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Regions of the occurrence of different phenomena related to the development of baro-
clinic disturbances are reviewed for the Northern Hemisphere extratropics, using Na-
tional Centers for Environmental Prediction/National Center for Atmospheric Research
reanalysis data. The occurrence of height lows appears to be related to the orography
near the earth’s surface and with surface- and upper-air cyclogenesis in the upper tro-
posphere. Over the cyclone tracks, the surface maxima appear to be trapped by land
masses, whereas over the Mediterranean Sea they are located on the lee side of moun-
tain ranges. The forcing terms of the geopotential tendency and omega equations mark
the genesis (and, by the vorticity advection terms, the path) of the extratropical cyclones
on the storm track. They occur mostly over the western coast of the oceans, beginning
and having maxima on the lee side of the Rocky Mountains and the Tibetan Plateau.
Their associated fronts form from the cold air coming from the continents and converg-
ing with the warm air over the Gulf and Kuroshio currents. Evident trends are found
only for the Atlantic cyclone track (positive) and the Pacific cyclone track (negative) until
the last decade when the tendency reverses. Over the southern Pacific, the number of
fronts is lower during 1978–1997, coinciding with a period of strong El Niño Southern
Oscillation episodes. This information is important for validating numerical models in
order to predict changes associated with climate change and to study the behavior of
extratropical cyclones and fronts.
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Introduction

Most synoptic-scale weather systems in mid-
latitude regions appear to develop as a result of
instability in the jet stream flow. This so-called
“baroclinic” instability depends on the merid-
ional temperature gradient, particularly at the
earth’s surface. The resulting differences in air
density imply the existence of available poten-
tial energy that can be converted into kinetic
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energy, above all in winter, from the increase
in the pole-to-equator temperature gradient. A
baroclinic disturbance develops, which may it-
self act to increase the pre-existing temperature
gradient, thereby generating frontal zones.

These weather systems are most significant
in the extratropics during winter, being respon-
sible for clouds, precipitation, strong winds, and
temperature changes. In extreme cases, they
can lead to serious damage to infrastructure,
through floods, hurricane-like winds, and se-
vere storms. They can also affect transport
links, leading to the isolation of rural commu-
nities and even deaths. They are also crucial
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components of the earth’s climate system be-
cause they regulate the contrast in temperature
between the poles and the equator, stabilizing
the stratification of air density and maintaining
westerly winds in mid-latitude regions against
frictional dissipation.

The most significant weather patterns that
result from the development of baroclinic dis-
turbances are extratropical cyclones, which are
also associated with the generation of fronts.
These cyclones originate in regions of pro-
nounced horizontal temperature gradients that
are located in the vicinity of the extratropical
jet streams, and, occasionally, this temperature
gradient is concentrated in a narrow frontal
zone near the earth’s surface. The nascent
cyclone appears as a region of low pressure
downwind (following the upper-level winds) of
a pre-existing upper-level disturbance called a
short-wave trough. As the cyclone continues to
deepen, the upper-level disturbance intensifies,
warm air advances poleward, and cold air ad-
vances toward the equator. The leading edges
of these advancing air masses mark the location
of the warm and cold fronts, respectively, near
the earth’s surface. When the cold air advances
toward the equator, it causes the warmer air
in lower latitudes to ascend, which generates a
narrow zone of clouds and strong precipitation
associated with the cold front. When the warm
air advances poleward, it must ascend over the
colder air found at the higher latitudes, and an
extended region of clouds and moderate pre-
cipitation forms in front of this warm front.
Eventually, the cyclone separates from the sur-
face warm front and migrates toward the cold
air, thus forming an occluded front. The deep-
ening rate of the cyclone slows during this time
and eventually ceases.1

The behavior of baroclinic systems depends
on larger scale climate effects, such as the North
Atlantic Oscillation (NAO) and the El Niño
Southern Oscillation (ENSO). The NAO is a
“see-saw” of atmospheric pressure between the
Azores high and the Icelandic low that influ-
ences the path of extratropical cyclones over
the Atlantic basin. When the NAO is positive,

both pressure centers deepen and this path dis-
places to the north.2 The ENSO is a coupled
atmosphere–ocean variability effect that is lo-
cated over the tropical South Pacific. When an
ENSO event occurs, the sea surface tempera-
ture pattern and the pressure pattern change
over this region, modifying the circulation at
low and high levels and thus displacing the jet
streams. These events, therefore, produce pres-
sure, temperature, and precipitation anomalies
all over the globe.3

