 presents the
data and methodology; Sect. 3 describes the climatology of
North Pacific cyclones and anticyclones; Sect. 4 considers
the modeled consequences of global warming projected on
the North Pacific transient activity; and Sect. 5 discusses
the possible impacts of these changes on regional weather
over the West. Summary and conclusions are presented in
the last section.

2 Data and methodology

To quantify surface cyclonic/anticyclonic activity and to
study how global warming could influence transient
behavior over the North Pacific, we have first constructed
trajectories of transient highs and lows, from observations
and GCM simulations of mean daily sea level pressure.
Using the daily-resolved trajectories, we gridded and
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Fig. 1 Winter (JFM) mean sea
level pressure (contours) and
inter-daily variation of sea level
pressure (shading, expressed in
hPa), from reanalysis (a), and
from the model historical
simulation (b). Contour interval
is 4 hPa
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studied seasonal frequency fields of cyclonic and anticy-
clonic transients.

2.1 Observed and modeled data

North Pacific mid-latitudes transient activity is analyzed
from daily mean sea level pressure (MSLP, JFM 1950-
2001) obtained from NCEP-NCAR reanalysis (Kalnay
et al. 1996; Kistler et al. 2001) and from the Center
National de Recherches Météorologique Coupled general
circulation Model version 3 (CNRM-CM3: Salas-Mélia
et al. 2005). The CNRM-CM3 is a coupling of the Atmo-
spheric Global Model ARPEGE-Climat version 3 (Déqué
et al. 1999; Gibelin and Déqué 2003), the OPAS8.1 ocean
model (Madec et al. 1998), GELATO2 sea ice model
(Salas-Mélia 2002), ISBA land surface scheme (Noilhan
and Planton 1989; Mahfouf et al. 1995; Douville et al.
1995a, b) and TRIP river routing scheme (Oki and Sud
1998; Chapelon et al. 2002). This global spectral model has
a spatial resolution of T63 (about 1.9°%1.9°) with 45 ver-
tical levels. Two simulations of the CNRM-CM3 are used:
a historical simulation (XX1) covering the period 1860-
1999 with observed radiative forcing (annual mean), and
the climate change simulation, for the period 2000-2099,
which conforms to the SRES A2 business-as-usual-type
scenario (IPCC 2007). From these two simulations, we
have restrained our analysis to the 1950-1999 and 2050-
2099 periods, permitting, on the one hand, the model
comparison with reanalysis and reinforcing, on the other
hand, the analysis results with two contrasted periods of
advanced versus observed global warming.

2.2 Comparison of reanalyzed and modeled winter
MSLP fields

Preliminary analysis of North Pacific winter MSLP reveals
that the mean configuration of North Pacific atmospheric
centers of action (Aleutian Low and sub-tropical High) is
similar in reanalysis and in the model historical simulation.

200

250

Nevertheless, a light overestimation of mean pressures in
the model, as compared with reanalysis (Fig. 1a, b), affects
the whole region, except for the Asian continent, where
pressures are underestimated. Consequently, the modeled
AL is somewhat retracted, specifically in the south, to the
benefit of subtropical high-pressure influence between
20°N and 40°N. The day-to-day variability of pressure is
relatively well modeled but is under-estimated over the
Aleutians and the Gulf of Alaska, and overestimated over
Alaska.

The analysis of transient trajectories will clarify how
these differences in the mean field of MSLP appear at
synoptic timescale.

2.3 Constructing trajectories of transient highs
and lows

Trajectories of transient cyclones and anticyclones were
established from NCEP-NCAR reanalysis, CNRM-CM3
historical and SRES A2 simulations of MSLP, using an
automated scheme presented below.

From daily MSLP, we have constructed surface transient
trajectories using the tracking algorithm presented in
FG2006. The automated scheme first recognizes and
determines the spatial position of each local minima/
maxima of MSLP, inferior/superior to 1,005 hPa/
1,015 hPa, defining surface cyclone/anticyclone centers,
respectively. The local partial derivatives, zonal and
meridional, permit to identify these minima and maxima of
pressure in the four cardinal directions. Next we retain the
coordinates of each minima below 1,005 hPa (cyclones)
and maxima above 1,015 hPa (anticyclones). These centers
of low and high pressure are tracked, day after day
according to their temporal pressure variations and spatial
displacement criteria described in FG2006.

The geographical domain in which trajectories are
constructed covers the 0°-90°N/80°E—110°W region. The
Rocky Mountains represent the eastern limit: transients
circulating to the east of this topographic barrier do not
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directly affect the North Pacific Basin. To the West, East
Asia is included in our analysis, because any transients that
circulate in the North Pacific Basin can originate and/or
transit over this region, before entering the ocean basin:
this is especially true for anticyclones during winter season.

In this study we analyze transients having a lifetime of
2 days at least, transiting in the 30°N-60°N zone, and
circulating over the North Pacific Basin during one day at
least. In this way, we consider only mid-latitude features
and exclude transients that circulate exclusively to the
north of 60°N or to the south of 30°N. Nevertheless, tra-
jectories which circulate over the North Pacific during one
day at least, are recorded in their totality; consequently
they can generate, decay or transit temporarily outside of
this core region.

2.4 Mapping the frequency of transient features

Mapping the frequency of transient features is a delicate
procedure (e.g., Zolina and Gulev 2002). The choice of
space—time resolution for data used to construct transient
trajectories can produce biases in frequency mapping. The
origin of the problem is two-fold.

