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ABSTRACT

Feature-tracking techniques are employed to investigate why there is a relative minimum in storminess

during winter within the Pacific storm track (the midwinter suppression). It is found that the frequency and

amplitude of disturbances entering the Pacific storm track from midlatitude Asia are substantially reduced

during winter relative to fall and spring and that the magnitude of this reduction is more than sufficient to

account for the midwinter supression. Growth rates of individual disturbances are calculated and compared to

expectations from linear theory for several regions of interest. Although there are discrepancies between

linear expectations and observed growth rates over the Pacific, the growth of disturbances within the Pacific

storm track cannot explain why the midwinter suppression exists. Furthermore, it is determined that the

development of a wintertime reduction in storminess over midlatitude Asia is consistent with linear expec-

tations, which predict a wintertime minimum in Eady growth rates in this region, mainly because of increased

static stability. Several other mechanisms that may contribute to the initiation of the midwinter suppression

over midlatitude Asia are discussed, including the interaction between upper-level waves and topography, the

behavior of waves upwind of the Tibetan Plateau, and the initiation of lee cyclones.

1. Introduction

The midwinter suppression of the Pacific storm track1

is a striking phenomenon for which a complete expla-

nation has proven elusive. In the midlatitudes, temper-

ature gradients and jet stream winds reach a maximum

in the middle of winter. A simple interpretation of the

linear Eady model of baroclinic storm formation and

growth (Eady 1949; Lindzen and Farrell 1980) predicts

that midlatitude storminess should also maximize at this

time and it does throughout much of the Northern Hemi-

sphere. In the western Pacific, however, many standard

Eulerian measures of storminess (e.g., variance of geo-

potential height) exhibit a relative minimum in winter

compared with fall and spring (Fig. 1a).

Nakamura (1992) first identified the midwinter sup-

pression and, since then, substantial progress has been

made in characterizing it. It has been observed that,

when the strength of the wintertime jet stream exceeds

;45 m s21, the correlation between the zonal wind at

250 hPa and many common measures of storminess

becomes negative (Nakamura 1992). In addition, a sim-

ilar relationship exists for interannual variability: years

with a strong midwinter suppression tend to exhibit

stronger than normal jet stream winds (e.g., Chang 2001;

Nakamura et al. 2002). Christoph et al. (1997) found that

the suppression is not a statistical artifact by noting that

it exists in frequencies well outside the range of a typical

bandpass filter. Furthermore, the midwinter suppression
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1 There is some ambiguity in the meaning of the phrase storm

track. In this study, we reserve ‘‘storm track’’ to refer to the geo-

graphic region of enhanced synoptic activity in the climatological

sense (as is conventional in climate literature) and not the path of an

individual storm. Related to this, we refer to the amount of synoptic

activity in a storm track as the amplitude of ‘‘storminess.’’
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is a robust feature of the atmospheric circulation that is

observed in both reanalysis data and in output from

general circulation models (e.g., Nakamura 1992; Zhang

and Held 1999; Chang 2001; Yin 2002).

Numerous publications have evaluated how the mid-

winter suppression may arise through various dynamical

mechanisms that occur within the Pacific storm track. A

large body of work evaluates the possibility that the

faster, narrower, more subtropical wintertime jet stream

causes the midwinter suppression. The strong winter-

time jet stream, which results in 15% faster group ve-

locity of wave packets within the storm track (Chang

2001), causes propagating waves to be advected quickly

through regions of strong baroclinicity and may result in

reduced spatial growth rates. However, Nakamura et al.

(2002) considered both the increase in group velocity and

the increase in expected Eady growth rates and found that

the two together can only explain 5% of the interannual

variability between strong and weak January storm ac-

tivity. Harnik and Chang (2004) explored whether modi-

fications to the linear models accounting for a narrower,

faster jet stream could explain the midwinter suppression.

They concluded that this may be important for inter-

annual variability but the width of the jet stream does not

vary enough from fall to spring for it to be of central im-

portance. Deng and Mak (2005) studied a linear b-plane

model and found that deformation associated with the

strong, narrow wintertime jet stream could be an impor-

tant factor in the midwinter supression. However, other

analyses showed that this process may actually work in the

wrong direction for the seasonal cycle of the Pacific storm

track (Chang 2001; Yin 2002; Chang and Zurita-Gotor

2007)—transient waves in the Pacific storm track should

lose less energy to the background flow in winter than

in fall or spring. Finally, Nakamura and Sampe (2002)

showed that the equatorward displacement of the win-

tertime jet stream causes disturbances to become trapped

within a strong subtropical waveguide during winter. They

point out that the more subtropical nature of the winter-

time jet stream may be important to understanding the

midwinter suppression.