Regions of Occurrence
of Extratropical Cyclones

The distribution of extratropical cyclones is
far from homogeneous. These cyclones form
preferentially in some mid-latitude regions,
called storm tracks. Following Sickmöller et al.,4

we will distinguish between “storm track” and
“cyclone track.” A storm track is defined as
a region that has an increased standard devi-
ation of variability with respect to the band-
pass, filtered (2.5–6 days), 500 hPa, geopoten-
tial height.4,5 This definition means that the
storm track takes variability into account that
is unrelated to geopotential height minima (see
Ref. 6). A cyclone track, on the other hand,
is a region of increased density of synoptic
cyclones and thus is only related to geopoten-
tial height minima. Most existing cyclone cli-
matologies use algorithms that can be catego-
rized into nontracking and tracking techniques.
The former regard cyclones as single points in
space that are represented by their center (e.g.,
the location of the minimum sea level pressure)
and yield climatological cyclone center density
fields (e.g., Refs. 7, 8). Although this approach
is reasonably straightforward, it cannot provide
information about the genesis and lysis of cy-
clones. Most existing climatologies fall into the
second category and are based on some kind of
cyclone-tracking technique.4,9

In the Northern Hemisphere, major
storm/cyclone tracks extend from the east coast
of the continents northeastward across the
oceans. In the North Atlantic, systems either
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turn northward into Baffin Bay or, more fre-
quently, continue northeastward to Iceland and
the Norwegian Barents Sea. In the North Pa-
cific, systems move from eastern Asia toward
the Gulf of Alaska. Cyclones form, or are re-
developed, east of the Rocky Mountains in
Alberta and Colorado and move eastward to-
ward the Great Lakes and Newfoundland be-
fore turning northward toward Greenland and
Iceland.10 The spatial distribution of systems
identified by Serreze et al.11 shows that in win-
ter months the cyclone maximum near Ice-
land extends northeastward into the Norwe-
gian Barents Sea. In winter, both the rate of
cyclone deepening and the frequency of deep-
ening events peak in the area of the Icelandic
low, southwest of Iceland, with a separate max-
imum in the Norwegian Sea.12 These locations
show a high frequency of cyclogenesis, cyclone
filling, and cyclolysis, which implies that this
sector of the Arctic is dynamically active with
alternating regimes. Gyakum et al.13 found that
in the Pacific Ocean, although the greatest cy-
clone frequency is located between lat 50◦N
and 65◦N in the Gulf of Alaska and in the vicin-
ity of the Kamchatka Peninsula, the highest
percentage of deepening cyclones exists in ar-
eas south of lat 50◦N. These authors also found
that over 90% of cyclones that pass through the
region of the Kuroshio Current intensify. This
percentage gradually diminishes to the east. In
fact, systems forming over the oceans inten-
sify over strong gradients of sea surface tem-
perature. Over the Mediterranean Sea, Trigo
et al.14 found strong cyclogenesis maxima over
the Gulf of Genoa, south of the Atlas Moun-
tains and in the Middle East.

Cyclone tracks vary over time, but the pre-
cise nature of their variability remains to
be mapped. The interpretation of the results
obtained depends on the tracking algorithm
used and on the conditions that are imposed,
such as cyclone intensity or duration.4 Hence,
such results as have been obtained sometimes
seem to contradict each other. Lambert15 ob-
served an increase in the number of intense
cyclones in the Northern Hemisphere after

1970. Schinke16 found a similar result over Eu-
rope and the North Atlantic. Key and Chan17

showed that, in winter, closed lows increase in
frequency in the range lat 60–90◦N and de-
crease in the range lat 30–60◦N. They also
found a relationship between the geopoten-
tial tendency in the Arctic and the NAO.
Sickmöller et al.4 observed an increase in cy-
clone density and storm track in the Atlantic
basin, but they reported the opposite trend in
the Pacific basin. Graham and Diaz18 found an
increase in cyclone intensity over time in the
Pacific. Chen et al.19 found a decrease in the
frequency of cyclogenesis over east Asia, which
ceases after 1977.

