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Abstract

This paper reports diagnostic and dynamical analyses about two aspects of winter storm tracks in Northern
Hemisphere. It is first established with NCEP/NCAR reanalysis data that the Atlantic storm track is distinctly
more intense than the Pacific storm track in 30 out of 40 winters even though the Atlantic jet is considerably
weaker and that the intensity of the two storm tracks are positively correlated. It is hypothesized that the
continent–ocean configuration, in conjunction with the related differential friction, could be a significant
contributing factor to such relative intensity. Supporting evidence for this hypothesis is presented in the
context of a quasi-geostrophic two-level model analysis.

We also establish that the intensity of the Pacific storm track is a minimum in mid-winter (MWMIN) in
21 of 40 winters, whereas in contrast the Atlantic storm track is most intense in mid-winter (MWMAX)
in 25 of 40 winters. The structural characteristics of the composite mean flows as well as the energetics
in MWMIN and MWMAX are compared. It is hypothesized that a significant enhancement of barotropic
damping relative to the baroclinic growth in mid-winter is a major contributing factor to the occurrence
of MWMIN. Supporting evidence for this hypothesis is presented from another idealized model analysis.
Successful simulation of MWMIN can be made in a global spherical multi-level primitive equation model
only if the proxy forcing is enhanced in early winter. However, the model still captures the difference between
MWMIN and MWMAX even without using such enhanced forcing.

The major caveat of this study is that moist dynamics has not been taken into consideration.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Locally strong synoptic eddy activity exists in the extratropical regions of N. Pacific and N.
Atlantic in winter. These are the Pacific and Atlantic storm tracks. The constituent disturbances
of the two storm tracks are migratory cyclones and anticyclones. Their importance to the general
circulation stems from the fact that most meridional transports of zonal momentum and heat in
the extratropical atmosphere take place over these two oceanic sectors. Most literature concerning
storm track research has been extensively reviewed from the perspectives of observation, theory
and modeling (Chang et al., 2002). It suffices to only review the more recent studies here.

One set of papers are concerned with the relationship between the Pacific and the Atlantic
storm tracks. Applying both methods of band-pass filtering and feature tracking, Hoskins and
Hodges (2002) confirm that upper-tropospheric disturbances preferentially trigger lower level
storms in two longitudinal sectors of a mid-latitude band and the storm activity circles around the
hemisphere. This is consistent with the earlier finding that coherent wave packets with dominant
wave number 5–8 locally intensify over N. Pacific and N. Atlantic and propagate eastward along an
upper tropospheric waveguide in NH (Chang and Yu, 1999). It follows that disturbances emerging
from one storm track could “seed” the development of synoptic eddies in the storm track further
downstream (Chang, 2005; Orlanski, 2005; Zurita-Gotor and Chang, 2005). The Pacific and
Atlantic storm tracks are therefore to some extent dynamically interdependent. Correlation of
their intensities evidently also exists at interannual and decadal time scales. It is found that the
correlation coefficient between the PC1 (first principal component) of two separate EOF analyses
(empirical orthogonal function) for the two storm tracks is 0.47 (Chang and Fu, 2002). There is an
upward trend in the intensity of both storm tracks in the second half of the 20th century. A more
recent diagnosis of the monthly mean storm track intensity further reports a linear correlation as
high as 0.5 between the two storm tracks for the period 1975–1976 to 1998–1999 (Chang, 2004).
However, such correlation is much weaker in the period 1957–1958 to 1971–1972 in both the
reanalysis data and an ensemble of GFDL-AGCM simulations forced by observed SSTs.

Another intriguing aspect of storm track dynamics is that the intensity of the climatological
Pacific storm track is weaker in mid-winter than in early/late winter, a phenomenon known as
mid-winter minimum (MWMIN). The climatological storm track location had been correlated to
the region of large values of local “Eady growth rate” (Hoskins and Valdes, 1990). Such attempt
reflects an intuitive expectation according to the classical baroclinic instability theory. The mid-
winter minimum of the Pacific storm track is then counter-intuitive in the sense that one could
have expected the Pacific storm track to have maximum intensity in mid-winter when the jet is
strongest. But in reality, the intensity of a storm track depends upon more than this factor alone.
The intensity of the Pacific storm track is negatively correlated to the intensity of the Pacific jet
when it is excessively strong (maximum wind speed greater than ∼45 m s−1) (Nakamura, 1992;
Nakamura et al., 2002). But the dynamical effect of the horizontal structure of the jet has received
relatively little attention. One could gain some insight into the origin of MWMIN by looking for
the differences between the structure of the background flow and related dynamical processes in
a MWMIN winter and those of a MWMAX (mid-winter maximum) winter over N. Pacific. Such
differences, as well as the contrast between the two storm tracks’ intraseasonal variability, have
been delineated in a recent study (Deng and Mak, 2006). These differences suggest a hypothesis
that a contributing factor for MWMIN is a significant enhancement of barotropic damping in mid-
winter. That hypothesis has been shown to be plausibly valid with an idealized quasi-geostrophic
model (Deng and Mak, 2005). The impact of global warming on interannual variability of storm
tracks has also been examined (Inatsu and Kimoto, 2005).
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At least four aspects of the storm tracks are still not fully understood. They are:(1) the relative
intensity of the Pacific and Atlantic storm tracks, (2) the difference in the intraseasonal variability
of the two storm tracks, (3) the dynamical nature of interannual/decadal variability of the storm
tracks and (4) the role of moist processes on storm tracks dynamics. This article is only concerned
with problems (1) and (2). It reports some of our recent diagnostic and dynamical investigations.
The diagnostic results have led us to introduce a separate hypothesis for each of the two aspects
under consideration. We first test each hypothesis with a two-layer quasi-geostrophic model with a
specially designed external forcing. We also use a simplified general circulation model to simulate
and investigate the intraseasonal variability of the storm tracks in a more realistic setting. The
outline of the paper follows this sequence of analyses.