Several studies have evaluated the role of diabatic

effects in modulating the seasonal cycle of storm activity

over the Pacific Ocean. Results drawn from a variety of

analysis methods, a broad range of data sources, and a

comprehensive hierarchy of models show that dry dynam-

ics alone cannot fully explain the seasonal cycle of mid-

latitude storm activity (Zhang and Held 1999; Chang 2001;

Yin 2002; Chang and Song 2006; Chang and Zurita-Gotor

2007). However, the extent to which moist dynamics is

responsible for the midwinter suppression is still a sub-

ject of debate.

FIG. 1. Midwinter suppression of the Pacific storm track, shown as the variance in geo-

potential height at 300 hPa: (a) Pacific domain (208–708N, 1408E–1808) and (b) Atlantic domain

(208–708N, 308–708W). The contour interval is 1500 m2 starting at 2000 m2. This is an update of

Fig. 2 in Nakamura (1992) for the ERA-40 dataset between 1958 and 2001. The data are 2–6 day

bandpass filtered using a fourth-order Butterworth filter to obtain daily climatologies. Results

are smoothed with a 31-day running mean filter and plotted every five days. Large tick marks on

the abscissa correspond to the first day of each month.
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Finally, several studies have shown that seed distur-

bances are an important control on the strength of a

storm track (e.g., Orlanski 2005; Zurita-Gotor and Chang

2005), and it has been suggested that the midwinter

suppression could be the consequence of wave activity

upwind of the Pacific storm track. Several studies have

noted that a wintertime minimum in Eulerian variance

extends well into Asia (e.g., Nakamura 1992; Zhang and

Held 1999; Orlanski 2005); however, attempts to directly

connect seeding with the midwinter suppression have

not been conclusive. Zurita-Gotor and Chang (2005)

showed that the coexistence of small eddy variance with

large baroclinicity may be expected in the presence of

local damping, such as observed over the Asian continent

in winter. Robinson and Black (2006) found evidence that

the central magnitude of cyclonic perturbations entering

the Pacific storm track during winter is reduced relative to

fall and spring. In addition, Robinson et al. (2006) dem-

onstrated that specific patterns in the wintertime mean

circulation over Siberia, perhaps associated with modu-

lations of the East Asian winter monsoon, can precede

intense wave activity downwind in the Pacific storm track.

In a study focusing on the synoptic development of in-

dividual troughs, B. Myoung and J. W. Nielsen-Gammon

(2009, personal communication) found that deformation

may play a role in suppressing the intensity of distur-

bances upwind of the Pacific storm track.

The work mentioned above makes a significant contri-

bution to our current understanding of the dynamics that

control midlatitude storminess. However, when taken to-

gether, the literature gives the impression that there is no

dominant underlying source of the midwinter suppression

but that it is the result of several processes that combine to

produce a wintertime minimum in synoptic-scale variance.

We demonstrate in this study that a clear picture of the

midwinter suppression emerges when feature tracking is

employed to characterize the western Pacific storm track.

We find no evidence that the structure or growth rate of

individual features within the Pacific storm track gives

rise to the midwinter suppression. Rather, we show that

the predominant source of the midwinter suppression of

storminess in the western North Pacific is a reduction in

the number and amplitude of seed disturbances that en-

ter the Pacific during winter compared to fall and spring.

Further analyses demonstrate that this is likely due to the

seasonality in the interaction between surface static sta-

bility, the orography, and upper-level waves over Asia.

2. Methods

Storm tracks are usually defined as bands of higher

than normal synoptic-scale baroclinic wave activity. In

the climate literature they are predominantly charac-

terized by Eulerian eddy statistics, usually calculated as

the variance in a field (such as sea level pressure or heat

transport) that has been bandpass filtered to isolate

wave activity on the time scale of synoptic storms (e.g.,

Blackmon 1976; Blackmon et al. 1977). However, with

the recent introduction of accurate feature-tracking al-

gorithms, it is now possible to objectively calculate

storm tracks from the individual disturbances that con-

stitute them.

We have used the feature-tracking algorithm written

by Kevin Hodges (Hodges 1994, 1995, 1999) to compile

an inventory of all Northern Hemisphere disturbances in

the 6-hourly 40-yr European Centre for Medium-Range

Weather Forecasts (ECMWF) Re-Analysis (ERA-40)

dataset (Uppala et al. 2005) from 1958 to 2001. The al-

gorithm is well documented in the above references, so

we give only a brief description here.2 After removing

a background state, the tracking algorithm first identifies

all extrema above and below a user-specified threshold

value in each time frame for the chosen field. Individual

feature paths are then compiled using two constraints—

smoothness of track and appropriate velocity—which are

chosen adaptively for each disturbance. Finally, all dis-

turbances that do not travel at least 1000 km and last

2 days are rejected.

In seeking to track synoptic-scale features, it is nec-

essary to subtract a background state; this is done

by preprocessing the data with a temporal or spatial

filter. For geopotential height, we subtract the seasonal

cycle by applying a 90-day highpass butterworth filter

to the data, then we apply a spatial filter that admits

only planetary wavenumbers between 5 and 42. Our

choice here is somewhat unusual, so a brief discussion is

warranted.

