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ABSTRACT

An analysis of cyclone activity in winter associated with years of strong and weak
Aleutian Low in the North Pacific is presented. From 1958-2004, ten winters with a
strong Aleutian Low are defined as the strong years, while eight winters with a weak
Aleutian Low are defined as the weak years.

Employing a system-centered Lagrangian method, some characteristics of the cyclone
activity in both sets of years are revealed. The cyclone frequency, duration and intensity
are nearly the same in both strong and weak years. The cyclone tracks in the strong years
are more zonal than those in the weak years. More intense cyclone events and more large
cyclone cases occur in strong years than in weak years and the deepening of cyclones in
strong years is stronger than that in weak years. The analyses of geopotential height,
wind, stationary Rossby wavenumber and Eady growth rate index at 500hPa or 300hPa
reveal that conditions are favorable for more zonal tracks and greater cyclone growth in
strong years than in weak years.

An estimation of the relative change of cyclone intensity and the relative change of
Aleutian Low intensity is made, which shows that the interannual change of cyclone
intensity is about 73% of the interannual change of Aleutian Low intensity. This result
suggests that the evolution of individual cyclones may be a significant driver of changes

in the Aleutian Low.



1. Introduction

During the winter season in the North Pacific the dominant feature of the mean
circulation is the Aleutian Low, a semipermanent low-pressure center associated with the
East Asian trough in the upper troposphere. Changes in the Aleutian Low have significant
effects on the entire Pacific basin. The winds in the eastern and western portions of the
Aleutian Low center influence the heat exchange between the polar regions and the
extratropical Pacific; the stronger westerlies in the southern portion of the Aleutian Low
may enhance the North Pacific current, thereby spinning up the subtropical ocean gyre
(Latif and Barnett 1996). Therefore, the location and intensity of the Aleutian Low are
among the primary indicators of the climate system in the winter North Pacific
(Hartmann and Wendler 2005; Rodionov et al. 2005). Several authors have examined the
interdecadal and decadal variability of the Aleutian Low (Trenberth 1990; Chen et al.
1992; Trenberth and Hurrell 1994; Overland et al. 1999). From 1977 to 1988, there was a
deeper and easterward-shifted Aleutian Low in the winter months (December-January-
February). With the deeper Aleutian Low, warm and moist air was advected into Alaska
while cold air was ushered equatorward over the central and western North Pacific
(Trenberth 1990). Overland et al. (1999) investigated the intensity of the Aleutian Low
on the decadal scale, concentrating on the middle and high latitudes. They found that the
January-February variability of the Aleutian Low is not associated solely with the
Pacific-North American pattern (PNA), but is also associated with the variability of The
Arctic Oscillation. Also, the Aleutian Low has a notable relationship with the Pacific
Decadal Oscillation (PDO) as the warm (cold) phase of the PDO is associated with a
deepened (weakened) Aleutian Low (Mantua et al. 1997). While occurring at interannual

frequencies, changes in the Aleutian Low are believed to be one of the more important



forcing mechanisms of the PDO (Schneider and Cornuelle 2005). Other authors have
concentrated on the effect of the sea surface temperature on the intensity of the Aleutian
Low. (e.g. Alexander 1992; Lau and Nath 1994; Latif and Barnett 1996).

There are two views of the transient wave system involved in the production and
maintenance of the North Atlantic’s Icelandic Low. The first is that the Icelandic Low is
part of a background stationary planetary wave structure associated with large scale
forcing, while the second claims that the Icelandic Low is the ensemble of the synoptic
lows moving into the region. A similar perspective can be adopted in consideration of the
Aleutian Low. Wallace et al. (1988), through correlation analysis, found that cyclones
developing near Japan move to the northeast and finally merge into the climatological
Aleutian Low. This change in the climatological system may influence subsequent
cyclone activity. The location and strength of the transients are largely determined by the
quasi-stationary waves, which in turn are altered by the resulting eddy energy transport
(Trenberth and Stepaniak, 2003b). Other research on cyclone activity concentrates on
regions such as the Arctic (Serreze 1995; Zhang et al. 2004), the North Pacific (Martin et
al. 2001; Otkin and Martin 20044, b) and the Icelandic Low regions (Serreze et al. 1997).
In this paper, we will investigate cyclone activity associated with the Aleutian Low.

The first aim of the paper is to describe some of the characteristics of the cyclone
activity associated with the Aleutian Low. Two basic methods exist to objectively track
the cyclone. The Eulerian method is based on determining statistics at a set of grid points.
A map of the root-mean-square (rms) height is constructed corresponding to different
spatial scales and frequency bands. The spatial scales and the frequency bands are then
chosen to emphasize blocking and cyclogenesis (Blackmon 1976; Blackmon et al. 1977).