Identification of Fronts

The concept of atmospheric fronts was in-
troduced by the Bergen school early in the
20th century.20 Fronts are associated with gra-
dients of temperature, dew point, wind veloc-
ity, barometric tendency, and vertical motion
of air masses. Since this pioneering work, con-
siderable advances have been made in com-
puting and observational technology. Despite
these advances, however, there is still no widely
accepted objective method of recognizing at-
mospheric fronts. Recognition depends on two
factors: (i) the definition of a front and (ii) meth-
ods for determining whether or not the criteria
specified in the definition have been met. For
a complete description of the different defini-
tions and criteria used by other authors, see
Ref. 21. Even when using subjective methods,
different forecasters will frequently produce dif-
ferent analyses of the presence of fronts on the
basis of the same data sets.22

The first publication concerned with the ob-
jective identification of fronts was by Renard
and Clarke.23 Their pioneering methodology
for the objective identification and location of
fronts in gridded data sets is based on the pri-
mary (thermal) definition, according to which
an atmospheric front is defined as the “warm
air boundary of a synoptic scale baroclinic zone
of distinct thermal gradient.” They defined
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a variable called the Thermal Front Parameter

(TFP), which represents the gradient of the
magnitude of the thermal gradient, resolved
parallel to its direction. This methodology has
been used by many subsequent authors (for ex-
ample, Refs. 24–26) and is the one used in this
work. Renard and Clarke23 used the potential
temperature to compute the TFP. However, at-
mospheric motion around fronts is generally
not dry adiabatic. The main alternative is thus
to use a variable such as wet bulb potential tem-
perature or equivalent potential temperature,
which are essentially conserved during moist
ascent and descent and hence act as better trac-
ers of air mass. One of the more recently pro-
posed methods for the objective identification
and plotting of fronts, which uses its precise dy-
namic definition, is documented by Hewson.21

Both objective and subjective techniques for lo-
cating fronts have been widely used in weather
analysis and forecasting and for studying the
characteristics of fronts using case studies (see
Refs. 27–29).

It has been shown that:

TFP = −�∇| �∇θe | ·
�∇θe

| �∇θe |
(see Ref . 21) (1)

where θe = [T + q · L
CP

] · [ P0
P

]
R

CP (see Ref. 30),
where T is temperature, q is specific humid-
ity, L is the vaporization latent heat, Cp is the
specific heat of dry air at constant pressure, P

is pressure, P 0 is pressure at a standard level
(1000 hPa), R is the gas constant for dry air,
and θe is the equivalent potential temperature.

The first factor in the TFP equation de-
scribes the change in the temperature gradient;
the second factor describes the projection of the
first term resolved in the direction of the tem-
perature gradient. There is a clear relationship
between the TFP as a frontal analysis param-
eter and the well-known basic definition of a
front, which fixes a cold front where temper-
ature begins to fall and a warm front where
the rise of temperature ends. This definition is
identical to the definition of the maximum of
the TFP.

Dynamics of Baroclinic Development:
The Quasigeostrophic Approximation

The idea that development of baroclinic dis-
turbances occurs almost in geostrophic and hy-
drostatic balance has led to the adoption of
quasigeostrophic dynamics in its study, which
in turn represents a simplification of the gov-
erning equations. Quasigeostrophic theory still
provides the primary conceptual model used
by synoptic meteorologists for understanding
weather patterns, as well as for evaluating the
performance of numerical models used in fore-
casting. This theory is often summarized in the
application of the geopotential tendency and
omega equations (e.g., Refs. 10, 31). The usual
forms of both these equations contain two pri-
mary forcing terms, which are not indepen-
dent and thus lead to difficulties in physical
interpretation, but they nevertheless have sep-
arate physical meanings. This approximation
assumes that the effects of diabatic heating, sur-
face friction, and orography are negligible.

The omega equation [Equation (2)] ex-
presses the synoptic scale vertical motion [rep-
resented by the three-dimensional Laplacian
of omega (term A)] as the sum of the advec-
tion of absolute geostrophic vorticity in the
geostrophic wind (term B) and the Laplacian
of the temperature (term C).(

∇̇2+ f 2
0

σ

∂2

∂P 2

)
ω

︸ ︷︷ ︸
A

= f 0

σ

∂

∂P
[V̇g · ∇̇(ξg +f )]︸ ︷︷ ︸

B

+ 1
σ
∇̇2

[
V̇g · ∇̇

(
− ∂φ

∂P

)]
︸ ︷︷ ︸

C

(see Ref . 31) (2)

where ω is the vertical component of the wind
velocity when pressure is used as the vertical
coordinate, where f is the Coriolis parameter,
f 0 is the Coriolis parameter at a reference lati-
tude, σ is the standard atmosphere static stabil-
ity parameter in isobaric coordinates, Vg is the
geostrophic wind, ξg is the geostrophic relative
vorticity, φ is the geopotential.