For our purposes, a standard temporal filter such

as a 2.5–6-day bandpass filter (e.g., Blackmon 1976;

Blackmon et al. 1977) is not ideal because it over-

emphasizes the wavelike nature of the atmosphere and

artificially adds disturbances where none existed in the

original field. This is only a small disadvantage for

Eulerian calculations, where storminess is measured by

the standard deviation of a field, but this is an undesirable

effect when tracking features. To avoid such complica-

tions, Hoskins and Hodges (2002, 2005) and Anderson

et al. (2003) advocate the use of a spatial filter that admits

planetary wavenumbers between 5 and 42. However,

Donohoe and Battisti (2009) recently showed that this

spatial filter leaves time-average features in the core of

2 The seasonal climatologies of feature-tracking results from the

ERA-40 dataset are available for download from K. Hodges,

Web site.
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the Pacific and Atlantic storm tracks [O(10 hPa) or

more for the field of sea level pressure], which signifi-

cantly affects the number and magnitude of the identi-

fied features.

We have avoided these difficulties by combining both

spatial and temporal filtering. Application of a 90-day

highpass filter decreases the amplitude of time-averaged

spatial features by almost two orders of magnitude, from

around 10 to 0.3 hPa, without affecting synoptic motions

(not shown). This weak temporal filtering effectively

eliminates the largest drawback associated with a plan-

etary spatial filter, while retaining its advantages over a

2.5–6-day bandpass filter.

In the results section below, we primarily analyze

tracking results derived from upper-level (300 hPa) geo-

potential height cyclonic disturbances. Results from rel-

ative vorticity are also discussed in appendix A. Synoptic

disturbances in these two fields are ideal to track be-

cause features have an easily identified center and cen-

tral magnitude is a meaningful measure of intensity. The

minimum threshold value (relative to the background

field) for the existence of a feature is chosen as 3 dm for

geopotential height and 1025 s21 for relative vorticity.

We find that the algorithm is insensitive to any reason-

able choice of threshold and that the lifetime and track

length requirements ensure that only substantial distur-

bances are included in the analysis.

We define the western Pacific storm track as being

comprised of disturbances that cross longitude 1608E

between 208 and 708N. This choice is made to focus on

the region that has strong midwinter suppression in the

eddy statistics (see Fig. 1). For illustration, Fig. 2 shows

a sample of the paths of cyclonic disturbances (randomly

selected from the month of November) tracked in geo-

potential height at 300 hPa. The analysis is not sensitive

to this choice of longitude. Similar results are obtained

when performing the same analysis throughout the west-

ern and central Pacific.

Results are also insensitive to the latitudinal range, for

example, results are essentially the same if tracking all

disturbances between 208 and 708N, or only those lo-

cated within 108 to the north and south of the climato-

logical storm track axis. Results found using the whole

record (1958–2001) also hold for the satellite era (1979–

2001). Though most of the results presented here are

found in the field of geopotential height, we have per-

formed similar calculations using relative vorticity and

meridional and zonal wind at levels between 250 and

500 hPa. Tracking results from these fields (not shown)

are very similar. Some interesting considerations for

tracking relative vorticity are included in appendix A.

3. The midwinter suppression characterized by the
number and amplitude of disturbances

The midwinter suppression of the Pacific storm track

was first identified by Nakamura (1992), and his calcu-

lation is reproduced in Fig. 1 (updated to include data

from the ERA-40 dataset, 1958–2001). Over the North

Atlantic Ocean, upper-level geopotential height variance

FIG. 2. Sample of the individual disturbances (randomly selected from the month of November) that cross 1608E between 208 and 708N

(thick black line). Black dots denote the genesis location and the gray line indicates the path of an individual disturbance. The contour is

for 1.5-km topography; shading indicates topography higher than 3 km. Boxed regions correspond to the areas where statistics are

compiled for the Pacific, Atlantic, and midlatitude Asian regions in Fig. 7.
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is maximized in the middle of winter, whereas over the

western North Pacific it peaks during fall and spring.

Along longitude 1608E between 208 and 708N (marked

as the bold line in Fig. 2), the variance of geopotential

height at 300 hPa is reduced by approximately 25% in

winter relative to the shoulder seasons (see appendix B

for details about this calculation).

Feature tracking enables changes in storminess to be

studied in detail. In particular, it is possible to isolate the

relative importance of changes in feature frequency and

changes in feature strength, which is impossible using

Eulerian eddy statistics alone. In appendix B, we discuss

the connection between Eulerian variance and the re-

sults obtained by feature tracking.

We obtain climatological data on the frequency of oc-

currence and the average central magnitude of all dis-

turbances that cross 1608E and 508W for the Pacific and

Atlantic storm tracks for each calendar day: these results

are shown in Fig. 3. A 31-day running mean smoother is

applied before plotting the results to reduce noise and

to represent the data as monthly averages. Over the At-

lantic Ocean feature strength is maximized during winter,

and feature number exhibits little seasonality. In contrast,

the disturbances within the Pacific storm track show a

clear reduction in both number (;20%) and amplitude

(;14%) during winter compared to spring and fall. These

results are robust well above the 95% confidence level

determined from a Student’s t test (shading in Fig. 3) and

are observed in all locations throughout the western

North Pacific domain from 1208E to 1608W (not shown).