2. Relative intensity of the Pacific and Atlantic storm tracks

A fundamental issue concerning the relationship between the Pacific and Atlantic storm tracks
is why the latter is stronger than the former in a climatological sense. Given the observed evidence
suggesting substantial interdependence of the two storm tracks, we explore the consequence of
the differences in the seeding disturbances for the two storm tracks that naturally arise from the
continent–ocean configuration in Northern Hemisphere.

2.1. Diagnostic analysis

The preliminary step of diagnosing the NCEP/NCAR reanalysis data for 40 winters from
1963–1964 to 2002–2003 is to extract the synoptic component in the daily circulation. Temporal
filtering of the data for each variable at each grid point is first performed using the Fourier method.
The fluctuations associated with synoptic eddy activity are assumed to have a period between 2 and
7 days. The resulting temporally filtered field at each map time is next expanded into spherical
harmonic components. The spatial components with m < 4 and n − m < 9 are removed for the
purpose of extracting the synoptic eddies, where m is zonal wave number and (n − m) is the
number of nodes between the two poles.

Such filtered data is then used to evaluate the relative intensity of the two storm tracks in terms
of its climatology as well as its winter-to-winter variations. Fig. 1 shows the distribution of the
root-mean-square (RMS) of the winter synoptic component of the 300 mb height. This result is
the average value for November (early winter), January (mid-winter) and March (late winter)
in the 40 winters from 1963–1964 to 2002–2003. It reveals that the local maximum value of
the climatological Atlantic storm track is about 10% more intense than the Pacific storm track
(∼105 m versus 95 m) even though the corresponding Atlantic jet is substantially weaker rather
than stronger than the Pacific jet by about 70% (contours in Fig. 1). Such features are incompatible
with the notion that a stronger baroclinic jet would necessarily give rise to a more intense storm
track downstream. So far, there is no satisfactory dynamical explanation for this rudimentary
feature of the storm tracks.

To look closer into the character of the relative intensity of the two storm tracks, we construct
a scatter plot of the local maximum intensity of the Pacific storm track versus that of the Atlantic
storm track in terms of the RMS of the synoptic 300 mb height (Fig. 2). The counterpart result
in an area-average sense is similar (not shown). The range of the Atlantic storm track intensity is
between 95 and 132 m, whereas that of the Pacific storm track is between 82 and 121 m. Fig. 2
reveals that the Atlantic storm track is distinctly more intense than the Pacific storm track in 30 of
the 40 winters between 1964 and 2003. In other words, such difference is found quite regularly.
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Fig. 1. Winter averaged root-mean-square (RMS) of the synoptic 300 mb height in unit of m (shading) and the corre-
sponding time mean wind speed in m s−1 (contours).

Fig. 2. Scatter plot of the local maximum intensity of the Pacific storm track (ordinate) against that of the Atlantic storm
track (abscissa) for the period from 1964 to 2003 in m.
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Fig. 3. Variation of the ratio of the local maximum intensity of the Atlantic storm track to that of the Pacific storm track
from 1963–1964 to 2002–2003.

Furthermore, the linear correlation coefficient between the local maximum intensities of the two
storm tracks is 0.41 and is significant at the 95% level. Therefore, the Pacific and Atlantic storm
tracks cannot be fully understood in isolation since there exists strong statistical relation between
them. This overall finding is in agreement with that of Chang (2004). The positive slope of the
least-square-fit in Fig. 2 also indicates that the Atlantic storm track would be statistically stronger
(weaker) when the Pacific storm track is stronger (weaker). We will argue that the Atlantic storm
track is more dependent upon the Pacific storm track, rather than the other way round, because
of the configuration of the continents and oceans in NH as well as their differential frictional
influences.

Fig. 3 depicts the actual year-to-year variations of the ratio of the local maximum intensity of
the Atlantic storm track to that of the Pacific storm track in the 40 winters. The average value of
this ratio is about 1.1 with a spread of about 0.15, confirming that the Atlantic storm track is on
the average about 10% more intense. The decadal scale in the variations is also evident. This ratio
is distinctly smaller in recent winters. The area-average values of the Pacific storm track since
1999 appear to have increased. It is however premature to conclude that there exists a genuine
recent trend.