Term A is proportional to the upward mo-
tion but opposite in sign (see Ref. 32). Term
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B represents the vertical variation of absolute
vorticity advection. At the synoptic scale, only
relative vorticity advection needs to be taken
into account. Where cyclonic vorticity advec-
tion increases with altitude, the upward motion
is favored, as is the case in the Northern Hemi-
sphere. Term C involves the Laplacian of the
thickness advection. The existence of a maxi-
mum thickness advection implies that warm air
forces upward motion. Although terms B and
C often largely cancel each other out, they may
nevertheless be clearly interpreted as separate
physical processes.

The geopotential tendency equation pro-
vides a relationship between the local geopo-
tential tendency (term A) and the distributions
of vorticity advection (term B) and thickness
advection (term C).[

∇̇2+ ∂

∂P

(
f 2

0

σ

∂

∂P

)]
︸ ︷︷ ︸

A

χ=−f 0V̇g · ∇̇(ξg +f )︸ ︷︷ ︸
B

− ∂

∂P

[−f 2
0

σ
V̇g · ∇̇

(
− ∂φ

∂P

)]
︸ ︷︷ ︸

C

(3)

where χ = ∂φ

∂ t
and σ = −RT0

P
d ln θ0

d P
(see Ref. 31),

t is time, T0 is temperature in a basic state, and
θ0 is the potential temperature corresponding
to T0.

Term A involves second derivatives in space
of the geopotential tendency field and is thus
generally proportional to the tendency, but
opposite in sign. Term B is proportional to
the advection of absolute vorticity. At short
wavelength and at synoptic scale (horizontal
scale <3000 km), only relative vorticity ad-
vection needs to be taken into account. This
equation implies that positive relative vortic-
ity advection is related to falling geopotential
heights. This term acts to propagate the distur-
bance horizontally and to spread it vertically.
The major mechanism for the amplification or
decay of mid-latitude synoptic systems is con-
tained in term C. This term involves the ver-
tical variation of the horizontal thickness ad-
vection, and it acts to enhance upper-level

height anomalies in developing disturbances.
When the thickness advection increases with
altitude, it acts to intensify the troughs in
the upper troposphere. Given that it is re-
lated to differential temperature advection with
height, this term implies that mid-latitude syn-
optic systems are intensified through baroclinic
processes.

Objectives

In the study reported herein, the regions
of occurrence of these baroclinic phenomena
were investigated with respect to their location
and characteristics. Given that cyclogenesis and
lysis were not of primary interest, a simple non-
tracking algorithm was used to detect lows not
only near the earth surface but also in the mid-
dle and upper troposphere. The locations of
the fronts were identified by means of the TFP,
as defined by Renard and Clarke,23 and using
the equivalent potential temperature method
to determine their more approximate position.
The forcing terms of the omega and geopo-
tential tendency equations were determined in
order to obtain the dynamic characteristics of
the fronts. As far as we know, this is the first time
that the climatology of these forcing terms and
fronts has been studied. Their regions of occur-
rence are related to lows and storm tracks.

Data and Methods

Data for the geopotential height, humidity,
wind, and temperature at 12:00 UTC for the
period December 1957–February 2006 were
obtained using a National Center for En-
vironmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) re-
analysis technique.33 The spatial resolution in
longitude and latitude was 2.5◦. As baroclinic
development is more important during winter,
only data for December, January, and Febru-
ary were included in our analysis. Thus for ex-
ample, using this convention, winter 1958 is
represented by the months of December 1957,
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January 1958, and February 1958. The re-
gion under investigation covers all longitudes
from 20◦N to 70◦N, thus embracing the more
important areas of baroclinic development in
the Northern Hemisphere. Three vertical lev-
els were used (850 hPa, 500 hPa and 200 hPa),
representing the three different parts of the
troposphere under discussion (near-surface
troposphere, middle troposphere, and high
troposphere, respectively).

In this way, we aimed to identify:
• minima of geopotential height at 850 hPa,

500 hPa, and 200 hPa in order to find
deep troughs and lows. When the geopo-
tential height at a central point was lower
than six or more of the surrounding eight
points, it was considered a minimum of
geopotential height. This criterion ap-
plied not only for closed lows but also
for deep troughs related to baroclinic de-
velopment. Then, we counted the times
each grid point fulfilled the condition of
minima.