The Lagrangian method is a system-centered method which identifies each individual



weather system and tracks its position (Klein 1957;Gyakum et al. 1989; Anderson and
Gyakum 1989; Otkin and Martin 2004a). This method is synonymous with feature
tracking (Murray and Simmonds 1991a,b; Hodges 1995, 1999; Hoskins and Hodges
2002). Here, we will use a Lagrangian method to track cyclones associated with the
Aleutian Low, after which we will analyze some characteristics of the cyclone activity.
The second aim of this paper is to analyze the large-scale circulations within which the
varying Aleutian Low cyclone activity occurs. There is a close relationship between
regions of large band-pass filtered variance at the 500hPa level and regions with a high
frequency of cyclonic activity (Sawyer 1970; Lau 1988). Strong equatorward
ageostrophic flow in the upper troposphere is associated with strong poleward heat flux
in the lower troposphere, which may provide a favorable condition for cyclogenesis in the
exit region of the jet (Blackmon et al. 1977). Considering the close relationship between
cyclone activity and the large-scale circulation, it is very important to contrast the large-
scale circulation patterns across the Pacific in order to better illustrate cyclone activity.

A number of studies have considered the relationship between low frequency
variability of the large-scale circulation and cyclone activity. Some of these studies have
examined the effect of global warming on cyclone activity with models (Koning et al.
1993; Hall et al. 1994; Lambert 1995) or with analysis of statistical cyclone data
(Maccabe 2001). Some others have examined the links between ENSO and weather
systems and found a coherent cyclone response to ENSO (Sinclair et al. 1997). A number
of studies have employed local Eliassen-Palm fluxes to diagnose dynamical interactions
between the transient eddies and the mean circulation (Hoskins 1983; Trenberth 1986;
Lau 1988). The composite circulation at sea level and Eliassen-Palm vectors associated

with various storm track modes in Lau (1988) reveal that positive Aleutian Low



anomalies are accompanied by stronger storm tracks, while the eddy momentum
transports act to accelerate the westerly mean flow along the storm track. Furthermore,
the nonlinear interaction between the transient wave and the mean flow is also studied
(Palmer 1998). In the present paper, in which a Lagrangian perspective is adopted, the
assessment as to whether the variability of the Aleutian Low is related to transient
cyclone activity or represents a stationary wave response is made, not by using the
Eulerian diagnostics just described, but by consideration of a conceptual mechanism that
may underlie the behavior of the Aleutian Low.

The paper is organized as follows: in section 2, the dataset and the analysis methods
used to construct the synoptic climatology are described. The definitions of strong and
weak Aleutian Low years are also given in this section. The respective characteristics of
the cyclone activity during strong and weak years, such as the cyclone frequency, cyclone
duration, cyclone track, cyclogenesis, mature and cyclolysis stages and their respective
geographical distributions, cyclone intensity, cyclone size and the deepening of cyclone
are given in section 3. In section 4, the composite large-scale circulations associated with
strong and weak Aleutian Lows are presented to illustrate the role of the large-scale
circulations in modulating cyclone activity. A discussion about the impact of the
variability of cyclone activity on the evolution of the Aleutian Low is given in section 5.
Finally, conclusions are presented in section 6.

2. Data and methodology

The primary data used in this paper are the National Centers for Environmental
Prediction (NCEP)/ National Center for Atmospheric Research (NCAR) Reanalysis
datasets consisting of monthly and daily standard pressure level analyses on a global

domain with 2.5° latitude-longitude resolution. This data ranges from January 1958 to



December 2004.

Because the Aleutian Low strengthens beginning in September and reaches its
maximum intensity in January (not shown), the December-January-February time frame
was selected to represent the winter. For the winter climatological 1000hPa geopotential
height field (Fig.1), the Aleutian Low is within the region 40°N-60°N, 150°E-140°W, and
this region was chosen to be the research area.

Within this region, the intensity and location of the Aleutian Low changes with time.
To better illustrate this variability, monthly data are used to show the regional averaged
winter 1000hPa geopotential height anomaly and the longitude of the minimum
geopotential height (Fig.2). Using the standard deviation as the criteria, the 1960/61,
1969/70, 1976/77, 1980/81, 1982/83, 1985/86, 1986/87, 1997/98, 2002/03, and 2003/04
winters were chosen to represent the years with a deeper Aleutian Low (strong years),
while the 1961/62, 1968/69, 1970/71, 1971/72, 1978/79, 1981/82, 1988/89, and 1989/90
winters were chosen to represent a shallower Aleutian Low (weak years) (Fig. 2a).
Although Anderson and Gyakum (1989) suggested that much of the observed mid-
latitude interannual variance is generated internally without recourse to tropical forcing, it
is still interesting to note that according to the definition of El Nino/La Nina years
(Trenberth 1997; Coelho et al. 2005), half of the strong Aleutian Low years (1969/70,
1976/1977, 1982/83, 1986/87 and 1997/98) were El Nino years and three of the weak
Aleutian Low years (1970/71, 1971/72 and 1988/89) were La Nina years (Fig.2a).

When ascribing a location to the Aleutian Low in a given winter, we identify the
position of the minimum 1000 hPa geopotential height. In most of the sample years, the
Aleutian low had only one minimum center. In our analysis, we encountered twelve

winters (1958/59, 1964/65, 1966/1967, 1969/1968, 1968/1969, 1970/71, 1971/72,



1973/74, 1974/75, 1975/76, 1981/82, 1998/99) in which a split Aleutian Low (i.e. one
with two geopotential minimum centers) existed. In such split years, we identified the
deepest center as the location of the Aleutian Low. With only one exception, the
longitude of the geopotential height minimum in strong years was east of the date line.
Conversely, the weak years were characterized by a geopotential height minimum to the
west of the date line with one exception (Fig.2b). From the composite 1000hPa
geopotential height field for both strong and weak years (Fig.3a and Fig.3b), it is evident
that the strong years were characterized by a deeper and eastward-shifted Aleutian Low,
while in the weak years the Aleutian Low was shallower and westward-shifted (student-t
test, df=259, p<0.01) and split into two centers. The relationship between intensity and
longitude of the Aleutian Low is also noted in other studies (Trenberth 1990; Trenberth et
al.1994; Overland et al. 1999). Note, however, that the latitude of the 1000 hPa
geopotential height minimum in strong and weak years is not very different (Fig. 3). In
fact, six of the ten strong years occur north of the mean position, while six of the eight
weak years also occur north of the mean position (Fig.2c).