Nakamura (1992) speculated that a wintertime lull in

the generation of seed disturbances over Asia could play

FIG. 3. Seasonal cycle of the features identified in the geopotential height field at 300 hPa: (a) mean

amplitude [this is the magnitude (dm) at the center of the disturbance] as disturbances cross 1608E

(Pacific storm track), (b) mean monthly frequency as disturbances cross 1608E, (c) mean amplitude

(dm) as disturbances cross 508W (Atlantic storm track), and (d) mean monthly frequency as distur-

bances cross 508W. Daily climatologies are smoothed with a 31-day running mean smoother. Tick

marks correspond to the first day of each month; shading indicates 95% confidence intervals as cal-

culated from the Student’s t test.
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a role in the suppression of storminess in the western

Pacific. We investigate this possibility by separating the

Pacific disturbances that originate over land from those

that originate over water, shown in Fig. 4. The fre-

quency of cyclogenesis3 over the Pacific steadily in-

creases from October (;3 month21) through April

(;5 month21), and the amplitude of these disturbances

exhibits a small, but not statistically significant, minimum

during the winter months. On the other hand, cyclogenesis

frequency over land is significantly reduced in midwinter

relative to fall and spring, by about 40% in frequency and

20% in amplitude. This is a strong indication that a re-

duction in the frequency of seed disturbances from Asia is

responsible for the midwinter suppression.

The presence of the Tibetan Plateau causes the storm

track over Asia to split into two branches: a midlatitude

branch to the north and a subtropical branch to the

south. It is widely accepted that the storm track over the

Pacific Ocean is primarily seeded by waves propagating

from the midlatitude branch over northeast Asia (e.g.,

Wallace et al. 1988; Hakim 2003; Chang 2005), but re-

cent work shows that wave activity within the Pacific

storm track can be seeded by both branches (Hoskins

and Hodges 2002; Chang 2005). We also find that dis-

turbances that exist over the western and central Pacific

Ocean can have both midlatitude and subtropical origins.

We investigate the relative importance of the northern

and the southern branch (Fig. 5) and then consider the

impact of influences upwind of Tibet (Fig. 6).

The features that cross 1608E between 208 and 708N

are separated by their latitude of cyclogenesis, using

408N as the dividing line, in Fig. 5. Consistent with pre-

vious studies, the midlatitude branch comprises the

majority of the disturbances downwind in the Pacific

storm track. Both frequency and amplitude of distur-

bances that originate to the north of 408N show a clear

wintertime reduction. In contrast, the number of fea-

tures that originate south of 408N steadily increases from

FIG. 4. As in Fig. 3 but for Pacific storm track features that (a),(b) originated over land and (c),(d)

originated over the ocean.

3 We define cyclogenesis location as the location that the track-

ing algorithm first identifies a feature.
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fall to spring and the amplitude of these features is

largest during the winter months. This strongly suggests

that the midwinter suppression is not caused by changes

in subtropical cyclogenesis and/or subtropical seeding.

Next, we calculate the frequency and amplitude of

features upwind of the Tibetan Plateau, as they cross

608E (Figs. 6a,b), and downwind, as they cross 1208E

(Figs. 6c,d). Upwind of the plateau there is a maximum in

the number of disturbances during winter and a maximum

in their amplitude during fall. This is in contrast to the

situation directly downwind of the Tibetan Plateau where

the midwinter suppression is clearly seen as the midwinter

reduction of both the frequency and amplitude. Cer-

tainly, some aspects of the seasonality in storminess are

difficult to understand with simple theory (e.g., we have

not explained why the number of subtropical disturbances

maximizes in spring). However, the above discussion and

results show that the midwinter suppression in storminess

over the North Pacific Ocean has its origins over mid-

latitude Asia, to the north of the Tibetan Plateau.

4. The role of changes in growth rates for the
midwinter suppression

We have shown that the midwinter suppression can be

understood by considering the behavior of upper-level

waves upwind of the Pacific storm track. Therefore, there

is no need to invoke changes in the development of dis-

turbances within the storm track itself as an explanation.

Nonetheless, several studies have found compelling evi-

dence that the seasonal cycle of the background flow may

modify the structure and growth rate of baroclinic waves

within the Pacific storm track in a way that causes the

midwinter suppression (e.g., Nakamura 1992; Christoph

et al. 1997; Chang 2001; Yin 2002).

To investigate this with our dataset, we calculate the

growth rates of the tracked features and compare them to

the theoretical Eady growth rates in Fig. 7. All calcula-

tions in Fig. 7 are performed within a ‘‘Pacific region’’

(208–708N, 1408–1808E), an ‘‘Atlantic region’’ (208–708N,

308–708W), and a ‘‘midlatitude Asian region’’ (408–708N,

FIG. 5. As in Fig. 3 but for Pacific storm-track features that had their genesis (a),(b) north of 408N and

(c),(d) south of 408N.
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908–1208E)–these regions are indicated by boxes in

Fig. 2.