• high positive values of TFP at 850 hPa to
find surface fronts, using Equation (1). We
counted the times TFP was higher than
2 K/m2

• maxima (value at a central point is greater
than at the surrounding eight points) of
a) vorticity advection (−Vg · ∇ξg ) at

500 hPa;
b) thickness advection (−Vg · ∇(−∂Z/

∂P)), being Z the geopotential height),
thickness considered between 200 hPa
and 500 hPa;

c) differences between vorticity advec-
tion at 200 hPa minus vorticity advec-
tion at 850 hPa;

d) differences between thickness advec-
tion at 200–500 hPa minus thickness
advection at 500–850 hPa

in order to find regions of upward move-
ment of air masses or regions with a negative
geopotential tendency. Then, we counted the
times each grid point fulfilled the condition of
maxima.

In order to characterize the climatology, we
tested several thresholds in an attempt to iden-
tify only those points that are related specif-
ically to baroclinic development and to thus
filter out noise. We then added in all the
data points that satisfied the threshold con-
dition during the period. In order to investi-
gate the variability, we further subdivided the
whole period into approximately 10-year in-
tervals (1958–1967, 1968–1977, 1978–1987,
1988–1997, and 1998–2006) and carried out
computations for each interval, taking into ac-
count the number of years (generally 10 apart
from the final interval, which was nine).

Results

Detection of Deep Troughs and Lows:
Geopotential Height Minima

Figure 1 shows the distribution of winter
geopotential height minima for the period
1958–2006 at 200, 500, and 850 hPa. Atlantic
and Pacific cyclone tracks appear at the three
levels, with a low-level pattern similar to the
one found by Wernli and Schwierz.9 The At-
lantic cyclone track extends from Hudson Bay
to the northern coast of Europe and has two
local maxima. The maximum between Green-
land and Iceland is the stronger one, but its
intensity decreases with height. The maximum
over Hudson Bay, in contrast, maintains its in-
tensity throughout the troposphere. The Pacific
cyclone track extends from the east coast of Asia
to the west coast of America and is confined to
lat 40–60◦N. There are two local maxima, one
over the Gulf of Alaska that diminishes with
height and another one west of Kamchatka
that does not. These centers were reported pre-
viously by Gyakum et al.13 using surface charts.
These cyclone tracks are just north of the storm
tracks, defined as the root mean square of the
band-pass filtered 500 hPa geopotential height
(see Ref. 4 for an example of this).

Apart from the cyclone tracks, there is
another important region of occurrence of
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Figure 1. Total number of geopotential height minima by grid point for winters (December,
January, and February) from 1958–2006 at three vertical levels: 200 hPa (first row), 500 hPa
(second row), and 850 hPa (third row).

extratropical cyclones over the Mediterranean
Sea.9,34 Local maxima are found over the nor-
thern coast of the Mediterranean Sea (Fig. 1).
These coincide with the cyclogenesis maxima
found by Trigo et al.,14 although in some cases
with some displacement eastwards. These max-
ima are located over the Gulf of Genoa, south
of the Atlas Mountains, east of the Aegean Sea,
east of the Black Sea, and northeast of the Per-
sian Gulf. We also find a maximum southwest
of the Strait of Gibraltar and in the western
part of the Arabian Peninsula. At higher levels,
there is a maximum that extends from the west-
ern part of the Mediterranean Sea to the north-
west of the Canary Islands, which resembles the

maximum of cut-off lows found by Nieto et al.35

for the European sector.
Over Asia there is a maximum over north-

ern Siberia that reaches 200 hPa and appears
to merge with the Pacific cyclone track in the
middle and high levels. This maximum was also
observed by Chen et al.19 using surface charts.
The maxima found at 850 hPa over the Tibetan
Plateau are probably related to the existence
of the monsoon winter high and are not con-
nected with any baroclinic development. The
same reasoning can be applied to the maximum
over Baja California (Mexico). Finally, there is
some evidence of maxima on the lee side of the
Himalayas but only in the 850 hPa surface.
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Figure 2. Total number of geopotential height minima by grid point and year for 1958–1967 (first row),
1968–1977 (second row), 1978–1987 (third row), 1988–1997 (fourth row), and 1998–2006 (fifth row).
A) 200 hPa, B) 500 hPa, C) 850 hPa.
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Figure 2. Continued
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Figure 2. Continued