In previous studies, cyclone detection has relied upon the identification of grid point
SLP values surrounded by grid point values higher than the central point being tested
(Serreze 1995; Serreze et al. 1997; Mccabe et al. 2001; Zhang et al. 2004). The cyclone
track is defined as the trajectory of the cyclone center and the cyclone intensity is defined
as the mean absolute values of the difference between the central SLP of cyclones and the
climatological monthly mean SLP at corresponding grid points over the cyclone duration
(Zhang et al. 2004). For this study, a cyclone was defined as a minimum in the 1000hPa
geopotential height field surrounded by at least one closed isohypse (analyzed at 50gpm

intervals) for a minimum of 48hr. In order to emphasize the cyclone activity in the



Aleutian Low region, only those cyclones which moved into the selected region (40° N-

60° N, 150°E-140°W) at some point during their life cycles were considered. Using

Lagrangian methods, the center or the minimum position of the cyclone in the daily
1000hPa geopotential height field were tracked to show the characteristics of the cyclone
track.

To measure the strength of each cyclone, we defined two cyclone intensity indices.
The gradient index is defined, at the cyclone’s mature stage, as the difference between the
minimum 1000hPa geopotential height in the cyclone center and the averaged 1000hPa
geopotential height of the surrounding eight points. The circulation index is defined as
the sum of the 1000hPa vorticity at the eight grid points surrounding the point of
maximum 1000hPa vorticity in the mature cyclone.

Some measure of cyclone size provides another discriminating characteristic of the
cyclone activity. One fairly standard method of assessing cyclone size is to consider the
area inside the last closed isohypse. In nature, however, the cyclone shape is often too
complex to employ this method with ease. Striking a compromise between computational
simplicity and physical accuracy, we suppose size can be assessed by considering
successive squares around the central 1000hPa geopotential minimum. The square
number is then defined as the number of concentric squares that can be drawn around the
geopotential minimum such that all grid values on each square exceed the grid values at
all points on the preceding square. Employing this simple method, the square number can

be transformed into an area index (km?) by the formula

n=square numberx2-1

Area Index = 2(2.5 x111)x 2R x cos(9 - (Square Number x 2.5)+ (n-1)x 2.5) x Square Number x2x2.5

n=l



Here, 111 km is the approximate distance per degree of latitude, R is 6370km, ¢ is the
latitude of the cyclone center.

3. Cyclone Activity Analysis

a. Cyclone frequency and cyclone duration

With the daily NCEP/NCAR Reanalysis data, we tracked the winter cyclones in both
strong and weak years, and found that the number of cyclones in each set of years was
nearly equal (Table 1). The average number of cyclone events in strong years was a bit
smaller than in weak years.

The duration of the cyclone is defined as the time between the first and last closed
isohypse, analyzed at 50gpm intervals. The average duration of the cyclone in strong
years is 6.8 days, and in the weak years was 6.4 days. The differences of cyclone duration
between strong and weak years only pass the 74% significance level (student-t test, df =
437, p<0.26). But there were more cyclone cases with a duration longer than twelve days
in strong years than in weak years (Fig.4). About 23% of cyclone cases in weak years had
a duration of four days, while only 12% of cyclone cases had four days’ duration in
strong years. This shows that although the mean cyclone duration is the same in both sets
of years, there are more cyclones of long duration in strong years than in weak years.

b. Cyclone tracks

Although the frequency and the life span of the cyclone events in strong and weak
years were somewhat similar, the tracks of the cyclones differed more drastically (Fig.5).
During the strong years, the cyclones moved along southwest-northeast tracks which
exhibit a more zonal tendency than their counterparts in weak years. The strong year
tracks also appear to occur very close to one another. This kind of cyclone track

distribution is similar to that described by Anderson and Gyakum (1989) which shows a
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well defined zonal cyclone track maximum across the central Pacific with most occluded
cyclones ending up near the Alaskan Peninsula and very few cyclones successfully
reaching the west coast of North America. During the weak years, however, the cyclone
tracks had a more poleward tendency and were spread throughout the whole North
Pacific. Some spent more time in the northwest Pacific basin, finally reaching the Bering
Sea, while others traveled to the Gulf of Alaska where they were occluded. Additionally,
a few cyclones reached the west coast of North America.