We measure the growth rate of the tracked features of

each growing upper-level cyclonic feature in Bergerons

[Bergeron 5 (DZ/6 h) sin608/sin(0.5DF)], which is equiv-

alent to the change in central amplitude (DZ) over each

6-h period normalized by a factor proportional to the

change in the Coriolis parameter (F is latitude). Note

that the observed growth rate is independent of changes

in the speed of disturbances; that is, the fact that features

are traveling faster over the oceans during winter than

they are in the shoulder seasons (e.g., Chang 2001) does

not affect this calculation.

Growth rates predicted from the theoretical Eady

model (referred to as the ‘‘traditional Eady growth rate’’)

are expressed as a fractional growth rate, following the

methods outlined in Lindzen and Farrell (1980):

s
MAX

5 0.31
f

N

›u

›z
, (1)

whereas the observed growth rate of tracked features is

an absolute growth rate. To express these two measures

with the same units (dm h21), we define an ‘‘adjusted

Eady growth rate’’ as the product of the traditional Eady

growth rate and the average disturbance amplitude from

the feature-tracking algorithm. The observed and ad-

justed Eady growth rates are co-plotted in Figs. 7a,d,g. For

reference, the traditional Eady growth rate (Figs. 7c,f,i)

and the monthly averaged feature amplitude of growing

disturbances (Figs. 7b,e,h) are also shown.

The adjusted and traditional Eady growth rates are

computed for a near-surface layer. This layer lies be-

tween 925 and 850 hPa for the Pacific and Atlantic re-

gions and between 850 and 700 hPa for the midlatitude

Asian region. A near-surface layer is chosen because

Nakamura and Shimpo (2004) found that near-surface

Eady growth rates are well correlated with jet-stream-

level wave activity.

Within the Atlantic region (Fig. 7d) there is a wintertime

maximum in the growth rate of individual disturbances

FIG. 6. As in Fig. 3 but for Pacific storm-track features (a),(b) upwind (as they cross 608E) of the

Tibetan Plateau and (c),(d) downwind (as they cross 1208E) of the Tibetan Plateau.
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FIG. 7. Comparison between the observed growth rate in Z at 300 hPa (dashed lines) and the near-surface

adjusted Eady growth rate (solid line with gray shading for 95% confidence) scaled to fit on the same figure for

(a) the Pacific region (208–708N, 1208–1608E), (d) the Atlantic region (208–708N, 708–308W), and (g) the

midlatitude Asian region (408–708N, 908–1208E). The monthly average near-surface traditional Eady growth

rates are shown for the (b) Pacific, (e) Atlantic, and (h) midlatitude Asian regions. The monthly average

feature amplitude of growing disturbances in Z at 300 hPa are shown for (c) the Pacific, (f) the Atlantic, and (i)

the midlatitude Asian regions. Eady growth rates are calculated for the layer (a)–(e) between 925 and 850 hPa

and (g)–(h) between 850 and 700 hPa.
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and this corresponds well with expectations from linear

theory. The same is not true over the Pacific Ocean; while

the adjusted Eady growth rate maximizes during winter,

observed growth rates are relatively constant through the

cold season except for a marked springtime maximum

(Fig. 7a). A springtime maximum in observed growth

rates is also evident when we consider only the top 1% or

10% of growth rates, and it is robust to the choice of lo-

cation and calculation method (e.g., for growth rates av-

eraged over hours 6–48 of the storm’s lifetime, including

or excluding negative growth rates, choice of vertical

levels, etc.). Furthermore, disturbances in the Atlantic

region exhibit much larger amplitudes than those in the

Pacific, even though Eady growth rates are largest in the

Pacific region. Thus, the results do show that there is a

discrepancy between observed growth rates and linear

expectations. However, the absence of a midwinter min-

imum in the average growth rate of growing upper-level

disturbances over the western and central Pacific (Fig. 7a)

means the midwinter suppression cannot be due to re-

duced growth rates within the Pacific storm track.

For the midlatitude Asian region there is a marked

and statistically significant suppression in both actual

and expected Eady growth rates (Fig. 7g). Therefore,

our finding that the midwinter suppression in the am-

plitude of disturbances in the Pacific storm track de-

velops over midlatitude Asia (Figs. 3a, 4a, 5a, and 6c) is

consistent with linear expectations. For example, con-

sider the idealized case of disturbances traveling ap-

proximately 12 m s21 along 508N between 908 and 1208E

(a distance of approximately 3700 km, which is about

half of the distance that a disturbance in this region

typically travels in its lifetime). For features initially at

908E with identical amplitudes, the observed reduction

in wintertime growth rates of 0.03 dm h21 (Fig. 7g)

would result in a 2.5-dm reduction in amplitude of the

disturbances arriving at 1208E. This compares very well

with the actual reduction in amplitude during winter,

shown in Fig. 6c. Note that this argument only relates to

why a midwinter suppression in feature amplitude de-

velops over midlatitude Asia. Most individual distur-

bances do not travel from across Asia all the way to the

Pacific storm track. However, we observe a very similar

seasonal cycle in growth rates if we limit our analysis in

Fig. 7g to only include features that also make it into the

Pacific storm track.