In order to better understand the variabil-
ity in the occurrence of the geopotential height
minima, Figure 2 shows the number of minima
per year during the different 10-year periods at
(A) 200 hPa, (B) 500 hPa, and (C) 850 hPa. In

the Atlantic cyclone track, there was an increase
in the number of minima up to the 1990s, which
has been related to the increase of the NAO
index and the subsequent northward shift of
the storm track.36 In the last decade, there has
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Figure 3. Total number of times the thermal frontal parameter is greater than 2 K/m2 by grid point for the
winters (December, January, and February) from 1958–2006 at 850 hPa.

been a change in this tendency, with a strong
decrease in the number of minima, which is
also consistent with the decrease found in the
NAO Index. The evolution of the Pacific cy-
clone track has shown the opposite behavior,
with a decrease in the number of minima un-
til the 1990s and an increase thereafter. This
downward trend seems to contradict the up-
ward trend found by other authors (e.g., Ref. 37)
and is not consistent with the northward trend
in the Pacific storm track.4 Apart from the
dependence of the results on the tracking al-
gorithm, Sickmöller et al.4 identified different
trends, which depend on the duration, inten-
sity, and geopotential height gradients of the
cyclones. In their study, they found that in the
Pacific there is a decrease in the number of cy-
clones with at least a 3-day lifetime, the geopo-
tential height gradients are less intense, and
there is a decrease in cyclones with very low
central height. The maxima not related to the
Atlantic or the Pacific cyclone tracks show a
high variability over the 10-year intervals, with
no trends evident.

Detection of Fronts: The Thermal
Front Parameter

The threshold taken for the TFP was
2 K/m2, and this was verified using several ex-
amples of fronts appearing in satellite images.
This TFP at 850 hPa gives an approximation
of the location of developed surface fronts as-
sociated with extratropical cyclones.

Figures 3 and 4 show the climatology of these
phenomena for the 49 winters under investi-
gation and their variability over the 10-year
intervals, respectively. Apart from the maxima
associated with the Pacific and Atlantic cyclone
tracks, west of Kamchatka and between Green-
land and Iceland, there is a weak signal over the
Mediterranean Sea and strong maxima where
the cold westerlies coming from the continents
converge with the humid and warm air over the
Gulf and Kuroshio currents. In the Atlantic, the
maximum extends from the Gulf of Mexico
through the eastern border of the Gulf current
to the west coast of Europe, whereas in the Pa-
cific the maxima are confined to the lower lati-
tudes where the water is warmer. They are lo-
cated just south of the storm track. The barrier
effect of the Rocky Mountains, which prevents
the passage of the fronts from the west, is clear
from these figures. The maximum over Asia
is related to orographical forcing, which plays
a role in the developing of a front. There is
also a signal over the Arabian Peninsula east
of the geopotential height minima found in
Figure 1.

It may be seen in Figure 4 that the cen-
ters directly related to the cyclone tracks have
a minimum number of fronts during the pe-
riod 1978–1987, increasing thereafter. Over
the Gulf Stream, the center is stronger dur-
ing 1988–1997, with an evolution similar to
that of the geopotential height center between
Greenland and Iceland that can be related to
the NAO. In the southern Pacific, the number
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Figure 4. Total number of times the thermal frontal parameter at 850 hPa is greater
than 2 K/m2 by grid point and year for 1958–1967 (first row), 1968–1977 (second row),
1978–1987 (third row), 1988–1997 (fourth row), and 1998–2006 (fifth row).

of fronts is lower during 1978–1997, coincid-
ing with strong ENSO episodes, which implies
positive anomalies of geopotential height over
the region and negative anomalies of precipi-

tation, which are probably related to this lower
number of fronts. Over the Mediterranean
Sea there is strong variability over the whole
period.
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Figure 5. Total number of times the vorticity advection at 500 hPa is greater than 6 s−2 by grid point for
1958–2006 winters (December, January, and February).

Detection of Regions Where the
Geopotential Tends to Drop: The
Geopotential Tendency Equation

The quasigeostrophic approximation pro-
vides a simple method for studying regions of
potential decrease in geopotential or regions
where the conditions favor the upward move-
ment of air masses. The geopotential tendency
equation yields information about changes in
geopotential.

