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Wind Regimes in Southern California Winter
S. Conil,"? A. Hall,' and M. Ghil'*?

Two different and complementary classification meth-
ods are applied to the daily mean 10-m wind simulated by
the MM5 mesoscale atmospheric model during the 1995—
2003 winter seasons. The MM5 model is implemented on
a triply nested grid with increasing resolutions of 54/18/6
km that covers the Western United States, with greatest
detail over the Southern California region. Both classifi-
cation methods indicate that the atmospheric variability
during winter is dominated by three robust wind regimes.
The first regime describes a strong northeasterly flow
over the Los Angeles Basin and can be identified with
Santa Ana conditions. The second regime is a moderate
northwesterly flow over the ocean with a maximum in
the Southern California Bight. The third regime shows a
stronger northwesterly wind, shifted southward and with
a maximum near Point Conception. These last two pat-
terns are slight variants of the climatological mean winds.
The large-scale synoptic conditions associated with each
local wind regime bear no relationship with any of the
large-scale weather regimes that characterize the North
Pacific/North American sector.

1. Introduction

During Southern California fall, winter and early
spring, the mean winds are weaker than during the sum-
mer, but they are subject to much higher variability.
These wind variations are known to have large impacts on
ocean dynamics and biology (Hu and Liu, 2003; Travisiia
et al., 2003). They also have a strong influence on the air
quality of this highly urbanized region (Lu et al., 2003).
During the fall, the wind variability is particularly critical
for the development and evolution of wild fires (Wester-
ling et al., 2004).

The typical Southern California winter surface circu-
lation is dominated by a moderate along-shore wind over
the ocean blowing from the northwest at 4-4.5 ms™*
Winant and Dorman (1997) have shown that the intensity
of this NW wind is highly variable and that most of its
fluctuations are spatially homogeneous over the Southern
California Bight. These variations are commonly thought
to be controlled by the changes of the intensity or the
position of the high-pressure center located off the Cali-
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fornia coast.

This typical situation is often perturbed by a synoptic
regime characterized by a high-pressure pattern centered
over the Great Basin, northeast of Southern California.
This regime, commonly named Santa Ana, is character-
ized by strong offshore winds with little diurnal variation
and low relative humidities. During a typical Santa Ana
event, the winds blow from the northeast and they are
particularly strong over the Los Angeles Basin and over
the slopes of the mountain ranges of Northern Baja Cal-
ifornia.

In this paper we characterize more precisely the wind
variability over Southern California by defining the ma-
jor wind regimes using two distinct classification meth-
ods. Since a comprehensive view of these regimes has
been missing up till now, our goal is to describe the local
circulation and the synoptic conditions associated with
these regimes.

2. Numerical Simulation and Data Analysis

No observational dataset with sufficient spatio-
temporal resolution exists to allow the description we aim
for. Hence we performed a high-resolution simulation of
the regional climate with the mesoscale model MM5 to
have a realistic representation of the complex topogra-
phy and coastlines of Southern California. Three nested
grids of resolution 54/18/6 km were implemented cover-
ing the Western United States (32N-39N; 125W-113W)
and zooming in on Southern California. The initial at-
mospheric states and the lateral and lower boundary con-
ditions were derived from the Eta analysis for the period
starting 1 January 1995 and ending 31 December 2003.
The Eta forcing data were obtained through NCAR’s
GCIP Model Output Archive and have a nominal hori-
zontal grid resolution of 40 km. The lateral conditions
were updated every 3 hours. In addition to the model
simulation we also used the NCEP daily reanalysis over
the same period.

From the 9-year hourly model outputs we computed
the daily mean anomalies from a composite seasonal cy-
cle during the winter season, from October to March. We
use daily averages of the wind to remove the influence of
the local diurnal circulation(land/sea breeze and diurnal
mountain winds). Figure 1 shows the mean wind simu-
lated by the model’s innermost 6 km-resolution domain
in winter, as well as the standard deviation of the wind
speed anomalies. The orientation and the magnitude of
the winds over the ocean are well simulated when com-
pared to buoy observations (Winant and Dorman, 1997).
In the Mojave and Sonoran desert region, the 10-m winds
are weaker than over the ocean but are also blowing to-
ward the southeast. In the Los Angeles area the mean
winds are northeasterly, mainly because of the strong
winds blowing during the intermittent Santa Ana events.

The intraseasonal-to-interannual wind variability is
largest over the ocean. Buoy observations suggest that
this variability is larger than the seasonal cycle (Winant
and Dorman, 1997), and our simulations confirm this
fact. The wind variance is also strong over the slopes of
the Tehachapi Moutains and the Laguna Mountains east
of Los Angeles, as well as over the complex low-lying
topography north of the Los Angeles Basin. From Los
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Angeles to San Diego, between the coast and the coastal
mountain range, the mean wind as well as its variability
are very weak.