2.2. Dynamical study

We seek to assess the impacts of seeding disturbances on the relative intensity of the storm
tracks. A pertinent consideration is the geographical configuration of the oceans and continents in
Northern Hemisphere. Pacific is on the downstream side of a huge landmass, Euro-Asia. Atlantic
is on the downstream side of the much narrower N. America. It follows that eddies (seeding
disturbances) reaching the Pacific jet after having traversed a huge landmass would be greatly
weakened. In contrast, eddies reaching the Atlantic jet after having traversed N. America would
be statistically stronger. The difference would be further accentuated if we take into consideration
of the fact that friction is greater over land surfaces than over ocean surfaces. This conceptual
consideration leads us to the following hypothesis. The continent–ocean configuration in NH is a
significant contributing factor to the relative intensity of the two storm tracks and the correspond-
ing differential friction would further accentuate their relative intensity. On the other hand, the
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baroclinicity associated with the Pacific jet is much stronger than that associated with the Atlantic
jet. Hence, the intensity of each storm track seems to be dictated by the net effect of two influences.
The seeding disturbances over western Pacific are weaker but they would be re-energized by a
stronger Pacific jet, whereas the seeding eddies over western Atlantic are stronger but they are
re-energized by a weaker Atlantic jet. The uncertainty in regard to the relative intensity of the
two storm tracks is a quantitative issue. An additional complication is that one might also have to
take into account of the differences in the horizontal structure of the two jets.

For the purpose of testing the hypothesis above and delineating the related storm track
dynamics, it would be desirable to use a simplest possible model. We choose to use a two-
level quasi-geostrophic beta-plane model driven by an external forcing. The model domain is
a re-entrant channel (−X/2 ≤ x ≤ X/2) bounded by two rigid lateral walls (−Y/2 ≤ y ≤ Y/2). It is
30,000 km long and 8000 km wide. The two levels correspond to an upper and a lower tropospheric
level. We measure velocity, distance and time in unit of U = 10 m s−1, L = 106 m and U−1L = 105 s,
respectively. The model North America is located between x ≈ 0 and 4.5. The model Euro-Asia
extends from x ≈ 11 through the right boundary of the channel (x = X = 15) to x = −8.

An external forcing is introduced by relaxing the instantaneous state towards a reference
state. The forcing is intended to create two time mean jets as an analogy of the net effect of
diabatic processes and orography in the atmosphere. The reference state is therefore prescribed
with the climatological winter mean flow as guidance. It is convenient to prescribe an idealized
steady zonally non-uniform reference state in terms of its potential vorticity field, q̄j , j = 1, 2
(Fig. 4). The q̄1 field is made up of a global component, which increases linearly northward, and
two localized components of Gaussian structure in y centered at y = 0. The localized component
associated with an Atlantic jet is 70% as strong as the one associated with a Pacific jet. The q̄2
field is zonally uniform. The component associated with the global baroclinicity is strong enough

Fig. 4. Distribution of the non-dimensional potential vorticity of the reference state at upper level and lower level in unit
of UL−1. Model Euro-Asia spans from x ≈ 11 through the right boundary (x = 15) to x ≈ −8; model N. America is located
between x ≈ 0 and 4.5.
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Fig. 5. Distribution of the velocity field of the reference state at upper level and lower level in unit of U. Max vector in
(a) is 0.538E + 01 and in (b) is 0.221E + 01.

that q̄2 decreases linearly northward. Thus, even in the absence of the localized components, the
reference state would be baroclinically unstable in the absence of friction.

The corresponding velocity field of the reference state, ( �V j)ref, obtained by inverting the q̄j
field above, is shown in Fig. 5. It has two localized baroclinic jets embedded in a globally uniform
baroclinic flow component. The upper level maximum velocity of the model Pacific jet is 54 m s−1

and that of the Atlantic jet is 40 m s−1. The corresponding lower level values are 22 and 17 m s−1,
respectively. The Pacific jet in the reference state is located approximately between x = −7 and
−3, whereas the model Atlantic jet extends approximately from x = 4.5 to 7. The influence of
the geographical configuration of the continents and oceans is incorporated through such broad
structure of the reference state.

The total flow consists of the reference flow and a departure flow component, (ψj)total =
ψ̄j + ψj , with potential vorticity (qj)total

= q̄j + qj for j = 1, 2. The governing equations for the
departure fields are the potential vorticity equations at the two levels, viz.

∂qj

∂t
+ J(ψ̄j, qj) + J(ψj, q̄j) + J(ψj, qj) = −1

τ
qj − κ∇4qj, j = 1, 2 (1)

with q1 =�2ψ1 − λ2(ψ1 −ψ2), q2 =�2ψ2 + λ2(ψ1 −ψ2), q̄1 = βy + ∇2ψ̄1 − λ2(ψ̄1 − ψ̄2) and
q̄2 = βy + ∇2ψ̄2 + λ2(ψ̄1 − ψ̄2).