First, a coarse space—time resolution does not permit to
precisely record the real life-time of trajectories (from
genesis to decay). In this study, the algorithm detects closed
systems in MSLP fields, thus, at the stage of genesis, a
higher space—time resolution should permit to detect the
systems earlier, and follow them further into the stage of
decay. Consequently, the space—time resolution influences
the duration of trajectories, as well as the system frequen-
cies per cell. Our analysis is limited by coarse space—time
resolution that will be improved upon in subsequent studies.
Nevertheless, results presented below reflect regional cli-
mates modifications that could be attributed to a change of
mid-latitude transient activity, due to global warming.

The second problem is related to the relative punctuality
of recording position of transients on a grid. A rapid dis-
placement of an atmospheric center will not be recorded in
the same way as a slow (or a non-) displacement, with an
under- and over estimation of occurrence per cell, respec-
tively. According to the objective of the study, it is more or
less necessary to adjust to this problem by treating transit
and duration separately. In this work as in Lambert (1995),
we assume the over-representation in space of slow or
blocked systems, because, our analysis addresses general
cyclonic and anticyclonic activity, so the notion of duration
is as important as that of transit. Our principal concern is to
obtain homogenous spatial structure with a reasonable
number of observations per cell. Consequently we have to
adapt the spatial frequency grid resolution to the source
data space—time resolution used for the tracking step.
Because of our choice of daily MSLP data (daily time
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step), a coarse spatial resolution is appropriate for the
frequency analysis. Accordingly, we chose a 10°*%10° grid
to summarize cyclone/anticyclone frequencies for each
winter in reanalysis as well as in CNRM-CM3 simulations.
The relatively coarse grid-resolution avoids interpolation,
while obtaining homogeneous mean spatial structures.

3 Winter climatology of North Pacific transients

The general comparison of transient climatology derived
from reanalysis and the model will permit to verify that, in
spite of the seasonal mean over-estimation of MSLP, the
model is apt to correctly reproduce trajectories as well as
the geographical patterns of mid-latitude transient cyclonic
(Sect. 3.1) and anticyclonic (Sect. 3.2) activity.

3.1 Cyclonic activity

On seasonal winter average, the principal zone of cyclonic
center passages extends between 30°N and 60°N and they
are most frequent between 40°N and 60°N (Fig. 2a, b). In
both observations and model, there are two principal cen-
ters of cyclonic activity: to the southeast of Kamchatka and
in the Gulf of Alaska. This is consistent with previous
studies (e.g., Pettersen 1956; Anderson and Gyakum 1989;
Geng and Sugi 2003).

Figure 2c and d presents samples of typical winter
cyclone trajectories derived from reanalysis and model data
(for “normal” winters). Normally, trajectories tend to
occupy a large band stretching east of Japan to the Gulf of
Alaska and passing to the South of Kamchatka and over the
Aleutian Islands. The latitudinal domain of cyclonic cir-
culation is distinctly larger in the western part of North
Pacific, with cyclones circulating further south than in
eastern part of the basin, where trajectories tend to be more
confined in the Gulf of Alaska (e.g., Pettersen 1956; Klein
1957; Hanson and Long 1985; Gyakum et al. 1989; Zhang
and Wang 1997; Gulev et al. 2001; Lambert et al. 2002).
The western Pacific sector is favorable to cyclogenesis (not
shown) and previous studies point out the Kuroshio influ-
ence as a favorable factor for intensification to the east of
Japan (e.g., Sanders and Gyakum 1980; Roebber 1984,
1989; Rogers and Bosart 1986; Gyakum et al. 1989; Gulev
et al. 2001). These cyclones have long lifetimes and move
rapidly north-east-ward (Zolina and Gulev 2002), towards
the Aleutians and the Gulf of Alaska and merge into the
statistical AL (Wallace et al. 1988; Gulev et al. 2001). The
Gulf of Alaska is also a favorable area for cyclogenesis and
intensification (e.g., Reed and Albright 1986). Neverthe-
less, the particularity of this region is that it is also
favorable to the decay (not shown) of cyclones (Gulev
et al. 2001; Martin et al. 2001; McLay and Martin 2002).
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Fig. 2 Mean cyclones’ (a) Cyclones — Geographic distribution (b) Cyclones - Geographic distribution
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Over the southwest coast of the United States, the occur-
rence of lows is relatively infrequent because of the
subtropical high’s influence limiting the generation and/or
propagation of cyclones in latitudes inferior to 45°N—40°N.
Regions to the south of 40°N are most often influenced by
the tail ends of Gulf storms landing around British
Columbia. Occasionally, however, cyclones can also gen-
erate between Hawaii and the continent. These rare
“Pineapple Express” storms typically arrive well-centered
to California (e.g., Dettinger et al. 2004; Ralph et al. 2004).

In the modeled historical simulation, the trajectories and
the mean spatial structures of cyclones’ frequency are
correctly reproduced, but frequency is generally underes-
timated. Cyclonic trajectories are less numerous over the
basin (40 modeled compared to 66 observed per average
winter: —33%) in the GCM compared to reanalysis. This
model underestimation is strongly pronounced over the
Northeastern Pacific and in latitudes inferior to 40°N.
Nevertheless cyclones in the model have a longer mean
life-time with 4.34 days against 3.79 days in reanalysis
(+13%). In spite of a greater duration, the mean cyclone
occurrences (impacts per cell) are under-estimated in the
model. In the mid-latitude North Pacific (30°N-60°N),
cyclone occurrences per cell are under-estimated by
approximately 30% in the model in comparison with
reanalysis. We have thought that the MSLP difference
between reanalysis and the model and the choice of the
fixed-threshold (1,005 hPa) for identification of cyclones