The cyclone tracks encompass the cyclogenesis, occlusion and cyclolysis stages of
the life cycle yet there were differences in the distributions of cyclones at these various
stages. The cyclogenesis position was defined as the location at which the first closed
1000hPa isohypse was identified, the mature” position shows the position of cyclone at its
maximum intensity (as measured by the minimum 1000hPa geopotential height), and the
cyclolysis position refers to the location at which the last closed 1000hPa isohypse was
identified (Fig.6). In order to better illustrate the characteristics of the cyclone track, the
geographic distribution of the cyclone at the cyclogenesis, mature and cyclolysis stages is
presented. Because there are 10 strong years and 8 weak years, the last two strong years
(2002, 2003) were ignored (Fig. 6).

The cumulative distribution of the cyclogenesis position for the entire 16 years is
shown in Fig. 6(a). Cyclogenesis maximum regions in both years were in the eastern and
the northern regions of Japan. Although these regions are favorable for cyclogenesis,
some cyclogenesis occurred in the center of the North Pacific during the strong years.

During the weak years, the cyclogenesis occured in the region 30° N-60°N, 130° E-

160° E, with a few appearing in the center of the North Pacific basin. The mean position

“ “Mature” is used to describe the stage in the life cycle at which the lowest geopotential height was observed.
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of the cyclogenesis in strong years lies eastward of that in the weak years, and the
variation of distribution in the north-south direction in the strong years is smaller than
that in the weak years. The differences in longitude of cyclogenesis positions is at the
99% significance level using the student t-test, while the differences in the latitude of the
cyclogenesis positions has no significance. In order to show the details, we divided the

whole region (130°E-120°W) into 10° longitude intervals and counted the cyclone

number in each of the 11 small regions. Cyclogenesis in both types of years has a peak in
140°E-160°E longitude channel. However, there are more cyclogenesis events in strong
years than in weak years in the 170°E-170°W region (Fig.6a), which means that
cyclogenesis in the center of the Pacific was more common in the strong years than in
weak years.

The traveling cyclones usually reach maximum intensity in the area of the Aleutian
Low. At the mature stage, most of the cyclones appeared in the center of the Aleutian
Low region (Fig. 6b). The mean position of mature cyclones in strong years was
southeast of that in weak years and the standard deviation of the position in strong years
was smaller than that in the weak years. (The differences in longitude (latitude) of the
mature positions are at the 99% (95%) significance level using the student-t test). During
the strong years, most mature cyclones were concentrated to the east of the date line,
especially near the Alaska Peninsula. Conversely, most mature cyclones were scattered
to the west of the date line during the weak years. The longitudinal binning also shows

that the favorite region for mature cyclones in the strong years was from 180° to 160° W,
while the favorite region in weak years was from 160° E to 180° (Fig. 6b).

Figure 6¢ shows that the cyclolysis position in both groups were similar to those found
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by Martin et al.(2001), who concluded that the Gulf of Alaska and Northwest Pacific are
the primary regions for the cyclolysis and that the Bering Sea is the secondary region.
The differences in the longtitude (latitude) of cyclolysis positions are at only the 36%
(40%) significance level by the student-t test. However, strong years’ cyclolysis and
weak years’ cyclolysis distribution exhibited some differences. During the strong years,
some of the cyclones decayed in the Bering Sea, some of them decayed in the Northwest
Pacific, but most decayed in the Gulf of Alaska. Only a few decayed along the west coast

of North America. The cyclolysis position in strong years is concentrated in 170° W-
140° W longitude channel. The decay of the weak year cyclones, showing a relative peak
in 140° W-130°W longitude channel (Fig. 6c), was not concentrated in a region, but

instead occurred in many different positions (Fig.6c).
c. Cyclone intensity

Cyclones generally deepen from the cyclogenesis stage to the mature stage, and
weaken from the mature stage to the cyclolysis stage. Consequently, the cyclone intensity
i estimated using the gradient index and the circulation index at the mature stage. The
mean gradient index in strong years was -28.8gpm, while in the weak years it was -
27.8gpm (student-t test, df=437,p<0.32). But individually speaking, there were more
cyclone cases with the gradient index below -40gpm in strong years than in weak years
(Fig. 7a). Conversely there were fewer cyclone cases with the gradient index between -
40gpm and -25gpm in strong years than in weak years. From this, we conclude that there
are more intense cyclone cases in strong years than in weak years. A similar conclusion
can be drawn from the analysis of the circulation index which represents a measurement

of the average vorticity around the maximum vorticity grid point, or the strength of the
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cyclone. The mean circulation index in strong years was 5.48 x 10™s™, while it was 5.20
x 10t in weak years. These differences were only at the 95% significance level
(student-t test, df =437). A comparison of the histograms of circulation index shows that
there were more cyclone cases with a large circulation index in strong years than in weak
years, especially of the cases with circulation index above 5.0 x 10™s™ (Fig. 7b).
d. Cyclone size

The strong year cyclones were characterized by a mean square number of 2.94 loops
and mean area index of 2,073,700km?, while the weak year cyclones only had a mean
square number of 2.50 loops and mean area index of 1,446,600km?. These differences
were at the 99% significance level (student-t test, df=437). This shows that the mature
cyclone in strong years covered a larger area than its counterpart in weak years. There
were more cyclones with larger square number in strong years than in weak years,
especially of cases with the square number above 5 loops (Fig. 8a) and area index larger

than 4,500,000 km? (Fig.8b). The whole Aleutian Low region (40°N-60°N, 150°E-
140° W) is about 11,335,000 km?. However, 2% of cyclone cases in stronger years were

characterized by the cyclone size larger than 11,500,000 km?, while no cyclones larger
than that occurred in weak years (Fig.8b). Clearly, there are more large cyclone cases in
strong years than in weak years.
e. Maximum cyclone deepening