We use λ2 = 2 as a parameter for the stratification in unit of L−2 and β = 1.6 the beta parameter
in unit of UL−2. To prevent numerical aliasing, we introduce standard hyper-diffusion with a
coefficient κ = 4.1 × 10−4 in unit of UL3. The dissipation is associated with the first term on the
RHS in the form of linear damping. The frictional coefficient for generic land surfaces may be
several times larger than that for water surfaces at moderate wind speeds (Arya, 1988). Hence, we
assume that the damping over continents is four times stronger than over oceans. The damping
time scale over the oceanic and land sectors are then set to be τland = 2.5 and τocean = 10.0 in unit
of U−1L.
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The spatial derivatives in the governing equations are cast to a center-difference form. With
a weak arbitrary initial disturbance, backward Euler scheme is used to do the time integration
for 1100 days with a time step of �t = 0.01. A record of the evolution of the domain-integrated
energy of the departure field (not shown) reveals that the model flow essentially reaches an
equilibrated state after about 60 days. A record of 1000 days of model output is sufficiently long
for determining statistically significant properties of the equilibrated state. We have made an
extensive diagnosis of the equilibrated state, including the distribution of various measures of the
intensity of eddies, their E-vectors, the local eddy fluxes of heat, momentum and potential vorticity.
We also diagnose their role in shaping the structure of time mean potential vorticity and velocity
fields of the equilibrated state. For brevity, we will however only present a small subset of these
results.

2.2.1. Model storm tracks
We first extract the synoptic eddy component of the flow by taking the difference between

the total departure field and a 10-day low-pass component obtained with Blackmon’s filter
(1976). The distributions of the root-mean-square of the filtered meridional velocity at the
two levels are shown in Fig. 6. The model simulates a storm track in the immediate exit
region of the Pacific jet located near x = −2 with a maximum values of RMS{v′1} = 1.41
and RMS{v′2} = 0.66. There is a model Atlantic storm track located near x = 9 with maxi-
mum values of RMS{v′1} = 1.33 and RMS{v′2} = 0.67. These characteristics are fairly rea-
sonable. Given the high degree of idealization in this model, the model storm tracks are
probably as realistic as we have a right to hope for. Note that although the Atlantic jet is
only 70% as strong as the Pacific jet in the reference state, the intensity of the two model
storm tracks is virtually the same. This result may be taken as supporting evidence for the
hypothesis that the relative intensity of the two storm tracks could be a natural consequence
of the geographical configuration and frictional influence of the continents and oceans in NH.

Fig. 6. (a and b) Distribution of the model synoptic eddy activity in terms of upper level RMS{v′1} and lower level RMS{v′2}
in unit of U.
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Fig. 7. Time mean transport of heat by synoptic eddies in the model as measured by �v′mT ′
m in unit of foU2L/R. Max vector

in (a) is 0.267E + 00.

It highlights the significant dependence of the Atlantic storm track upon the Pacific storm
track.

2.2.2. Synoptic eddy fluxes of heat and potential vorticity
To further assess the dynamical nature of the model storm tracks, we evaluate the local eddy

flux of heat, �v′m T ′
m, where the subscript m refers to the mid-level of the model. Its primary

direction is poleward. The strongest heat flux occurs in the two storm track regions in agreement
with observation (Fig. 7). The maximum value is about 0.27 unit of foU2L/R which amounts to
about 10 m s−1 K. It is comparable with the observed winter value at 850 mb.

It is also instructive to examine the synoptic eddy flux of potential vorticity, �v′1q′
1 and �v′3q′

3.
Fig. 8 shows that most of the potential vorticity flux takes place in the storm track regions. There
is southward flux at the upper level and northward flux at the lower level. Such directions of flux
are opposite of the potential vorticity gradient in the reference state as they should be. The upper

Fig. 8. Time mean flux of potential vorticity by synoptic eddies at the upper and lower levels of the model, �v′1q′
1 and

�v′3q′
3 in unit of U2L−1. Max vector in (a) is 0.125E + 01 and in (b) is 0.411E + 00.
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Fig. 9. (a and b) Time mean total potential vorticity of the flow at the upper and lower levels of the model in unit of UL−1.

level flux is about three times stronger than the lower level flux. All these eddy fluxes have a direct
implication on the modification of the statistical average zonal mean state.

2.2.3. Time mean PV and velocity fields of the equilibrated state
Eddies stabilize a flow to the maximum possible extent by reducing the gradient of the back-

ground potential vorticity field. The role of eddies in shaping the background flow can be therefore
displayed in the time mean potential vorticity field of the equilibrated state at each level (Fig. 9).
By comparing Fig. 9 with Fig. 4, we see that the time mean upper level PV field in the eastern
half of each jet and its exit region is greatly smoothed by the eddies. The time mean PV at the
lower level is also substantially modified relative to the reference state.

To appreciate the impact of eddies on the background flow more directly, we compare the time
mean total velocity field of the equilibrated state with that of the reference state (Fig. 10 versus
Fig. 5). Not surprisingly, the impact is also greatest in the eastern part and exit region of each
jet. It is seen that both jets become weaker and shorter compared to those in the reference state.
The equilibrated time mean state is expected to be more stable than the reference state. However,
it is not completely neutralized since eddies must be continually energized in compensation for
the dissipative loss of energy. It should be emphasized that these impacts result not only from the
synoptic (high frequency) eddies but also partly from the low frequency eddies in the flow. The
relationship among the synoptic eddies in the storm tracks, the planetary waves (low frequency)
and the mean flow is symbiotic in character (Cai and Mak, 1990).