200

250 150 200 250

are perhaps the causes of this model under-estimation.
After a simple verification, the number of local pressure
minima detected in the model, without imposed threshold,
is around 30% below that in the reanalysis (keeping in
mind the spatial resolution difference). Lambert and Fyfe
(2006) have equally found that cyclonic events are under-
estimated by approximately the same percentage in the
CNRM-CM3 in comparison with ERA40 reanalysis, for the
Northern Hemisphere. Moreover, in the model, central
pressure of cyclones is generally higher than in reanalysis
by around 4 to 5 hPa (not shown). For example the mini-
mum central pressure reached by all mid-latitude cyclones
over the North Pacific is 985 hPa (on average) in reanalysis
and 990 hPa in the model. Lambert et al. (2002) have
suggested that the mean field of pressure results from the
respective contribution of transient lows and highs. Thus,
the simulation errors of seasonal mean pressures are
generally associated with a surplus or a deficit of cyclone
occurrences as well as with their relative depression.
Consequently the over-estimation of MSLP in the model
(Fig. 1) could be caused, at least in part, by the generally
weaker transient cyclonic activity in the model (Fig. 2) and
specifically in latitudes inferior to 40°N (—80%) and over
the Northeastern Pacific. The Rocky Mountains play an
important role on the North Pacific cyclonic activity,
blocking transients along the coast. Because of the rela-
tively coarse resolution used by models, transient cyclones
are not sufficiently confined specifically in the Gulf of
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Fig. 3 Mean anticyclones’
frequency per 10°*10° cell

(a, b). Anticyclone trajectories
during a normal winter (c, d)
from reanalysis (left panels) and
from the model historical
simulation (right panels)
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Alaska. This causes an excessively northward location of
the AL (IPCC 2007) to the benefit of subtropical high
pressures, which are generally too strong in models (e.g.,
Lambert et al. 2002).

3.2 Anticyclonic activity

The number of high trajectories reaching the North Pacific
mid-latitudes is similar in the model and observations
(117 versus 115 per average winter). Their life-times are
also well-simulated (3.61 versus 3.63 days) as well as the
mean spatial structures of anticyclonic activity (Fig. 3).
The anticyclonic trajectories are highly concentrated over
the west part of our sector. During winter, the Siberian
High favors frequent cold air discharges over the Okh-
otsk, Japan, and China Seas regions (e.g., Jhun and Lee
2004; Panagiotopoulos et al. 2005). These cold air out-
breaks form ridges of pressure, which can develop into
closed anticyclones over the ocean and propagate south-
eastward to the subtropical latitudes. These synoptic
phenomena are associated with the winter monsoon (cold
and dry north winds) over southeastern Asia and the
western North Pacific. Around 75% of mid-latitude anti-
cyclones, which reach the North Pacific Basin, are
generated over the Asian continent but decay rapidly over
the western North Pacific. Under the influence of cyclonic
displacement, some of them can propagate zonally and
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reach the eastern North Pacific. This happens to around
10% of Asian anticyclones. Another category of transient
anticyclones wander over the far-eastern Siberia, Bering
Sea or Alaska, and drop directly into the Northeastern
Pacific, propagating along the coast of North America.
These transients are associated with cold air outbreaks
over the Pacific Northwest (FG2006). Mid-latitude anti-
cyclones tend to merge with the sub-tropical high
(Wallace et al. 1988). According to this general descrip-
tion, North Pacific anticyclones are most frequent along
the Asian continent and to a lesser extent, along the west
coast of North America. Transient anticyclones are dis-
tinctly rare in the AL area. These observations are in
accordance with Pettersen (1956) and later studies.

On average anticyclones are more (less) numerous over
East Asia (Northeast Pacific) in the model in comparison
with reanalysis.

Summarizing this section, we have verified the model’s
capacity to reproduce the mean climatology of transients in
the North Pacific Basin. It is recognized that in spite of an
under-estimation of cyclones’ frequency and intensity, the
model historical simulation correctly reproduces the mean
features of mid-latitude transients, trajectories, as well as
the spatial distribution of mean frequency. A notable
exception seems to be a severe model under-estimation of
cyclonic intrusions into the Pacific Northwest and at lati-
tudes inferior to 40°N.
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4 North Pacific transient activity: observations and
modeled consequences of projected global warming

On inter-annual time scales, the seasonal mean AL reveals
tropospheric circulation variations over the North Pacific
Basin. A deep AL in winter reflects and promotes a
cyclonic circulation anomaly over the North Pacific as well
as warmer temperatures along the American West coast
and colder temperatures over the central North Pacific.
Opposite anomalous conditions prevail over the region
when AL is weak. Variations of the AL influence western
North American climate especially during winter (e.g.,
Wallace and Gutzler 1981; Barnston and Livezey 1987).
This mean statistical Low varies with mid-latitude high
frequency weather features, explicitly with respect to
synoptic cyclonic and anticyclonic transient activity (e.g.,
FG2006, Zhu et al. 2007).

Zhu et al. (2007) have estimated the effect of extra-
tropical cyclones on the inter-annual variability of the winter
mean AL. They have distinguished two types of preferred
cyclonic trajectories that account for the strong and weak
phases of the AL intensity. A strong AL corresponds to a
zonal displacement of cyclones with tracks closely following
each other and high concentration over and to the east of the
Aleutian Islands. Conversely, during winters marked with an
anomalously weak AL, cyclones tend to be disorganized
over the entire North Pacific Basin favoring more meridian
trajectories with a stronger pole-ward component.

In order to estimate the capacity of the model to
reproduce the general features of transient activity’s low-
frequency variability, we first describe how cyclones and
anticyclones co-vary with the AL in observations and
model (Sect. 4.1).