To better illustrate cyclone development, we analyze the maximum cyclone deepening
rate. The cyclone deepening is defined as the 1000hPa geopotential height difference at
the center of a given cyclones between successive charts. The mean magnitude of

maximum cyclone deepening was -108.5 gpm per day in strong years and -97.06 gpm per
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day in weak years. Maximum cyclone deepening smaller than -200 gpm per day was
much more common in strong years than in weak years (Fig.9). Using the student-t test,
the difference in deepening rates between strong and weak years was significant at the
95% level (df = 437) demonstrating that cyclone intensification in strong years is much
more pronounced than in weak years. The location of the maximum cyclone deepening
(not shown) indicates that the mean position in strong years was located east of the mean
position in weak years. In about 62% (63%) of cyclone cases in strong (weak) years the
maximum cyclone deepening position was nearly the same as the cyclogenesis position.
The remaining 38% (37%) were located near the mature position.
4. Composite large-scale circulation condition
a. Mid-tropospheric conditions

In the middle troposphere, the strong years were characterized by a negative
geopotential height anomaly along with a cyclonic circulation anomaly over the North
Pacific (Fig.10a). However, the weak years were characterized by a positive geopotential
height anomaly associated with an anticyclonic circulation anomaly in the Aleutian Low
region (Fig. 10b). The shift of the height field was accompanied by a change in the wind
field pattern. The wind in strong years was characterized by the stronger and more zonal

wind with small meridional component west of 160° W. A large meridional component

was shown only in the Gulf of Alaska and near the west coast of the North America (Fig.
10c). The wind in weak years was somewhat weaker and had a more meridional

component west of 160° W. Moreover the region with maximum meridional wind
component appeared west of 160° W (Fig. 10d). During the strong years, the zonal wind

flowed from East Asia to 160° W before backing to the southwest and flowing towards
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the Gulf of Alaska. The flow in the center of the Aleutian Low region was very weak.
Under the influence of the 500hPa wind, which effectively acts as the steering wind, the
cyclones preferred to travel with more zonal tracks, most in the northeast Pacific traveled
towards Alaska. The steering wind in weak years, however, flowed from East Asia to the
Bering Sea and the Gulf of Alaska with the maximum meridional component in the
center of the Aleutian Low region. With this steering wind, some of the cyclones traveled
from East Asia to the Bering Sea, some to the Gulf of Alaska, and others to the west coast
of North America.
b. Upper-tropospheric conditions

In the upper troposphere, the strong years were characterized by a narrow high-
amplitude ridge over the west coast of the North America and by a broad trough across
the northwest Pacific (Fig.11a). Associated with the broad trough in strong years, an
intense, zonally elongated jet extended across most of the Pacific basin (Fig.11c). In

strong years, the region of wind speeds larger than 30 m s™ was elongated to 140° W.

Weak years were associated with a westward shifted, broad ridge across the eastern
Pacific and a narrow trough over eastern Asia (Fig.11b). But in weak years, a weaker,
zonally retracted jet over East Asia was consistent with the narrow trough (Fig.11d). The
climatological Aleutian Low center was east of the dateline in strong years, while the
Aleutian Low center was east of the dateline in the weak years (Fig.3a). With the

retracted jet only reaching 170° W, the Aleutian Low center was to the west of the

dateline in weak years (Fig.3b). Associated with the elongated jet in strong years, the
strong year mean cyclogenesis and mature positions are to the east of their counterparts in

weak years (Fig.11).
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c. Waveguide

The stationary barotropic Rossby wavenumber, K, is a useful diagnostic index for
representing the mean large-scale circulation state (Hoskins and Ambrizzi 1993; Yang
and Hoskins 1996 Kiladis 1998; Matthew and Kiladis 1999; Otkin and Martin 2004b).
The waveguide nature of subtropical jets can be seen from the axes of maximum
stationary wavenumber that lie along the jet axes, especially in the Asian-Pacific jet
(Matthews and Kiladis 1999). The wave number K at which a barotropic Rossby wave is

stationary at a particular location in a given background zonal flow is defined as

B- 0°U
K = — - = —_
s g where [B. = 3 ay?

is the meridional gradient of absolute

vorticity and U is the time-mean zonal wind. A real value for K is possible if the flow is

westerly (positiveU ) and /5* IS positive. Hoskins (1993) proved that Rossby rays are

always refracted towards latitudes with larger K, indicating that a Ks maximum provides
a Rossby waveguide. During strong years, a continuous band of stationary wavenumber,
Ks, is associated with the zonally elongated Asian jet and the band splits only near the
west coast of the North America (Fig. 12a). This suggests that during strong years the jet
acts as an effective waveguide which strongly mandates the zonal propagation of
cyclones. However, during the weak years, the waveguide appeared to be less well
organized; it split in the central Pacific and induced the meridional propagation of the
cyclones in the northeast Pacific (Fig. 12b).
d. Eady growth rate index

Blackmon et al. (1977) gave a schematic illustration of the cross sections transverse to

the jet stream. In the exit region of the jet, there is a strong equatorward ageostrophic
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flow in the upper troposphere while in the lower troposphere, there is a strong poleward
heat flux which provides a favorable condition for cyclogenesis. During the strong years,
the exit region of the jet core extended across most of the Pacific basin, which provided a
favorable condition for cyclogenesis and the development of the cyclone in the center of
the Aleutian Low region. However, the zonal extent of the jet in weak years only reached

to 170° W. Consequently, few cyclones developed in the eastern North Pacific. The Eady

growth rate index is used to provide a measure of the baroclinic instability, a necessary

condition for cyclone growth (Hoskins and Valdes 1990; Hall et al. 1994; Paciorek et al.