3. Intraseasonal variability of the Pacific storm track

3.1. Diagnostic analysis

The second outstanding problem we wish to address is concerned with the difference between
the intraseasonal variability of the Pacific storm track and that of the Atlantic storm track. The
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Fig. 10. Distribution of the time mean velocity field of the equilibrated state at upper level and lower level in unit of U.
Max vector in (a) is 0.475E + 01 and in (b) is 0.162E + 01.

climatological Atlantic storm track is known to be most intense in mid-winter (MWMAX),
whereas the climatological Pacific storm track is weaker in mid-winter than in late fall or early
spring (MWMIN, Nakamura, 1992). To further examine this intriguing aspect of storm tracks,
we diagnose the 40-winter reanalysis data with the use of an intraseasonal variability storm track
index η defined as

η = ξ(January) − (ξ(November) + ξ(March))/2

(ξ(January) + (ξ(November) + ξ(March))/2)/2
(2)

where ξ(month) is the regional-averaged monthly mean RMS value of the synoptic component of
the 300 mb height over a storm track region. The Pacific storm track region is chosen to be bounded
by 30◦N, 60◦N, 140◦E and 130◦W, whereas the Atlantic storm track region by 30◦N, 60◦N, 90◦E
and 0◦W. This index is evaluated for each winter season. A negative (positive) value of η for a
particular storm track in a winter would mean that the intraseasonal variability of its intensity
is characterized by a MWMIN (MWMAX). The time series of η for the winters 1963–1964 to
2002–2003 are presented in Fig. 11. The result reveals that MWMIN (MWMAX) occurs in 21 (8)
out of 40 winters over the N. Pacific. In contrast, MWMIN (MWMAX) occurs in 4 (25) winters
over the N. Atlantic. Therefore, while MWMIN is quite common over the N. Pacific, it very sel-
dom occurs over the N. Atlantic. It should be emphasized that MWMIN by no means occurs every
winter over Pacific. MWMIN in the climatological Pacific storm track simply reflects the fact that
MWMIN occurs more frequently than MWMAX. It implies that only when certain conditions
prevail in the planetary-scale flow, would the Pacific storm track exhibit such intraseasonal char-
acteristic. By the same token, the required conditions must very seldom prevail over the Atlantic
sector.

In an attempt to identify the favorable condition(s) for MWMIN to occur, we construct com-
posite background flow over Pacific in November/March (months representative for early and
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Fig. 11. (a) Intraseasonal Pacific storm track index and (b) intraseasonal Atlantic storm track index. See text for details.

late winter, respectively) and in the following January (month representative for mid-winter)
associated with five pronounced MWMIN winters (Fig. 12).

A time mean flow is usually examined in terms of its vertical shear and/or meridional shear,
but relatively little emphasis is put on the variation of its structure in the streamwise direction.
Yet, it is the latter that is important as far as instability of a localized jet is concerned. Careful
diagnosis of this property is warranted. We refer to it as the zonal asymmetry of the baroclinicity
of a background flow. It is noteworthy that the Pacific jet is not only stronger but also has greater
zonal asymmetry of baroclinicity in January than in November/March of a MWMIN winter. The

Fig. 12. Root-mean-square of filtered 300 mb geopotential height
√
h′2 (shaded, unit is m) and monthly mean 300 mb

Pacific jet (contours of | �V |, unit is m s−1) for the composite MWMIN winter over North Pacific: (a) November/March
average and (b) January.
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zonal asymmetry can be measured in terms of a parameter γ defined as

γ = (U300 − U700)max − (U300 − U700)min

(U300 − U700)max
(3)

where (U300 − U700) is the vertical shear of the monthly mean zonal wind between 300 and
700 mb averaged between 20◦N and 50◦N. The subscripts “max” and “min” refer to the largest
and smallest values of the quantity along the longitudinal sector in the Pacific region. It is found
that the average November/March value is γ = 0.39, and the January value is γ = 0.57 in the case
of MWMIN. In other words, the zonal asymmetry of the background baroclinicity increases
significantly by about 46% from early/late winter to mid-winter. On the other hand, the average
November/March value is γ = 0.42 and the January value is γ = 0.43 in a composite MWMAX
winter (figures not shown). Such change is essentially at the noise level. Therefore, a significant
enhancement of the zonal asymmetry of the background baroclinicity in mid-winter is one feature
that distinguishes MWMIN from MWMAX.

We next diagnose the barotropic property of a winter planetary-scale flow in terms of a
pseudo-vector �D = (D1,D2), where D1 = (1/a cosφ)(∂U/∂λ) − (1/a)(∂V/∂φ) − (V/a)(tanφ) is the
stretching deformation and D2 = (1/a cosφ)(∂V/∂λ) + (1/a)(∂U/∂φ) + (U/a)(tanφ) is the shearing
deformation in spherical coordinates. The reason for doing this is that the barotropic energy
exchange between the fluctuating component and the time mean component depends on the
deformation of the latter. It is found that in both MWMIN and MWMAX cases, the overall
magnitude of deformation in January is larger over Pacific compared to November and March
(shading in Fig. 13). However, the meridional wind shear on the poleward side of the jet in Jan-
uary of a MWMIN winter is much enhanced (Fig. 13(b)). There is no such feature in a composite
MWMAX winter (Fig. 13(d)). Therefore, the planetary-flows over N. Pacific differ significantly