According to previous studies (e.g., Koenig et al. 1993;
Lambert 1995; Lambert and Fyfe 2006; IPCC 2007), global
warming should restrain transient cyclones in mid-latitudes

Fig. 4 Time series of mean
SLP over the 30°N-60°N/

(@) AL.Index NCEP-NCAR

but encourage them at higher latitudes. Nevertheless
uncertainties endure about future AL evolution (IPCC
2007). Many models project a pole-ward displacement and
an intensification of the AL (IPCC 2007). In Sect. 4.2,
possible changes in transient activity and AL will be ana-
lyzed in the SRES A2 simulation.

4.1 Transient activity and Aleutian Low variability:
comparison between observations and historical
simulation

We have, in the previous section, verified that the spatial
distribution of cyclonic and anticyclonic trajectories and
associated mean frequencies are correctly reproduced in the
model historical simulation. Now, we will describe transient
cyclonic and anticyclonic behavior according to the strong
and weak phases of the AL in reanalysis and in the model.
First, we have constructed the AL strength index, that is,
winter SLP averaged over the 30°N-60°N/150°E-140°W
region, and then we classified strong and weak AL winters in
reanalysis and model historical simulation (Fig. 4).

In observations, the AL index presents a significant shift
between 1976 and 1977. From 1977, the AL is deeper in
average (mean difference between 1977 and 2001 and
1950-1976 = —3 hPa, t-test sig. >99%) and more variable
(+1.2 hPa for the standard deviation, F-test sig. >95%). In
the historical simulation no significant change of the AL
strength is detected.

During strong AL winters, cyclones are more frequent
over the central and eastern North Pacific and off Cali-
fornia but less numerous over the Kamchatka sector and off
British Columbia (Fig. 5a, b). This anomalous configura-
tion of cyclonic activity is associated with fewer
anticyclones over the central and eastern part of the North
Pacific Basin but more over the west and south of 30°N
(Fig. 6a, b).

(b) AL.Index CNRM-CM3
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Fig. 5 Cyclones frequency
(shading) during strong (above)
and weak (below) Aleutian Low
phases in reanalysis (left panels)
and in the model historical
simulation (right panels).
Composites are constructed
with the standard deviation
method. Signs +: difference
with mean field, sig. >90% and
bold signs = sig. >95%
(bootstrap test 1,000 samples
chosen at random)

Fig. 6 Same as Fig. 5, but for
anticyclones
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(a) Anticyclones’ frequency - STRONG AL.
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(b) Anticyclones’ frequency - STRONG AL.
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When AL is weak, cyclones are less numerous over mid-latitudes
the eastern Aleutians and between Hawaii and California,
but their frequency is reinforced in the Gulf of Alaska/

British Columbia sector (Fig. 5c, d). Anticyclones are

then generally more numerous in the
(Fig. 6c, d).

The model correctly reproduces these general anomalies
but we note that during the weak AL phase, the model’s
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cyclonic activity is reduced over much of the 30°N-50°N
band, while in reanalysis, the reduction concerns prefer-
entially the eastern AL area and the sector between Hawaii
and California. The same remark can be made for anticy-
clonic activity during the positive AL phase when transient
highs are less numerous in the 30°N-50°N band in the
model, while in reanalysis, this reduction is most signifi-
cant specifically over the central and eastern mid-latitude
North Pacific.

Thus, in the mid-latitude North Pacific, frequencies of
cyclones and anticyclones vary generally inversely
according to AL phase. In fact, high and low transient
frequencies are negatively correlated (r = —0.71,
sig. >99% in the reanalysis and r = —0.60, sig. >99% in
the GCM). Consequently, an intensified transit of cyclones
is unfavorable to anticyclonic formation and/or propaga-
tion over the mid-latitudes and specifically over the East.
This anti-correlation is greatest (r = —0.84, sig. >99% in
the reanalysis and r = —0.70, sig. >99% in the GCM),
specifically, in the eastern part of the AL area (180°-
130°W/40°-60°N). This anti-phase could be due to the fact
that when cyclones are more numerous they are closer to
each other (e.g., Zhu et al. 2007) and this could inhibit the
generation and/or propagation of anticyclones, which tend
to follow low pressure systems, that is, hindering pressure
ridges from organizing themselves into closed mid-latitude
systems.

In summary, the model appears capable to correctly
reproduce the general inter-annual variability of cyclonic
and anticyclonic activity in accordance with AL phases.

4.2 Projected anthropogenic impacts on the AL
and transient activity

In the global warming scenario, the model projects higher
MSLP in the entire North Pacific and especially in the East
(Fig. 7). Conversely, lower MSLP is projected for the
higher latitudes, across Siberia and in the Arctic Basin,
particularly over Laptev, Eastern Siberia, and Chukchi
Seas. Temperatures are generally higher everywhere but
with regional nuances related to mean projected changes in
circulation. The warming is projected to be strongest over
the Arctic Basin and Siberia and this feature is common in
many model projections, as well as in observations of
contemporary global warming (e.g., [IPCC 2007). In the
North Pacific, the rising pressure induces anticyclonic
circulation anomalies centered over the east (roughly
40°N-150°W) resulting in weaker mid-latitude westerlies.
Along the west coast of North America, northerly wind
anomalies moderate the projected warming from the Gulf
of Alaska to California and, inversely, along the Asian
coast, southerly wind anomalies encourage the warming
from the Okhotsk Sea to the Bering Strait.