N

0z

f

2002). The daily Eady growth rate index, O g, is defined as Og = 0.31—

N , where

f is the Coriolis parameter, N is the buoyancy frequency, V is the horizontal wind
(Hoskins and Valdes 1990; Hall et al. 1994; Paciorek et al. 2002). The buoyancy

00
frequency is calculated from N? = %E where g is the gravity and 6 the potential

temperature. Hoskins and Valdes (1990) calculated the Eady growth rate index at
780hPa, while Paciorek et al. (2002) calculate the Eady growth rate index at 500hPa. In
the present study, we consider the vertical wind shear in the 400-600hPa layer and
consequently, we refer to the Eady growth rate index at 500hPa.

Figure 13 shows the distribution of Eady growth rate index in the North Pacific. The
maximum Eady growth rate index in both strong and weak years is located in the
Kuroshio and its extension region. The low static stability (associated with the presence
of the Kuroshio) and the large vertical shear (associated with the Asian jet) provide fertile

ground for cyclone growth in this region in support of the observations that most of the
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cyclones are generated here (Fig. 6a) and most of the cyclones passing through the area
of the Kuroshio intensified in this region (Gyakum et al. 1989). The strength and position
of the center in strong years is larger and extends farther eastward than in the weak years.

The belt with values above 0.85 day™ was elongated to 160° W in strong years (Fig. 13a),

while it was retracted to west of dateline in weak years (Fig. 13b). The more eastward
extended Eady growth rate center in strong years is consistent with the fact that the mean
cyclogenesis position was more eastward than in weak years (Fig.13). The elongated high
baroclinity belt in strong years also provided a favorable condition for cyclone growth in
the central Pacific. These large-scale conditions account for the more frequent

cyclogenesis in 170°E~170°W longitude channel in the strong years. Consequently,

more mature cyclones appeared to the east of dateline.
5. Discussion

On a daily weather map, there are alternating cyclones and anticyclones moving
generally to the east in the area of the Aleutian low. It is not the scene of an intense
stationary low. The Aleutian Low is truly only a low pressure system on average. This
being the case, then there are two rather simple conceptualizations that might account for
deepening the Aleutian Low. One is directly a result of the cyclone activity. Suppose the
background geopotential height field experiences little or no temporal change. In such a
case, the Aleutian Low deepens only when transient, deepening cyclones occupy the
region of the Aleutian Low. Alternatively, it is possible that the background geopotential
height field gradually deepens as the winter progresses. If such gradual, large-scale
deepening is superposed with a parade of cyclone events of nearly uniform intensity, the

Aleutian Low will also deepen significantly.
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Given these distinct possibilities, an estimate of the impact of cyclone variability on

the interannual variability of Aleutian Low intensity can be made. The variability in

Ap, - Ap,,
(Ap, + Ap,)/2

cyclone intensity can be estimated as:; R = x100%  where Ap, (Ap,)

is the average gradient index for all cyclones in strong (weak) years, calculated as

10
( Z (gradient index x duration x area index))

Ap n=1 each mature cyclone in one year

) 10

8
n2=1 each mature c;ne in one year
Ap Yy Y!

(gradient index x duration x area index))

v 8

The variability in the intensity of the Aleutian Low can be estimated as:

Ap., - A
R, =Mx100%, whereAp.. (Ap,,) is the geopotential height difference
Apc cs cw

between the average geopotential height along the perimeter of the region 30° N-70° N,

130°E-120°W and the minimum geopotential height of the Aleutian Low in the

composite 1000hPa geopotential height field for strong (weak) years. AP, represents a

similar quantity for the climatological wintertime Aleutian Low. Measured in this way,
the relative change of cyclone intensity, R, was about 33%, while the relative change of
Aleutian Low intensity, R., was about 46%. Consequently, the ratio of the two relative
changes was 73%, suggesting that the interannual variability of cyclone intensity may be
a significant driver of changes in the intensity of the Aleutian Low.

6. Summary and conclusions

In this work, winter cyclone activity within the Aleutian Low region 40° N-60° N,

150° E-140°W is studied. Employing the standard deviation of the regional averaged
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1000hPa geopotential height, strong and weak Aleutian Low years were identified. The
strong years consist of ten winters (1960/61, 1969/70, 1976/77, 1980/81, 1982/83,
1985/86, 1986/87, 1997/98, 2002/03, 2003/04), while there are eight weak winters
(1961/62, 1968/69, 1970/71, 1971/72, 1978/79, 1981/82, 1988/89, 1989/90). A system-
centered Lagrangian method is used to track individual cyclone centers throughout these
winters.