Fig. 13. Monthly mean deformation vector �D for (a) November/March average and (b) January of composite MWMIN
winter over North Pacific; (c) November/March average and (d) January of composite MWMAX winter over North Pacific.
| �D| is indicated by shading. One unit is 10−5 s−1.
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Table 3.1
Area-averaged baroclinic conversion rate {BC}, barotropic conversion rate {BT} and their sum {BC}+ {BT} in Novem-
ber/March (early/late winter), January (mid-winter) and the difference between January and November/March

Winter type Conversion rate (10−6 s−1) November/March January January–November/March

MWMIN {BC} 4.95 5.49 0.54
{BT} −1.41 −1.82 −0.41
{BC}+ {BT} 3.54 3.67 0.13

MWMAX {BC} 5.02 5.84 0.82
{BT} −1.49 −1.62 −0.13
{BC}+ {BT} 3.53 4.22 0.69

between a MWMIN and a MWMAX winter in terms of both their baroclinic and barotropic
structures.

It would be instructive to next ascertain the implications of such differences of the Pacific jet
from the perspective of eddy energetics. In writing the energetics equation, we adopt the following
notations. The horizontal area average of a quantity ξ in a storm track region is denoted by {ξ}
and the vertical average over the vertical extent of a storm track by 〈ξ〉. The equation expressing
the normalized rate of change of the eddy kinetic energy, K, in a storm track can be then written
as {

1

2{〈K〉}
∂〈K〉
∂t

}
= {BC} + {BT} +

{
1

2{〈K〉} 〈d〉
}

(4)

where K = (u′2 + v′2)/2, BT = (1/2{〈K〉})〈 �E · �D〉, �E = (1/2)(v′2 − u′2) − u′v′ and BC =
(1/2{〈K〉})〈−(R/p)ω′T ′〉. By assumption, the energy fluxes at the boundaries of a chosen storm
track region are negligible. 〈d̄〉 is the frictional damping rate. {BC} and {BT} stand for the con-
tributions of baroclinic and barotropic processes to such growth rate, respectively. The values of
{BC} and {BT} for different months in a composite MWMIN winter and a composite MWMAX
winter are summarized in Table 3.1. Over North Pacific, the change in the barotropic damping
rate, {BT}, from November/March to January in MWMIN winter and in MWMAX winter are
−0.41 (in unit of 10−6 s−1) and −0.13, respectively. The corresponding changes in the baroclinic
growth rate, {BC}, are 0.54 and 0.82. Thus, the combined change in these two energetic processes,
({BC}+ {BT}), from November/March to January is distinctly smaller in a MWMIN winter than
in a MWMAX winter (0.13 versus 0.69). The difference in the intraseasonal variation of {BT}
is consistent with our earlier discussion about the barotropic structure of the background flow.
It highlights the importance of strengthened barotropic damping in MWMIN from an energetics
point of view. Further details of this diagnosis can be found in Deng and Mak (2006).

The diagnostic results above lead us to the following hypothesis: a significant enhancement of
the barotropic damping relative to the baroclinic growth from early- to mid-winter is an important
factor contributing to the occurrence of MWMIN.

3.2. Modeling studies

We have put the hypothesis for the dynamical nature of MWMIN to two quantitative tests. The
first test is made with a specially designed two-level quasi-geostrophic model (Deng and Mak,
2005) and the second test with a simplified general circulation model (Deng, 2005).
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3.2.1. QG model test of the hypothesis
Here, we recap the highlights of the results (Deng and Mak, 2005). The external forcing in

the QG model is introduced as a relaxation of the flow towards a reference state that has a single
localized baroclinic jet. The reference state contains two key parameters, ÛT and Δ, that serve
to distinguish the early-winter condition of the background flow from the mid-winter condition.
ÛT controls the domain average baroclinicity and Δ controls the local baroclinicity as well as
horizontal shear. A modal instability analysis establishes that the growth rate of perturbation in
such a localized jet is significantly reduced as a consequence of an enhancement of the background
deformation from early- to mid-winter in spite of an increase in the local baroclinicity associated
with the background jet (Fig. 14). The dynamical nature of such effect can be interpreted as a
generalized barotropic-governor effect on localized baroclinic instability.

The non-linear storm track in this model under the early-winter condition (ÛT = 2 andΔ= 2.5)
and the mid-winter condition (ÛT = 2.2 and Δ= 5.5) are shown in Fig. 15. It is found that the
intensity of the model storm track at the upper level (250 mb) is reduced by about 30% in response
to a change in the forcing condition from early- to mid-winter. The overall results support the
hypothesis that MWMIN could stem from a sufficiently large increase in the stabilizing influence
of the local barotropic process in spite of a simultaneous increase in its local baroclinicity in the
Pacific jet from early- to mid-winter.