SRES A2 - XX1
(Ta2m, MSLP, wind 10m)
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Fig. 7 Difference between SRES A2 and historical simulation for
Ta2 m (shading: °C), wind10 m (vectors) and MSLP (contour interval
is 1 hPa, continue = positive, dashed = negative, bold = 0 hPa)

In the GCM SRES A2 scenario, the geographical mean
frequency structure of cyclones is unchanged (not shown).
Nevertheless, the number of cyclone trajectories, which
reach the mid-latitudes of the North Pacific, is slightly
lower with a reduction of about 7.5%. Their total lifetime is
unchanged in general but significantly reduced south of
60°N by around 13%. Thus, on average, cyclones become
significantly less numerous in the mid-latitude North
Pacific from the China Sea to the Gulf of Alaska and
especially at lower latitudes (Fig. 8a). Conversely, tran-
sient lows tend to be significantly more numerous along the
Asian coast, from the Northern Sea of Japan to the Bering
Strait and especially over the Siberian far east.

The projected number of anticyclonic trajectories that
reach the mid-latitude North Pacific is reduced by about
8%, but their average lifetime is unchanged (not shown).
Regionally, anticyclone frequency (Fig. 8b) is significantly
reduced over the Okhotsk Sea, Kamchatka, and the eastern
Bering Sea. Anticyclones are generally projected to be less
numerous at lower latitudes, especially around Hawaii.
Inversely, anticyclones’ frequency is reinforced to the East
of Japan, in the Northeastern Pacific between 30° and 50°N
and over Alaska.

These modifications of surface transient activity and
particularly reduced cyclonic activity in the mid-latitudes
reflect stronger mean sea level pressure over the North
Pacific and a weaker AL (Fig. 4b, for the AL Index: mean
difference between SRES A2 and XX1 = +2.4 hPa, #-test
sig. >99%, no significant difference in the variance). The
southerly and the northerly components of the surface wind
are intensified along the Asian coast and the west coast of
Northern America, respectively. Thus, over the North
Pacific Rim, the projected warming is accentuated in the
West, and de-emphasized in the East, including the mid-
latitude North American West Coast. In spite of the mean
strength reduction of the AL, the inter-annual variability is
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Fig. 8 Difference between
cyclones (a), and anticyclones
(b), frequency derived from the
SRES-A2 and historical
simulation, expressed in
percentage (shading:
percentage; larger

signs £ = sig. >95%,
bootstrap test)

(a) Cyclones' frequency
SRES A2 - XX1

(b) Anticyclones' frequency
24 SRES A2 - XX1

projected to remain strong, so that extreme cyclonic/anti-
cyclonic winters should still be possible, but less/more
likely, respectively (Fig. 4b).

These general changes, if they take place as projected,
could have significant impacts on the western North
American climate, expressed in temperature and precipi-
tation regimes.

To better understand the effects of climate change on
regional weather, we now focus our study on the eastern
North Pacific and analyze how the frequencies of cyclones
and anticyclones could vary in a global warming context
and what impacts on regional daily precipitation and
temperature are likely over western North America. But
first, connections between synoptic transient activity and
daily precipitation and temperature over western North
America, associated with large scale seasonal mean low-
frequency climate variability in the model historical
simulation, will be verified by comparison with reanalysis.

5 Possible consequences of global warming on western
North American climate via changes in cyclonic/
anticyclonic activity

In the mid-1970s, the North Pacific/North American winter
climate conditions were suddenly modified in accordance
with the AL and the North Pacific Decadal Oscillation
(NPO or PDO) shift (e.g., Mantua et al. 1997). Synoptic
cyclonic activity over the northeastern Pacific was notably
intensified to the detriment of anticyclonic activity
(FG2006). Western North American winters warmed
because southerly advection became more frequent par-
ticularly along the coast from Mexico to Alaska. Thus, over
the continent, extreme cold temperatures, especially during
nights became less frequent but warm extremes more fre-
quent (FG2006).

In Sect. 5.1, relationships between transient frequencies
over the Northeastern Pacific and daily precipitation and
temperature variability over western North America are
summarized. Daily data from 276 stations distributed over
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North America to the West of 100°W, covering the period
1950-2001 were obtained for the US (NCDC 2003),
Canada (Vincent and Gullett 1999) and Mexico (Miranda
2003) from the National Climatic Data Center. Two indices
synthesizing cyclonic and anticyclonic transient frequen-
cies are derived and presented in Figs. 9a and 12a. These
regional indices summarize transient activity intimately
related with observed daily precipitation and extreme cold
temperature frequencies (nightly temperatures (Tmin)
colder than the tenth percentile of all local Tmin during
winters 1950-2001) as recorded at stations over western
North America. These observed relationships are presented
in Figs. 11 and 14. Relationships between these two indices
and global climatic fields, for example, MSLP, Ta2 m, and
wind10 m, are also established in Figs. 10 and 13. These
indices are then derived in model data (Figs. 9b, 12b) and
next projected into the second half of the twenty first
century and analyzed (Sect. 5.2).