To describe the coherent spatial structures of the wind
variability, we computed empirical orthogonal functions
(EOFs) of the wind anomalies (Ludwig et al., 2004). The
direction ambiguity inherent in complex EOF's led to re-
sults that were difficult to interpret. Hence we used the
real-vector method of Kaihatu et al. (1998). We have
also computed the EOF modes of the surface pressure
anomalies (see Fig. 2). The wind EOFs were computed
over the innermost 6-km resolution domain shown in Fig.
1, while the surface pressure EOF modes were computed
over the outermost 54-km resolution domain.

The wind variability is dominated by two distinct
modes that each represents 39% and 32% of the variance.
The first EOF of surface pressure anomalies acounts for
78% of the variance. The second surface pressure mode is
also well separated from the third and represents 14% of
the variance. The two leading modes of surface pressure
(in the outermost domain) and wind (in the innermost
domain) are closely connected pairwise: the correlation
reaches 0.73 for the first pair and 0.88 for the second.

The first mode of variability is characterized by a sur-
face pressure increase throughout the domain, with a
maximum over the Great Basin. The corresponding wind
anomalies are dominated by strong northeasterlies blow-
ing from the Great Basin into the Los Angeles Basin and
over the ocean. The second mode of variability is domi-
nated by an East—West pressure dipole, with an increase
over the eastern part of the domain and a decrease over
the ocean and the coast. The corresponding wind anoma-
lies are strong north-northwesterlies over the entire do-
main, but are particularly strong over the ocean. They
are geostrophically related to the pressure pattern.

3. Multiple Wind Regimes

The EOF analysis is linear and hence the signs and
amplitudes of the patterns in Fig. 2 are arbitrary. But
in reality the dry northeasterly Santa Ana pattern is
much more common than the opposing wet southwest-
erly regime (a fact not apparent from the EOF analysis
alone). It is thus essential to define the wind regimes
in a nonlinear and sign-dependent fashion. We achieve
this by using two distinct and independent classification
techniques. One method is the k-means algorithm of
Michelangeli et al. (1995) and the other is the proba-
bilistic clustering scheme of Smyth et al. (1999), based
on finite mixture models.

These two schemes were applied to a range of lead-
ing wind EOF modes (from 2 to 8) and for a range of
clusters (from 2 to 8). The two classification methods
give an optimal number of clusters somewhere between
3 and 5. The best agreement between the two methods
was found using the 2 first EOF's classified in 3 clusters.
We carefully verified that these results are insensitive to
clustering parameters or the domain of the analysis. We
present the results of the mixture model clustering be-
cause it has several advantages compared to the k-means
scheme, which was merely used as an independent ver-
ification of the results (Kondrashov et al., 2004). Each
regime is defined by an ellipse centered on the mode of
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a gaussian component and with semi-axes equal to 1.5
times the standard deviation in each principal direction.

The three dominant wind regimes during Southern
California winter are shown in Fig. 3. The first regime
is typical of Santa Ana conditions with strong northeast-
erlies (reaching 8 m.s™') over the Los Angeles Basin and
Baja California. Over the ocean, these winds are also
blowing from the northeast but are much weaker. Clus-
ter 1 contains 13% of the 1274 days used in this analysis.
Strong winds are also found on the western slopes of the
Sierra Nevada mountains, in northwestern Baja Califor-
nia and over the Gulf of California (not shown).

Regimes 2 and 3 are very similar to the climatological
mean wind, particularly over the ocean. In Regime 2 the
wind speed is weaker and the wind direction is shifted
eastward. Almost 27% of the 1274 days belong to this
regime. The third regime is characterized by an intensifi-
cation of the northwesterlies over the ocean just off Point
Conception. This regime represents 42% of the days. A
fraction of 18% of the days are not classified because they
are not close enough to the centroids of any of these three
major clusters.

The average duration of a Santa Ana event is 1.7 days,
with a standard deviation of 1 day. This typical duration
is roughly consistent with the one estimated by Raphael
(2003), based on large-scale observations. Regimes 2 and
3 have a mean duration of 1.6 and 2.4 days, respectively,
with standard deviations of 1.1 and 2 days. Very few
Santa Ana events last more than 3 days (only 5 events last
between 4 and 6 days). By contrast, 39 events in Regime
3 (17% of the total) last 4-9 days. While Regime 3 oc-
curs more frequently at the beginning (October, Novem-
ber) and end (March) of the winter period, Regime 2 is
slightly more frequent in the late winter (January, Febru-
ary and March). As noticed by Raphael (2003), the oc-
currence peak of the Santa Ana regime is in early winter
(November and December).