3.2.2. Simplified GCM model test of the hypothesis
The affirmation of a hypothesis with a highly idealized model is encouraging, but it would be

necessary to make a follow-up test with a more realistic model within the context of the hypothesis

Fig. 14. Variations of the instantaneous growth rate in time for four values of Δ with a fixed ÛT = 2. A larger value of Δ
implies larger local baroclinicity and stronger barotropic deformation in the reference flow.
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Fig. 15. Root-mean-square of the medium-pass ψ1 (upper level streamfunction) for (a) the model early winter condition,
ÛT = 2, Δ= 2.5 and (b) for the model mid-winter condition ÛT = 2.2, Δ= 5.5.

under consideration. The dynamical core of the GFDL-AGCM without topography is therefore
used to test the hypothesis for MWMIN. Instead of using the “physics” packages in the AGCM, we
introduce a proxy thermal forcing which consists of two components. One component is in the form
of relaxing the temperature field towards a reference temperature field, −kT(T − TR). It represents
a damping effect on the temperature departure field. The observed composite November (January)
mean wind and temperature fields based on five pronounced MWMIN and five MWMAX winters
are adopted as the reference states for early-winter (mid-winter) conditions, respectively. The
second component of the thermal forcing is computed with the thermodynamic equation using
such a reference state. It should be emphasized that it is essential to incorporate this component
of localized forcing. Without it, storm tracks cannot be simulated with reasonable resemblance
of the observed ones. However, what might be the appropriate magnitude for this component
of forcing is somewhat uncertain. The computed values are expected to be underestimate of the
appropriate values because the monthly mean wind and temperature fields in the reanalysis data
already embody the feedback effect of the synoptic eddies. Therefore, it would be justifiable to
adjust the magnitude of the forcing with an additional parameter, ε, when this model is used in
experimentation.

The thermodynamic equation in this model is then

∂T

∂t
+ u

a cosφ

∂T

∂λ
+ v

a

∂T

∂φ
+ ω

(
∂T

∂p
− RT

pCp

)
= −kT(T − TR) + Fε (5)
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where the second component of the proxy thermal forcing is denoted by Fε with

F = uR

a cosφ

∂TR

∂λ
+ vR

a

∂TR

∂φ
+ ωR

(
∂TR

∂p
− RTR

pCp

)
(6)

The variables of the reference state are denoted by the superscript “R”.
The distribution of the thermal forcing F(λ,ϕ) at 300 and 850 mb in January of the composite

MWMIN winter are shown in Fig. 16. At 300 mb (Fig. 16(a)), the equatorial western Pacific
and Atlantic have large areas of moderate warming. Over southern Euro-Asia continent, there is
moderate cooling. At mid-latitudes, two regions with heating rate around 4 × 10−5 K s−1 can be
found over western North Pacific and western North Atlantic. This warming is even stronger closer
to the surface (Fig. 16(b)), where the maximum heating rate reaches 6 × 10−5 K s−1. Such net
heating likely stems from an overcompensation of condensational heating over radiative cooling.
The distribution of F0 at lower level is characterized by the existence of intense cooling over Tibet
and Greenland with maximum value reaching about −16 × 10−5 K s−1. This net cooling is likely
attributable to strong radiative cooling over those two areas. The heating and cooling shown in
Fig. 16 are all diabatic in nature. They are indispensable components of the external forcing that
maintains the observed monthly mean atmospheric state.

An 800-day integration of the model generates a robust climatology. It has been verified that the
model winter/zonal average statistics such as [ū](ϕ, p) and �v′T ′(ϕ, p) are quite realistic (figures
not shown). However, we get mixed results for the model storm tracks. The intensity of synoptic
eddy activity measured by RMS(Z325) is generally under-simulated in this model when ε= 1.0 is
used for the forcing strength. Furthermore, MWMIN per se is not simulated when the forcing of a
composite MWMIN winter is used because the model Pacific storm track is still more intense in
January than in November (Fig. 17(a and b)). However, the simulated increase of the storm track
intensity from November to January is much smaller under the MWMIN condition compared with
that under the MWMAX condition (Fig. 17(c and d)). For MWMIN, the percentage increase in
terms of area-averaged values of RMS(Z325) is 33% (30.9 m in November to 41.1 m in January);
for MWMAX, the increase is 70% (28.7 m in November to 48.7 m in January). In other words,
the model succeeds in simulating MWMIN in a relative sense. More encouragingly, as far as

Fig. 16. External thermal forcing in MWMIN January at: (a) 300 mb and (b) 850 mb. Unit is 10−5 K s−1. Heavy (light)
shading indicates heating (cooling) rates greater than 2 × 10−5 K s−1.
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Fig. 17. Model root-mean-square of filtered 325 mb geopotential height
√
h′2 over North Pacific in: (a) November and

(b) January of a MWMIN winter; (c) November and (d) January of a MWMAX winter, unit is m.

the difference in the eddy energetics of the corresponding storm tracks between MWMIN and
MWMAX is concerned, the model does a good job. The result is summarized in Table 3.2, which
is the model counterpart of Table 3.1.