5.1 North Pacific transient activity linking large-scale
climate patterns to daily weather over the West

The CF index (Fig. 9a, b) summarizes cyclone frequencies
off the US west coast (30°N-50°N/160°W-110°W, by
simply counting cyclones in this area). Observed time
series present high inter-annual variability of cyclone fre-
quencies with maxima during winters 1958, 1968, 1969,
1978, 1983 (the maximum: 72), 1995, and 1998, contrasted
with minima in winters 1950, 1955, 1964 (the minimum:
15), 1976, 1977, 1985, and 1988. Superimposed on these
strong variations, a moderate, but significant, linear trend
shows that regional daily cyclone frequency increased by
about three cyclones per decade over this observational
period. The model, as we have specified before, underes-
timates transient cyclone frequencies, specifically over the
Northeastern Pacific and at lower latitudes. In this study
area (30°N-50°N/160°W-110°W), the mean winter fre-
quency of modeled transient cyclones in the historical
simulation is 19 (standard deviation: 10), against 41
(standard deviation: 14) in observations, so the inter-annual
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Fig. 9 The CF index is
computed summarizing daily

(Q) CF index (NCEP-NCAR)

(b) CF index (CNRM-CM3)

occurrences of transient S
cyclones in the area delimited
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variability is higher relative to the mean in the model than
in reanalysis. Moreover, the model historical simulation
shows a decreasing linear trend in cyclonic frequency, that
is, opposite to the observed trend. We note that the model
historical run cannot be expected to reproduce observed
PDO shifts. We hypothesize that the 1976-1977 PDO shift
went counter to the regional trend that we can expect from
global warming based on modeling results. The moderate
modeled decrease in cyclonic frequency of about two
regional cyclones per decade will be discussed below.
The cyclonic frequency composites reveal relatively
symmetric patterns between the high and low CF index
winters, in observations (Fig. 9c, e) and in the model
(Fig. 9d, f). When transient lows are more numerous off

250

the US west coast, they circulate less often over higher
latitudes: near Alaska and British Columbia. Inversely
when lows are less frequent between 30°N and 50°N, they
are more frequent around the Alaska Peninsula in obser-
vations, but the response is subtly different in the model
with more cyclones in the Gulf of Alaska and over British
Columbia.

Linear correlations between the CF index and global
climatic fields (Fig. 10) show that regional synoptic tran-
sient cyclonic activity varies in accordance with mean
winter atmospheric conditions over the Pacific Basin. The
model is able to reproduce many details of global MSLP
teleconnections with regional CF index as revealed in
observations (Fig. 10a, b), excepted perhaps for the
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Fig. 10 Linear correlations
between CF index and MSLP
(a, b), Ta2 m and wind10 m (c,
d). Shading = significant
correlation (>95%), continue
lines = positive values, dashed
lines = negative values. Left
panels: NCEP-NCAR, right
panels: CNRM XX1
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observed connection between the CF index and the tropical
Pacific warm pool MSLP. Teleconnections with tempera-
ture and wind over the globe are weaker but also well
reproduced in the model (Fig. 10c, d). Furthermore, when
transient cyclones are more numerous in the study region
(30°-50°N/160°-110°W), transient anticyclones are less
frequent in this same northeast Pacific area (r = —0.7,
sig. >99%, in the model and observations), see Fig. 12 and
discussion of regional anticyclonic circulation below.
Thus, when regional CF is high, regional MSLP (Fig. 10a,
b) is low and a cyclonic low-level wind anomaly is cen-
tered off the continent (Fig. 10c, d). This mean
configuration induces, in observations, and to a somewhat
lesser extent in the model, colder temperatures over the
central North Pacific and warmer conditions along the
coast (Fig. 11) as well as over north western Mexico and
over the western United States with less frequent extreme
cold temperatures (Fig. 11a, b). Southerly wind anomalies
along the coast favor heat and moisture transport from the
eastern North Pacific tropical latitudes, and precipitation,
which is more frequent during high CF index winters from
northwestern Mexico to the Pacific Northwest (Fig. 11c,
d). Further north, northeasterly wind anomalies advect
continental air, reducing precipitation frequency over
Alaska and British Columbia. In the model, patterns of
extreme cold temperature and daily precipitation frequency
are correctly reproduced, but the reduction/increase of cold
extremes, when CF is positive/negative, is under-estimated
over the West. Moreover, negative correlations appear over
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Alaska in the model but no significant relation is found
there in observations. As far as daily precipitation fre-
quency (Fig. 11c, d), the model correctly reproduces the
observed north—south correlation dipole. However, the
north west of Mexico, as well as the states of Arizona and
New Mexico do not present positive relation with CF in the
model contrary to observations. Aside from these details,
the model seems to be capable to reproduce the regional
relationships between cyclonic frequency and weather.
And since it also reproduces the main patterns of telecon-
nections between regional CF and basin-wide seasonally
averaged climate, we can be confident in the model’s
ability to link regional weather over the West to global
climatic influences and to do it for the right synoptic
dynamical reasons.

The AF index (Fig. 12a, b), which summarizes regional
anticyclone frequencies in the 40°N—60°N/160°W-120°W
area, provides a dynamical link between the large-scale
climate and the inter-annual variability of regional daily
weather, for example, extreme cold temperature occur-
rences over the American Northwest (Fig. 14a, b). The
positive phase of the AF index signifies anomalous regional
anticyclonic activity from the Gulf of Alaska to the western
United States (Fig. 12c, d). The negative phase reflects less
frequent anticyclones along the West coast of North
America and over the Aleutian region (Fig. 12e, f). The
inter-annual variability of anticyclonic activity over the
eastern North Pacific is correctly reproduced by the model
in spite of a general underestimation of the frequency with
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Fig. 11 Linear correlations
between CF index and (a, b)
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19 daily passages on average (standard deviation: 10)
against 32 (standard deviation: 14) in reanalysis, averaged
over the 40°N-60°N/160°W-120°W area.