From the statistical analysis of the cyclone activity, we find that cyclone events
occurred in almost the same number in the two groups of years and that the average
cyclone duration is nearly the same with a slightly longer cyclone life span in strong
years, while there are more cyclone events of particularly long duration in strong years
than in weak years. Also, the mean state of cyclone intensity in both sets of years was
almost the same as measured by the gradient index and the circulation index. But there
were more cases of especially strong cyclones in strong years than in weak years.

However, three other features of the cyclone activity exhibit great differences
between strong years and weak years. One robust difference is in the track direction and
tendency. During the strong years, the cyclones moved with more zonal tracks and most
of the cyclone tracks were very close to each other. Associated with the clustered
southwest-northeast cyclone track, the cyclogenesis and mature cyclone positions were
located farther east and were more spatially concentrated in strong years than in weak
years. Additonally, the favorable region for cyclolysis in strong years is the Gulf of
Alaska with only a few cyclolysis events identified on the west coast of the North
America. During the weak years, the cyclone tracks displayed a more poleward tendency
and were more widely distributed throughout the whole North Pacific basin, accompanied

by a much wider range of cyclogenesis, mature and cyclolysis positions than in strong
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years. The second significant difference is in the cyclone size. It was found that the mean
area index in strong years is 627,100 km? larger than in weak years, with 2% of cyclone
cases in strong years actually larger than the Aleutian Low. This shows that the mature
cyclones in strong years cover larger area than those in weak years and more large
cyclones occur in strong years than in weak years. Another significant difference is in the
deepening of individual cyclones. The mean magnitude of maximum cyclone deepening
in strong years was larger than that in weak years. Also, maximum cyclone deepening in
excess of -200 gpm per day occurred more frequently in strong years than in weak years,
demonstrating that cyclone intensification in strong years is much stronger than that in
weak years.

Accordingly, the large-scale circulation exhibits some differences between both sets
of years. The strong years were characterized by a broad trough across the North Pacific

accompanied by strong zonal wind with small meridional component west of 160° W.

The weak years, however, were characterized by a narrow trough over East Asia

accompanied by winds with a significant meridional component west of 160° W. In the

middle troposphere, the geostrophic wind fields may play a role as the steering wind. As
a result, cyclone activity in strong years exhibited more zonal tracks than those in weak
years. In addition, with the southwesterly steering wind in the eastern North Pacific, the
cyclones traveled almost as far as the Gulf of Alaska in strong years, while in weak years
a southwesterly steering wind appears in the center of the North Pacific. As a
consequence, weak year cyclones had a tendency to migrate towards the Bering Sea.
Associated with the stronger and more zonally elongated jet in strong years, the band of

maximum waveguide extending across the Pacific is more zonally elongated in strong
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years than in weak years, which limits the meridional propagation of the cyclones in
strong years. Additionally, the elongated high baroclinity belt of Eady growth rate index

above 0.85 day™ stretched eastward to 160°W in strong years, providing a favorable

condition for cyclone growth in the central Pacific. Therefore, the large-scale circulation
provided more favorable conditions for more zonal cyclone tracks and for more mature
cyclones appearing to the east of dateline in strong years than in weak years.

Since it is a statistical entity, two possible mechanisms may underlie the variations in
the intensity of the Aleutian Low. The Aleutian Low may be intensified as a result of 1)
the steady progression of ever more intense cyclones through the Aleutian Low region as
the winter progresses or, 2) a gradually deepening background state during winter
superimposed with a parade of cyclones of steady intensity through the season. The
relative change of cyclone intensity accounts for about 73% of the relative change of
Aleutian Low intensity in the winter months. Though more sophisticated examination is
clearly needed, we suggest that the variability of cyclone intensity may be a significant
driver of Aleutian Low evolution.

It has long been recognized that the climate system exerts an influence on cyclone
activity. The results presented here suggest that synoptic cyclone activity, in turn, plays
an important role in shaping the large-scale atmospheric circulation and its feedback on
the climate system. Many climate model analyses work with monthly data while ignoring
the higher frequency synoptic systems. These higher frequency features may exert very
important controls on a number of different atmospheric responses. It has become
increasingly apparent that the study of synoptic scales requires some consideration of the

climate system. Equally, no reasonable study of the behavior of the climate system,
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especially on interannual time scales, can be made without reference to the behavior of

synoptic scale weather systems.
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Table 1. The number and average number of the cyclone events in both strong and weak

years

Strong years Weak years

Year 1960 1969 1976 1980 1982 1985 1986 1997 2002 2003 1961 1968 1970 1971 1978 1981 1988 1989

Num. 23 23 20 27 22 27 24 24 22 25 26 23 22 26 31 28 22 24

AVE. 23.7 25.3
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Figure Caption

FIG.1. Climatological 1000hPa geopotential height field in winter (Dec.-Jan.-Feb. (1958-

FIG.2.

FIG.3.

2004)). Solid lines are geopotential heights in which the counter interval (Cl) is

20gpm.The black frame is the region (40° N-60° N,150° E-140° W).

Characteristics of the Aleutian Low for 1958-2004. (a) Regional averaged
1000hPa geopotential height anomaly in winter; based on 1958-2003 climatology.
The dashed lines represent the standard deviation; (b) the longitude and (c)
latitude of the winter Aleutian Low geopotential height minimum center. The
pentagrams represent the position of the Aleutian Low in strong years and the
dimonds for weak years. The two circles in figure (b) represent the two exceptions
noted in the text.