The baroclinic growth rate {BC} has a huge increase from November to January in a MWMAX
winter (2.74–3.55). The strengthening of {BC} in a MWMIN winter is only moderate (3.05–3.48).
Most interestingly, the seasonal march of the barotropic damping rate in the model is similar to
the observed characteristic. For example, {BT} intensifies from −1.91 in November to −2.06 in
January for the case of MWMIN, i.e. an enhancement of damping by 0.15 from early to mid-
winter. For the case of a MWMAX winter, the change in {BT} is only −0.04. The change of the
net growth rate from early- to mid-winter under the MWMIN condition is distinctly smaller than
that under the MWMAX condition (0.28 versus 0.77). These features resemble those derived from
the reanalysis data (see Table 3.1). They confirm that greatly strengthened barotropic damping in
mid-winter is a key mechanism underlying the reduction of synoptic eddy activity. Although the

Table 3.2
Area-averaged baroclinic conversion rate {BC}, barotropic conversion rate {BT} and their sum {BC}+ {BT} for Novem-
ber (early winter), January (mid-winter) and their difference

Winter type Conversion rate (10−6 s−1) November January January–November

MWMIN {BC} 3.05 3.48 0.43
{BT} −1.91 −2.06 −0.15
{BC}+ {BT} 1.14 1.42 0.28

MWMAX {BC} 2.74 3.55 0.81
{BT} −1.80 −1.84 −0.04
{BC}+ {BT} 0.94 1.71 0.77



98 M. Mak, Y. Deng / Dynamics of Atmospheres and Oceans 43 (2007) 80–99

model fails to simulate MWMIN per se, the model simulation does verify the significance of the
intraseasonal variation of barotropic damping.

We have made simulations using larger values of ε in the model forcing for November than for
January on the ground that the November mean state is under the influence of a greater negative
feedback effect of the synoptic eddies. When a stronger thermal forcing (e.g. ε= 1.8) is used for
November than for January (e.g. ε= 1), the model indeed simulates MWMIN (figures not shown).
The limitation of this approach of simulating MWMIN is that there seems to be no objective
choice of ε for the forcing in early winter. This could be an intrinsic limitation of the method
of driving the flow with a proxy forcing. Hence, our effort in getting insight into the dynamical
nature of MWMIN with a primitive equation model is only partly successful. Much remains to
be done.

4. Concluding remarks

The diagnosis establishes that the Atlantic storm track is more intense than the Pacific storm
track 75% of the time even though the Pacific jet is considerably stronger than the Atlantic jet. Our
dynamical analysis provides supporting evidence for a hypothesis that the relative intensity of the
two storm tracks at least partly results from difference in the seeding disturbances upstream of the
two storm tracks. The latter can be a natural consequence of the continent–ocean configuration
in Northern Hemisphere.

MWMIN refers to the phenomenon that the Pacific storm track is least intense rather than most
intense in mid-winter in contrast to the Atlantic storm track. Apart from quantifying the frequency
of MWMIN (MWMAX) occurrence over N. Pacific (N. Atlantic), we have diagnosed the differ-
ence between the structure of the background flow and its impact in a composite MWMIN winter
and those in a composite MWMAX winter. A major finding is that a MWMIN winter is char-
acterized by having distinctly larger increase of barotropic damping on the synoptic eddies from
early/late winter to mid-winter. It leads to a hypothesis for what might be responsible for the occur-
rence of MWMIN in spite of a large increase of baroclinicity in mid-winter. The two model tests
lend support to the hypothesis. It turns out much easier to verify the hypothesis in the context of a
simple quasi-geostrophic model because one has more control over the dynamical factors under
consideration in the model. The difficulty in verifying the hypothesis with a simplified GCM in a
realistic setting lies in the fact that the required magnitude of the proxy thermal forcing cannot be
uniquely established. To the extent that such model can simulate storm tracks, it captures the differ-
ence between MWMIN and MWMAX in terms of eddy energetics on the basis of the hypothesis.

Finally, we would like to emphasize a caveat. We introduce the impacts of diabatic processes and
orography only implicitly in our modeling studies of storm track dynamics. Specifically, we have
assumed that the net impact of all diabatic processes (radiative heating/cooling, condensational
heating and surface sensible heat flux) in conjunction with orography is to sustain a two-jet
reference state towards which a flow in a model without orography would adjust. This is obviously
a very crude treatment. On the other hand, a detailed budget study by Chang (2001) suggests that
there appears to be a net destruction of eddy available potential energy (EAPE) by the diabatic
processes over Pacific in January, but a net production in October (a month in Fall rather than in
early or late winter). The difference seems to be primarily due to a reduction of generation of EAPE
by condensational heating in January. If a similar difference were found between early/late winter
and mid-winter, that would also be a contributing factor for MWMIN. The relative importance
of enhancement of barotropic damping and reduction of condensational heating as two possible
contributing factors for MWMIN is not at all clear at the moment.
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It has been suggested that the fundamental difference between the Atlantic storm track and
Pacific storm track might be attributed to the difference in moisture content in the respective air
masses. Some of the air over the Atlantic storm track originates from the Caribbean region and can
be quite moist. On the other hand, most air over the Pacific storm track is expected to originate
from Siberia and central Asia and can be quite a bit drier. But the difference in the air mass
origins could be offset by stronger moistening of the air by the warm Kuroshio Current because
the air-water temperature difference is much larger there than over the Gulf Stream. It would be
a real challenge to resolve the issue of moist dynamics in a storm track model framework.
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