Anticyclonic activity in the Gulf of Alaska and off
British Columbia is negatively correlated with cyclonic
activity in the same region (in reanalysis, r = —0.6,
sig. >99%, and in the model, r = —0.5, sig. >99%). Thus,
when transient anticyclones are more frequent, cyclones
are less numerous inducing anomalously higher MSLP
centered in the Gulf of Alaska (Fig. 13a, b). Higher MSLP
there is associated with northern air advection along the
coast and interior Canada favoring more frequent northerly
outbreaks, which generate colder temperatures (Fig. 13c,
d) and more frequent extreme cold events (Fig. 14a, b).
When regional AF is high, precipitation frequency is sig-
nificantly reduced over British Columbia while it is more
frequently wet, probably via orographic uplift, on the east

side of the Rocky Mountains (Fig. 14c, d). The model
correctly reproduces these features. Nevertheless, the
model under-estimates impacts of transient anticyclones on
extreme cold temperatures over California.

Over the North Pacific, when the AF index is positive,
the anticyclonic circulation anomaly favors warmer tem-
peratures over the central and western North Pacific
including the Bering Sea. In the model, the structure of air
temperature and wind anomalies is correctly reproduced
but is not strong enough over the central and western North
Pacific and, contrary to observations, no significant relation
appears in the tropics. In observations, the pattern of
temperature reveals an inverse relation between the AF
index and inter-tropical temperatures (with NINOI1.2,
r = —0.4, sig. >95%). The model does not reproduce
relationships between the AF index and inter-tropical cli-
matic conditions in the Pacific Basin, for near-surface
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Fig. 12 The AF index is
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temperature as well as for wind and MSLP. A similar
remark could be made for modeled cyclonic activity. In
observations, cyclones’ frequency off the US west coast
(CF index) varies significantly with inter-tropical Pacific
climate conditions, but the model is deficient in this regard
(Fig. 10). Warmer temperatures in the inter-tropical zone
(i.e., El Nifio) favor cyclonic activity off the US west coast
(correlation with NINO3.4 = 0.45, sig. >95% in reanaly-
sis, 0.27, sig. = 95% in the model). Lambert (1996) and
Lambert et al. (2002) have remarked that many models
have difficulties to simulate links between strong mid-
latitude cyclone occurrences and inter-tropical atmospheric
conditions. This criticism applies to the CNRM-CM3,
which underestimates the strength of the tropical
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teleconnection to eastern North Pacific cyclonic activity
(CF) and more generally in the North Pacific Basin.

In the model, the MSLP patterns associated with
NINO3.4 and PDO are not strong enough over the Pacific
Basin (not shown). Consequently, the AL index is poorly
correlated with NINO 3.4 (—0.15, not significant in the
model compared to —0.43, sig. >99%, in reanalysis) and
with PDO (—0.30, sig. >95% in the model compared to
—0.73, sig. >99%, in reanalysis). An important point is
that the model does not reproduce the dipole between the
AL and the western tropical Pacific MSLP. The features of
this dipole (strength and coverage) determine the wind
patterns in the North Pacific and in the inter-tropical con-
vergence zone. This deficiency is equally associated with
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Fig. 13 Linear correlations
between AF index and MSLP
(a, b), Ta2 m and wind10 m (c,
d). Shading = significant
correlation (>95%), continue
lines = positive values, dashed
lines = negative values. Left

(a) Cor (MSLP, NCEP-NCAR)

(b) Cor (MSLP, XX1)

panels: NCEP-NCAR, right
panels: CNRM XX1
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an absence of the SPCZ (South Pacific Convergence Zone)
in the model. The general underestimation of the rela-
tionships between SSTs and MSLP anomalies logically
extends to transient activity, which is poorly correlated
with SST anomalies in the model.

In this section, it was shown that synoptic transient
frequency variations explaining precipitation and frequen-
cies of cold outbreaks over western North America are
generally linked with seasonal mean climate conditions in
the Pacific Basin with clear connections to the AL, extra-
tropical SSTs, as well as ENSO. The model correctly
reproduces most of these features except for ENSO tele-
connections, which are underestimated in the case of
eastern North Pacific cyclonic activity and not reproduced
at all in the case of anticyclones.

5.2 Projected impacts on the western North American
climate

To understand the possible impacts of global warming on
western North American climate, we have derived the
regional cyclonic (CF) and anticyclonic (AF) indices pre-
sented in Sect. 5.1 in the SRES A2 projection (Figs. 9b,
12b). According to the model projection for the second half
of the century, cyclone frequencies and the inter-annual
variability tend to be reduced (difference between SRES
A2 and XX1 = —6.34 for the mean, #-test sig. >99% and
—3.7 for standard deviation, F-test sig. >99%) in the mid-
latitude Northeastern Pacific (Fig. 9b). The general decline
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of cyclones could diminish precipitation frequencies to the
South of ~40°N (Fig. 15b). However, the pole-ward dis-
placement of cyclone trajectories would increase daily
precipitation frequency north of 45°N and most strongly
over Alaska.

Polar outbreaks, associated with anticyclone incursions
are projected to become more frequent (difference between
SRES A2 and XX1 = +4.9 for the mean, #-test sig. >95%
and no significant difference for the variance) over the
Northeastern Pacific (Fig. 12b), which would reduce
warming along the coast. In the SRES A2 simulation,
frequency of cold outbreaks reduced all over Western
North America but less strongly over regions affected by
more frequent transient anticyclones, for example, south-
ern Alaska, southwestern Canada, especially British
Columbia, and along the West Coast of the United-States
(Fig. 15a).