The equation has two forcing terms that
have been studied separately. Term B, or
the vorticity advection term, is represented in
Figure 5 and is related to a drop in pressure
from the movement of the cyclone systems.
In this case, we have chosen a threshold of
6 s−2. The regions where the pressure tends to
drop from positive vorticity advection resemble
the cyclogenesis regions identified by Wernli
and Schwiertz9 south of lat 50◦N. They seem
to be related to the storm tracks and not to
the cyclone tracks, which are perhaps related
to stationary cyclones (in fact, the maxima in
Figure 1 are located between land areas). There
is a maximum over the eastern part of North
America that extends through the Atlantic to
Ireland and another maximum on the lee side
of the Tibetan Plateau that extends through
the Pacific to the west coast of North America.
The association between these transient lows
and the frontal regions found over the Gulf and
Kuroshio currents is clear. There is also an-
other maximum related to the cyclogenesis in

the Mediterranean Sea. Figure 6 shows that the
10-year variability is reflected in changes in the
distribution within the centers and not in
the intensity, except for the last period (1998–
2006) when there is a general drop in the num-
ber of points that satisfy the criteria.

Term C is concentrated at the beginning of
the Pacific and Atlantic storm tracks, just north
of the term B maxima (Fig. 7), and also reaches
a maximum over the Arabian Peninsula. This
term represents the forcing from different tem-
perature advection at higher and lower levels
and is related to the strong intensification of the
lows that occurs mostly during the first stages of
their existence. The 10-year variability (Fig. 8)
shows a redistribution of the maxima within the
centers.

Detection of Regions Where
Upward Movements Are Favored:

The Omega Equation

In order to identify those regions where the
upward movement of air masses is favored, the
climatologies of terms B and C of the omega
equation are displayed in Figures 9 and 11,
respectively. These regions generally coincide
with the ones shown in Figures 5 and 7 (i.e., the
terms of the geopotential tendency equation),
although term C registers slightly in northern
Eurasia and eastern Greenland. Thus, the re-
gions where pressure tends to drop are the
regions where these upward movements are
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Figure 6. Total number of times the vorticity advection at 500 hPa is greater than 6 s−2 by grid point
and year for 1958–1967 (first row), 1968–1977 (second row), 1978–1987 (third row), 1988–1997 (fourth
row) and 1998–2006 (fifth row).
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Figure 7. Total number of times the difference between the thickness advection at 500–850 hPa and
the thickness advection at 200–500 hPa is greater than 150 gpm/s by grid point for 1958–2006 winters
(December, January, and February).

favored. The variation of the differential vor-
ticity advection over 10-year intervals (Fig. 10)
and of the thickness advection (Fig. 12) shows a
redistribution of the maxima within the centers
and, in the case of the east coast of North Amer-
ica in Figure 10, a north–south oscillation.

Discussion and Conclusions

In this section, the results are discussed by re-
gion in order to identify the characteristics that
contribute to baroclinic development in each
location. In Figure 13, a summary of the re-
sults found by other authors regarding cyclone
tracks, storm tracks, and cyclogenesis regions is
shown in order to make the comparison easier.

The Atlantic cyclone track is located north
of the storm track and is thus confined to lati-
tudes greater than 50◦N. The number of height
minima detected in this region increases with
time at all levels until the 1998–2006 interval
when it decreases. This tendency could be asso-
ciated with the trends found in the NAO index.
There are two distinct maxima at low levels,
both trapped between land masses: one over
Hudson Bay and another between Greenland
and Iceland (associated with the Icelandic low).
The first one maintains its intensity throughout
the troposphere and is related to the trough over
Hudson Bay that appears in the winter clima-
tology of the geopotential height.38 The advec-
tive forcing terms of the omega and geopoten-
tial tendency equations have no strong signals

over this zone, which indicates that other pro-
cesses, such as those related to diabatic heating,
ice influence, and orography, are more impor-
tant for baroclinic development in this region.
The maximum between Greenland and Ice-
land is related more to surface cyclogenesis, its
intensity decreasing with height and its arctic
fronts signal near the surface. The advection
of temperature provides a forcing mechanism
that causes upward movement of air masses, but
none of the other forcing terms are present, so
other processes, such as Greenland orography,
are more important.