The adjusted and traditional Eady growth rates are

presented only for diagnostic purposes, and there are

several reasons for this. The Eady model assumptions

are only strictly valid for small disturbances in their ini-

tial linear phase of growth, whereas we have included all

growing disturbances in our calculation. Furthermore,

although our results show that the Eady model is a good

diagnostic tool for estimating the seasonality of monthly

averaged growth rates, it is not a good indicator of growth

rates for individual events. Within the Pacific and At-

lantic regions, for example, the correlation between the

observed growth rate and the Eady model prediction at

the same time and location is found to be between only

0.15 and 0.20 (not shown). For this calculation, we have

included only small (,5 or 10 dm) growing distur-

bances, and the actual correlation varies depending on

the region and vertical level. Although small, this cor-

relation is statistically significant at well above 99%

confidence owing to the large number of disturbances

included in the analysis.

5. Mechanisms that could explain the midwinter
suppression

The last two sections identified the source of the mid-

winter suppression: a wintertime minimum in the number

of disturbances born in northern Asia and tracking into

the Pacific together with a wintertime minimum in the

growth rate of these disturbances. We now discuss some

mechanisms that could cause this reduction in the genesis

and growth rate of these storms.

The wintertime minimum in Eady growth rates over

midlatitude Asia (Fig. 7h) suggests that conditions are

less favorable for cyclogenesis, which helps explain the

midwinter suppression in the number of disturbances in

this region. The quantitative contributions to the Eady

growth rate [Eq. (1)] from both shear and stability are

determined by the relationship

Ds

s
’

Dl

l
� DN

N
, (2)

where l 5 ›u/›z, D notation corresponds to departures

from the annual mean, and the overbar denotes the

annual mean (Fig. 8). Surprisingly, shear maximizes in

November; nonetheless, the wintertime minimum in

Eady growth rates is dominated by the seasonality of

near-surface static stability. Consistent with this finding,

Nakamura et al. (2002) demonstrated that interannual

variability associated with the midwinter suppression is

anticorrelated with the strength of a stationary feature:

the East Asian winter monsoon. In their paper, they

identify East Asian winter monsoonal flow as strongly

influenced by the Siberian high pressure system, which

is a near-surface layer of stable air that is ultimately

maintained by continental heating and cooling. These

observations all support the possibility that seasonal

modulations in static stability and patterns of high pres-

sure over Asia play a central role in causing the midwinter

suppression.
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A second possible mechanism, also directly related to

near-surface effects, concerns the seasonal cycle in lower-

tropospheric cyclogenesis in the lee of the Altai-Sayan

mountains (identified in Fig. 2). Hoskins and Hodges

(2002) used feature tracking to show that the genesis of

midlatitude lower-tropospheric cyclones is concentrated

in the lee of mountains. Chen et al. (1991) showed that

there are significantly fewer Altai-Sayan lee cyclones in

winter than fall or spring, and Newton (2004) noted that

there is a striking correlation between the midwinter

suppression over the Pacific Ocean and the generation

of Altai-Sayan lee cyclones. Related to this, Roe (2009)

argued that lee cyclogenesis in this region may be sup-

pressed during winter because most of the continent is

cold and strong temperature gradients lie well to the

south (contributing to the wintertime minimum in Eady

growth rates). By contrast, strong surface temperature

gradients are frequently observed during fall and spring.

To establish the connection between Altai-Sayan lee

cyclones and the upper-level waves that make up the

midwinter suppression, we have performed composite

analyses of the upper-level circulation at the time of

lower-level lee cyclogenesis. These results (not shown)

demonstrate that lee cyclogenesis is usually accompa-

nied by a significant (;7 hPa) upper-level low oriented

200–300 km to the west of its low-level counterpart, an

indication that upper and lower levels are in a position to

mutually reinforce each other. Taken together, these

results strongly suggest that lee cyclones play an active

role in the development of the midwinter suppression.

Finally, influences upwind of the Tibetan Plateau may

also contribute to the winter minimum in the number of

disturbances. Hakim (2003) found that a large fraction

of wave packets upwind of the Tibetan Plateau are

diffracted into the subtropical jet stream and decay be-

fore entering the Pacific storm track. We have inves-

tigated whether waves are preferentially diffracted into

the strong subtropical jet core over central Asia in win-

ter. Preliminary results (not shown) show that this may

also play a role in the development of the midwinter

suppression.