To synthesize, under advanced global warming in this
GCM and most others (e.g., Koenig et al. 1993; Lambert
1995; Lunkeit et al. 1998; Sewall and Sloan 2004; Sewall
2005; Lambert and Fyfe 2006), cyclones are projected to
move further to the north and for the North Pacific Basin,
mean cyclonic activity is displaced westward toward Asia.
The northwestward displacement of cyclone frequency
should be more favorable to the formation and/or propa-
gation of anticyclones over the central and eastern Pacific.
These mean characteristics could contribute to restraining
the warming along the west coast of North America and
reducing precipitation frequency over the Southwestern
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Fig. 14 Linear correlations
between AF index and (a, b)
extreme cold temperatures
(frequency < to the tenth
percentile) and (¢, d) daily
precipitation

frequency. = = positive/
negative correlation,

grey = sig. >95%,

black = sig. >99%. Left panels:
observations, right panels:
CNRM XX1. Daily
precipitation frequency, from
the CNRM model, has been
computed considering only
daily precipitation >1 mm

Fig. 15 Difference, expressed
in percentage, between SRES
A2 and historical simulations
for extreme cold temperatures’
frequency (a), and daily
precipitation frequency (on the
base of the full period 1950—
2099, t-test:

signs £ = sig. >95%) (b).
Daily precipitation frequency,
from the CNRM model, has
been computed considering only
daily precipitation >1 mm
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United States. They could, at the same time, favor pre-
cipitation further to the North.

6 Summary and conclusions

In spite of an overestimation of MSLP inducing a general
underestimation of cyclone frequencies in the mid-latitude
North Pacific, the modeled historical simulation correctly
reproduces the spatial distribution of general cyclonic and
anticyclonic features: the trajectories and mean structure of
frequency. Although the model is able to reproduce most
large-scale teleconnections to North Pacific transient
activity, modeled teleconnections to tropical climate are
severely underestimated. The model is also able to repro-
duce the general features of regional transient effects on
intra-seasonal temperature and precipitation statistics.

Under advanced global warming, the model predicts a
reduction of cyclones over the mid-latitude North Pacific
and more frequent cyclones along the Asian coast from the
Okhotsk Sea to the Bering Strait. The mid-latitude transient
high response is more localized with fewer systems pro-
jected along the Asian coast, over the western Bering Sea
and in the Gulf of Alaska, and more systems from the
central North Pacific to the United States coast.

In general, warmer temperatures over the continents,
especially at higher latitudes where warming is enhanced
by melting ice as observed and further projected by models
in the Northern Hemisphere would generate, as previous
studies have suggested, a decreased equator-to-pole ther-
mal gradient and land-ocean thermal contrast. This should
be unfavorable to cyclonic activity over the mid-latitude
central and eastern North Pacific, an intuitive result borne-
out by model projections. In this scenario, cyclones are
gradually more confined to the high latitudes and over the
west side of the North Pacific, where baroclinic wave
activity could be stronger, due to pronounced horizontal
surface temperature differences. Projected winter circula-
tion is generally displaced to the North, that is, the
subtropical high retracts pole-ward (IPCC 2007) while the
temperate circulation retreats. In the western North Pacific,
the accentuated cyclonic activity could reinforce the
equator-to-pole heat transport inducing a more pronounced
warming and more rainfall. On the other hand, over the
eastern North Pacific, cyclones are projected to be confined
further to the North, favoring more frequent anticyclones,
which can moderate the warming over western North
America and result in less frequent precipitation to the
south of approximately 40°N. This possibility is consistent
with results of Sewall (2005), who predict a decrease
(increase) of precipitation over the southwestern (north-
western) North America in response to a general decline of
the Arctic sea ice cover. Models also predict a general

increase of moisture, which could regionally enhance deep
cyclones and influence precipitation intensity (Lambert
1995; Lambert and Fyfe 2006).

Around 1976-1977, the North Pacific region has expe-
rienced a deep climatic modification, which was
characterized by intensification and weakening of cyclonic
and anticyclonic activity, respectively, in the Northeastern
Pacific (FG2006). This shift in the mid-latitude atmospheric
circulation has contributed to warming over western North
America (e.g., Karl et al. 1984, 1986, 1993; Easterling
2002; Groisman et al. 2004) and more frequent intense
precipitation over the southwestern United States (Gershu-
nov and Cayan 2003). These observed circulation changes
over the North Pacific run counter to those observed over
the global midlatitudes, and also to changes projected by
most models including CNRM-CM3, as well as to physical
intuition about synoptic changes to expect from greenhouse
warming. We therefore conclude that the mid-1970s North
Pacific climate shift, although it contributed to the observed
winter warming of the West, was a result of natural NPO/
PDO variability that happened to temporarily suspend most
of the other regional weather and climate modifications
expected from anthropogenic climate change. This situation
has apparently abated since the end of the observational
period considered in this study and as evidenced by a lar-
gely non descript NPO/PDO phase and predominantly dry
conditions observed in the southwest US so far in the
beginning of the twenty first century. Based on results
presented here, we expect dry (wet) conditions to develop
further in the southwest (northwest) and punctuated with
frequent cold outbreaks along the west coast of North
America moderating the general warming. These changes
are expected to develop in parallel with natural decadal and
inter-annual variability that will sometimes mask and
sometimes intensify certain aspects of the projected regio-
nal trends over the coming decades. In any case, explicit
consideration of synoptic circulation anomalies is para-
mount to understanding observed and projected regional
weather and climate changes in the mid-latitudes.

The synoptic approach affords a dynamical explanation
for regional features of global climate change consistently
predicted by models. This perspective results in a more
accurate and detailed conceptual knowledge of likely
regional future climate evolution. Results presented in this
study need to be verified and better understood in future
work including additional models and scenarios. It would
also be useful to examine other world regions such the
North Atlantic, Europe, and Asia. The synoptic approach
can also form the basis of regional climate change down-
scaling and validation to be pursued in future work.
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