The large-scale synoptic conditions over the North Pa-
cific and western North America associated with the 3
dominant wind regimes are shown in Fig. 4. The clima-
tological sea level pressure (SLP) for the extended winter
(Oct.-Mar.) is also displayed for reference. The Santa
Ana regime occurs simultaneously with the onset of a
strong high-pressure centered over the Great Basin (Som-
mers, 1978). The Great Basin high is generally thought
to appear in conjunction with a low-pressure system off
the coast of California (Raphael, 2003). This is not the
case, however, in our analysis, where the Great Basin
high alone favors the occurrence of the Santa Ana regime.
On the other hand, Regime 2 is linearly associated with a
slight deepening and shift of the Aleutian Low and a de-
crease of the surface pressure over the Great Basin. Wind
regime 3 is not associated with any significant large-scale
SLP anomalies, hence it can be thought of as correspond-
ing to the mean state of the large-scale circulation.

The North Pacific/North American climate experi-
ences strong intraseasonal and interannual variability.
This variability is dominated by a few weather regimes.
It is believed that these weather regimes have a strong
impact on the local climate of the western United States
and California in particular (Robertson and Ghil, 1999;
Leung et al., 2003). We have investigated therefore the
relationships between these large-scale weather regimes
of the North Pacific/North American region and the lo-
cal wind regimes shown in Fig. 3. We identified the
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large-scale regimes by applying mixture model clustering
to the 500-hPa geopotential height winter anomalies over
the same interval (1995-2003). Using the NCEP reanal-
ysis heights, we found 4 or 6 regimes to be significant.
The four most salient regimes correspond mostly to the
two opposite but asymmetrical phases of the North Pa-
cific/ American and Western Pacific teleconnections. Sur-
prisingly, each local regime is about equally likely to oc-
cur under any of the large-scale weather regimes. During
none of these large-scale weather regimes has any impact
on either the probability of occurrence or the duration of
the local regimes.

4. Concluding Remarks

The surface winds of Southern California are highly
variable during winter. These wind changes are particu-
larly strong over the coastal ocean and the Los Angeles
Basin. We have shown that these variations are organized
into three well defined and coherent wind regimes. The
Santa Ana regime is characterized by strong wind blow-
ing from the northeast over the Los Angeles Basin and
the Santa Monica Bight. The two other regimes describe
weaker and stronger northwesterlies over the ocean and
are also associated with slight shifts in direction.

No significant correlation was found between the lo-
cal wind regimes and the large-scale dominant weather
regimes of the North Pacific/North American sector. Ap-
parently, the synoptic conditions that favored the Santa
Ana and the weaker northwesterly regime (Regimes 1
and 2) can be triggered by any of the large-scale flow sit-
uations. By contrast the stronger northwesterly regime
(Regime 3) is associated with instantaneous realizations
of the climatological large-scale circulation. It is also
important to note that a particular local wind regime
may occur without the simultaneous onset of the syn-
optic conditions that appear to favor it. The origin and
maintenance of these local wind regimes are therefore still
unclear.

The Santa Ana wind regime is associated with a strong
cooling of the Great Basin and the Southern California
deserts east of the coastal range (see Fig. 5). The warm-
ing in the low-lying coastal area of Southern California as-
sociated with Santa Ana winds is likely to be the result of
compressional warming of desert air as it descends to the
coast. Additional work is required to elucidate the possi-
ble dynamic and thermodynamic mechanisms involved in
the development of the surface pressure anomalies that
generate and maintain the Santa Ana wind regime.
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Figure 1. Climatological winter conditions over South-
ern California. (a) mean wind (vectors) and mean wind
speed (blue contours); (b): standard deviation of the
wind speed Oct-Mar 1995-2003. Units: ms~!. The to-
pography is shown in black contours (intervals = 500 m).
Only every third grid point is shown here for clarity of
plotting in displaying the winds.



CONIL ET AL.:

(a) EOF-1

39F |

38

371

36

35-

341

33F T

32

“124 -122 -120 -118

(b) EOF-2

-116 -114 -112

39f
38l
37t
36}
35}
34}

331

328 : A .
-124 -122 -120 -118

-116 -114 -112

WIND REGIMES IN SOUTHERN CALIFORNIA

Figure 2. Empirical orthogonal functions (EOFSs) of the
surface pressure (contours, units: hPa) and wind anoma-
lies (arrows) Oct—Mar 1995-2003; first (a) and second (b)
EOF. Units: hPa. Anomalous winds above 2.5 m.s~" are
plotted. Topography and plotting conventions as in Fig.

la.
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Figure 3. The 3 clusters identified by a mixture model
clustering algorithm applied in the subspace spanned by
the two leading EOFs of the wind anomalies in South
California during the winters 1995-2003. Probability of
occurrence indicated in parenthesis. The blue contours
show the wind speed (units: ms™').Conventions for to-
pography and wind vectors as in Fig. la.

SLP NCEP Cluster 2

Figure 4. Composites of sea level pressure (SLP)
anomalies associated with the 3 wind regimes and mean
climatological SLP (NCEP reanalysis Oct-Mar 1995-

2003). Units: hPa.
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Figure 5. Composite of the 2-m temperature anomalies
associated with the Santa Ana wind regime. Units: °C.
Topography shown as in Fig. la.