Composite 1000hPa geopotential height for (a) strong years and (b) weak years

(C1=20gpm).

FI1G.4. Histograms of cyclone duration.

FIG.5.

FIG.6.

North Pacific cyclone tracks in six years. The left-hand panels show the samples
of the strong years and the right-hand panels show the samples of the weak years.
The unfilled circles represent the cyclogenesis positions, the filled circles
represent the mature positions, the crosses represent the cyclolysis positions and
the unfilled squares represent the combining position of two or more cyclones.

Distributions and histograms of the (a)Cyclogenesis, (b)mature and (c)cyclolysis
positions for strong and weak years. The filled squares represent for the strong
years and the unfilled squares represent the mean position and the mean position

minus or plus the standard deviation in strong years, while the filled circles
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represent for the weak years and the unfilled circles are the same as the unfilled
squares but for the weak years. In the histogram, the solid line represents cyclone
number in each small region in strong years, while the dash line represents the
same quantity in weak years.

FIG.7. Histograms of (a) gradient index and (b) circulation index.

FI1G.8. Histograms of (a) square number and (b) area index

FIG.9. Histograms of magnitude of maximum cyclone deepening

FI1G.10. Composite 500hPa geopotential height anomaly (ClI=40gpm) and wind anomaly
for (a) strong years and (b) weak years and composite 500hPa wind field for (c)
strong years and (d) weak years. The standard wind vector represents 30 m s
and shaded for meridional wind speed above 5 m s™. The filled squares in (c)
represent the mean cyclogenesis, mature and cyclolysis position in strong years
and the filled circles in (d) for the weak years.

FIG.11.Composite 300hPa geopotential height for (a) strong years and (b) weak years
(C1=80gpm) and composite 300hPa wind speed field for (c) strong years and (d)
weak years (C1=5 m s™), shaded for values above 30 m s™. The filled squares are
the mean cyclogenesis and mature position in strong years, while the filled
circles are for weak years.

FIG.12.Stationary wavenumber K calculated from the 300hPa zonal wind for (a)
composite strong years and (b) composite weak years (Cl=2), Shaded for values
above 10. The default regions indicate the easterly wind region or the regions

where B. is negative. The filled squares represent the mean cyclogenesis,

mature and cyclolysis position in strong years, while the filled circles are for the
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weak years.

Fig.13. Composite mean fields for Eady growth rate index in (a) strong years, (b) weak
years (Cl= 0.05 day™), shaded for values above 0.85 day™. The filled squares
represent the mean cyclogenesis and mature position in the strong years and the

filled circles are for the weak years.
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FIG.1. Climatological 1000hPa geopotential height field in winter (Dec.-Jan.-Feb. (1958-
2004)). Solid lines are geopotential heights in which the counter interval (Cl) is
20gpm.The black frame is the region (40° N-60° N, 150° E-140° W).

34



[}
o

»H
o
T

eopotential height anomaly
n
o o
T /

T T
<« La Nina
@) < La Nina
f\ A, La Nina A b
= _EI_ngo_» _____________ \‘\r

£
=
q
m
£
T
‘%'\
t<
*F;/
m
%

60 { i i EI Nino , 1 EINino
- 1960 1965 1970 1975 1980 1985 1990 1995 2000
year
ey

T T % H‘—B‘ T T

2000 " .
(b) R B ———
——F
1990 - ———¢ .
_’__AL*
§ 1080} ¢ - x * <
>
é‘:; *
1970 -%Ll—‘% @ i
i R E———

| 0< i

1960 . ; )

150E 160E 170E 180 170W 160W 150W 140W
longitude
60N T

M/& ol e
\/ A T

X

latitude

45N -

40N 1 1 1 1 ! 1 1 | 1
1960 1965 1970 1975 1980 1985 1990 1995 2000

year
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North Pacific cyclone tracks in six years. The left-hand panels show the
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filled circles represent the mature positions, the crosses represent the
cyclolysis positions and the unfilled squares represent the combining
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FI1G.10. Composite 500hPa geopotential height anomaly (Cl=40gpm) and wind anomaly
for (a) strong years and (b) weak years and composite 500hPa wind field for (c)
strong years and (d) weak years. The standard wind vector represents 30 m s
and shaded for meridional wind speed above 5 m s™. The filled squares in (c)
represent the mean cyclogenesis, mature and cyclolysis position in strong years
and the filled circles in (d) for the weak years.
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weak years (C1=5 m s™), shaded for values above 30 m s™. The filled squares are
the mean cyclogenesis and mature position in strong years, while the filled
circles are for weak years.
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FIG.12. Stationary wavenumber K calculated from the 300hPa zonal wind for (a)
composite strong years and (b) composite weak years (Cl=2), Shaded for
values above 10. The default regions indicate the easterly wind region or the
regions where f. is negative. The filled squares represent the mean
cyclogenesis, mature and cyclolysis position in strong years, while the filled
circles are for the weak years.
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Fig.13. Composite mean fields for Eady growth rate index in (a) strong years, (b) weak
years (Cl= 0.05 day™), shaded for values above 0.85 day™. The filled squares
represent the mean cyclogenesis and mature position in the strong years and the
filled circles are for the weak years.