6. Summary

The midwinter suppression in storminess over the

western and central Pacific Ocean is due to a reduction in

the number and amplitude of disturbances entering the

Pacific storm track from midlatitude Asia. Feature

tracking reveals that the number and amplitude of dis-

turbances within the Pacific storm track in winter are

reduced by 15%–43% and 12%–24% compared to the

shoulder seasons, respectively. The exact percentage de-

pends on the variable, level, and geographic location

analyzed. The reduction in the number and amplitude of

disturbances within the Pacific storm track is sufficient to

explain the observed midwinter reduction in eddy vari-

ances documented here and previously (see appendix B

for a comparison between feature tracking and Eulerian

variance).

The midwinter reduction in the number and ampli-

tude of storms within the Pacific storm track is not due to

local changes in the synoptic-scale dynamics associated

with seasonal changes in the structure of the jet: for ex-

ample, there is no midwinter minimum in the growth rate

of synoptic disturbances within the storm track (Fig. 7a).

Instead, the reduction in the amplitude of features in the

Pacific storm track is due to a midwinter minimum in the

growth rate of the features that emanate from midlati-

tude Asia (Fig. 7g).

The winterime maximum in continental static stability

is strongly implicated as the predominant cause of the

midwinter suppression. The impact may manifest directly

through reduced growth rates or indirectly through the

interaction of surface stability, orography, and upper-

level waves. The relative importance of these mecha-

nisms remains to be explored.

There are many ways of characterizing storminess

in the atmosphere and the correct choice is not always

obvious. The use of Eulerian statistics has predominated

in the study of climatological storminess, in part because

FIG. 8. Seasonal cycle of near-surface traditional Eady growth

rates (circles) for the midlatitude Asian region (408–708N, 908–

1208E), as calculated by Eq. (2), along with contributions from

the Brunt–Väisälä frequency (diamond) and shear (dashed-plus).

The calculations are for the layer between 850 and 700 hPa, and the

units correspond to the fractional departure of each variable from

its annual mean.
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of its ease of calculation from reanalysis datasets and in

part because such statistics are required in calculating

heat and momentum budgets of the atmospheric circu-

lation. However, Eulerian eddy statistics conflate many

different aspects of the synoptic systems of which that

climatology is comprised. These aspects may be of sep-

arate interest. For example, storm number, storm in-

tensity, storm speed, and storm extent are all folded into

the Eulerian statistics. In many regards, feature tracking

provides a more fundamental perspective on storminess

because it can more directly target the aspects of dy-

namical weather systems that are felt most keenly by

observers on the ground—in other words, the high pre-

cipitation, high winds, strong frontal passages, etc.,

during individual storms. The availability of high-quality

feature-tracking algorithms, therefore, provides many

new and interesting opportunities for future research.
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APPENDIX A

Tracking Results for Upper-Level
Relative Vorticity

Parallel results concerning the reduction in the num-

ber and amplitude of disturbances during winter in the

Pacific are found when tracking upper-level cyclonic

relative vorticity4 disturbances instead of geopotential

height features. It is again clear that the midwinter

suppression is primarily a consequence of there being

fewer and smaller disturbances in winter than in fall and

spring (Figs. A1a,b) and that the reductions are due to

effects over land (not shown for relative vorticity).

However, there are some important and interesting

differences in the tracking results for geopotential (Fig. 3)

and relative vorticity (Fig. A1) at the same pressure level

(300 hPa). First, the tracking algorithm identifies almost

twice as many disturbances in relative vorticity. This is

not surprising since vorticity features are smaller in spa-

tial scale than geopotential height features.

Second, it is perhaps surprising that the amplitude of

relative vorticity features is actually an absolute mini-

mum during winter, relative even to summer (Fig. A1a).

This is not an artifact of the feature-tracking algorithm:

the variance of 2–6-day bandpass filtered relative vor-

ticity at 300 hPa is also an absolute minimum in winter at

this location (not shown). We should be cautious about

the interpretation of any measure of storminess if it in-

dicates that the Pacific storm track is more intense

during summer than it is in the middle of winter.

Scaling arguments having to do with the seasonal cy-

cle of an average feature’s areal extent can explain these

peculiar results. In the geostrophic limit, relative vor-

ticity is the Laplacian of geopotential height divided by

the Coriolis parameter and this scales as geopotential

height divided by a characteristic spatial scale:

j
geo

5
=2F

f
;

F

area 3 f
. (A1)

Consequently, for two features with the same central

magnitude in geopotential height, the one that occupies

less area actually has a larger central magnitude in rel-

ative vorticity. To determine the importance of the

seasonal cycle of the average area of disturbances, we

use tracking results to identify the center of all features

as they cross various longitude bands within the Pacific

storm track (i.e., 1608E, 1808) and employ compositing

to estimate their average area (not shown). This reveals

that the areal extent of disturbances during summer is

just over half that of winter. In addition, in October and

April features occupy approximately 14% less area than

they do in January (not shown), so we cannot ignore this

effect for the midwinter suppression. Evidently, we

should be cautious in the interpretation of the variance

of relative vorticity as a measure of storminess when the

areal extent of waves changes significantly.

A notable seasonal cycle to the area of synoptic waves

in the atmosphere was discussed to some extent by

Hoskins and Hodges (2005), but to our knowledge this

has never been examined in detail. Further, both me-

ridional and zonal extent of disturbances is maximal in

winter, which is surprising because the jet stream is

narrower in winter than it is in the shoulder seasons.

4 For tracking features in relative vorticity we take a rather

minimalist approach to filtering. The data are first truncated to

T42 resolution to reduce noise, and then we subtract out the sea-

sonally varying background field by applying a 90-day highpass

Butterworth filter. Others have found that filtering the field of

vorticity can be unnecessary for some applications (e.g., Hakim

2003); however, without a seasonal mean filter, significant ampli-

tude time-average features (of the order ;2 3 1025 s21) are re-

tained in the heart of the Pacific storm track, and this is something

that we wish to avoid for feature tracking.
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Ioannou and Lindzen (1986) found that the meridional

extent of the jet stream is a reasonable first-order ap-

proximation to the meridional wavelength of storms.

Based on these results, previous work concerning the

midwinter suppression assumed that the meridional

wavelength of storms in the Pacific storm track will be

less in winter than it is in the shoulder seasons (Harnik

and Chang 2004), an assumption that does not appear to

be true in this region.

APPENDIX B

Comparing Eulerian Variance with
Feature-Tracking Statistics

Our intention has been to understand how the mid-

winter suppression manifests in the individual disturbances

that make up the Pacific storm track. However, it is also

worth considering how the results from feature tracking

compare with Eulerian variance at the same location.

To make a rough comparison we use the simple anal-

ogy of a traveling wave. Consider a single sine-shaped

pulse with period t traveling by a point (take x 5 0 for

simplicity) in the time interval [0, T], where t � T:

Z 5 Z
0

sin
2pct

l
, 0 , t , t. (B1)

The variance at this location owing to a single traveling

pulse is

(Z9)2
5 Z2

0 sin22pct

l
, (B2)

where c and l are the velocity and wavelength of the

traveling wave, respectively, Z0 is its amplitude, and

() 5 T�1
Ð

T () dt is the integral over the time of interest,

T. In this framework, if the number of traveling sine-

shaped pulses (N) doubles, then there is twice as much

variance. Therefore, the total variance must scale line-

arly with the number of disturbances passing overhead.

Noting that
Ð

T sin2(at) dt 5 1/(2a), we see that Eulerian

variance is proportional to feature tracking in the fol-

lowing way:

FIG. A1. As in Fig. 3 but for relative vorticity at 300 hPa. Units in (a) and (c) are 1025 s21.
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(Z9)2
} NZ2

0lc�1. (B3)

We now compare storminess in winter to the average

during fall and spring by defining

B
LAGR

[
(Z9

wint
)2

(Z9
fall1spr

)2
. (B4)

Eulerian variance is compared to feature-tracking

results in Table B1. For these calculations, variance

of geopotential height at 300 hPa is the average in the

2–6-day bandpass filtered field along 1608E between

208 and 708N. Data for the number, magnitude, wave-

length, and velocity are average values for all distur-

bances as they cross the same location, 1608E between 208

and 708N. Wavelength is interpreted as the characteristic

length scale and approximated as the square root of the

area of the disturbance, and area is estimated as outlined

in appendix A. In Table B1, fall corresponds roughly to

the month of November (Julian days 300–325), winter

corresponds to January (days 10–35), and spring cor-

responds to April (days 90–115). From this infor-

mation, we see that feature-tracking statistics predict

that the midwinter suppression should manifest as

a 39% reduction in the Eulerian variance in winter rela-

tive to fall and spring. In other words, this is 14% higher

than the observed 25% reduction in wintertime variance.

There are several reasons not to expect these calcu-

lations to be directly comparable. First, in this paper the

focus is on cyclonic disturbances only; yet, variance is a

combination of both cyclones and anticyclones. Analysis of

the number and amplitude of anticyclones at this location

(not shown) reveals that high pressure systems do not

exhibit a midwinter suppression. Second, Lagrangian

statistics include only trackable, mobile disturbances,

whereas there is no such requirement for Eulerian tech-

niques. Third, for feature tracking we have employed

both a seasonal-mean filter and a planetary wave filter

(see discussion in the methods section); however,

Eulerian variance is traditionally measured as the vari-

ance of a bandpass-filtered field (for our variance calcula-

tions we use a 2–6-day bandpass filter). Finally, and

perhaps most importantly, we have greatly simplified

the relationship between Eulerian variance and feature

tracking by assuming that storm tracks are composed en-

tirely of a series of identical nonoverlapping sine-shaped

pulses. In reality, the amplitude, velocity, and wavelength

of disturbances are not necessarily independent of each

other nor are they constant from one feature to the next.

Given these limitations, the agreement between feature

tracking and Eulerian variance is reasonable.
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