The Pacific cyclone track is similar to the At-
lantic one. Located north of lat 45◦N, it extends
from the east coast of Asia to the west coast of
America with two maxima (also trapped be-
tween land masses), one west of Kamchatka
and one in the Gulf of Alaska. The first one is as-
sociated with high values of TFP and low values
of the forcing terms in the omega and geopoten-
tial tendency equations. Again, there are other
important terms in the development of min-
ima and fronts. The case of the Gulf of Alaska is
somewhat different because the vorticity advec-
tion plays an important role in the geopotential
drops. This indicates that this maximum is in-
fluenced by the transient cyclones that originate
in the Aleutian low. The cyclones’ progress is
then impeded by the Rocky Mountains, where
they encounter the TFP maxima. In the Pacific
basin, a negative trend in the number of height
minima is found until the 1998–2006 interval,
when it increases.
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Figure 8. Total number of times the difference between the thickness advection at 500–850 hPa and the
thickness advection at 200–500 hPa is greater than 150 gpm/s by grid point and year for 1958–1967 (first
row), 1968–1977 (second row), 1978–1987 (third row), 1988–1997 (fourth row), and 1998–2006 (fifth
row).
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Figure 9. Total number of times the difference between the vorticity advection at 200 hPa and the vorticity
advection at 850 hPa is greater than 20 s−2 by grid point for 1958–2006 winters (December, January, and
February).

The fact that all the maxima associated with
the cyclone tracks are trapped by land masses
and the lesser importance of the advective
terms in these cases leads us to believe that,
when using our method, the effect of stationary
lows is of primary importance.

To the south of the cyclone tracks the forc-
ing terms of the omega and geopotential ten-
dency equation mark the regions where the
transient cyclones that are associated with the
storm track begin to move and deepen. As
the movement and deepening of extratropical
cyclones slows down when they are more fully
developed, these maxima are found near the re-
gions of genesis on the west coasts of the Pacific
and Atlantic oceans. The regions of maxima
begin on the lee side of the Tibetan Plateau
and the Rocky Mountains, respectively. In the
case of forcing from the advection of vorticity,
these regions extend to the east coast of the
oceans, producing strong displacements and
upward movements as far as the lysis zones.
The height drop from differential advection of
temperature usually occurs north of the drop
from vorticity advection (i.e., movement of the
cyclonic centers). The associated fronts are lo-
cated over regions of high sea surface temper-
ature where the cold air coming from the con-
tinents converges with the warm air over the
Gulf and Kuroshio currents. The strong sea
surface temperature gradients over the western
edge of the Gulf current play a very impor-
tant role in the development of fronts over the
Atlantic.

Orography is a determining factor in the for-
mation of height lows near the earth surface in
the Mediterranean region. The maxima are
mostly located over the lee side of mountain
ranges: the Gulf of Genoa (Alps), Algeria (Atlas
Mountains), northeast of the Persian Gulf (Za-
gros Mountains), west of the Arabian Penin-
sula (Hijaz and Asir), east of the Black Sea
(Greater Caucasus), and east of the Aegean
Sea. At higher levels there is a maximum that
extends from the western part of the Mediter-
ranean Sea to the northwest of the Canary Is-
lands, resembling the maximum of cut-off lows
found by Nieto et al.35 for the European sec-
tor. The TFP signal is not very strong over the
Mediterranean but it grows in the Middle East,
whereas the forcing terms of the omega and
geopotential tendency equations are stronger
in the south.

In conclusion, the occurrence of height lows
as defined in this work appears to be related
to the orography near the earth’s surface and
with surface- and upper-air cyclogenesis in the
upper troposphere. Over the cyclone tracks,
the surface maxima appear to be trapped by
land masses, whereas over the Mediterranean
Sea they are located on the lee side of moun-
tain ranges. The forcing terms of the geopo-
tential tendency and omega equations mark
the genesis (and, by the vorticity advection
terms, the path) of the extratropical cyclones
on the storm track. They occur mostly over
the western coast of the oceans, beginning and
having maxima on the lee side of the Rocky
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Figure 10. Total number of times the difference between the vorticity advection at 200 hPa and the
vorticity advection at 850 hPa is greater than 20 s−2 by grid point and year for 1958–1967 (first row),
1968–1977 (second row), 1978–1987 (third row), 1988–1997 (fourth row), and 1998–2006 (fifth row).
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Figure 11. Total number of times the thickness advection at 500–850 hPa is greater than
100 gpm/s by grid point for 1958–2006 winters (December, January, and February).

Figure 12. Total number of times the thickness advection at 500–850 hPa is greater than
100 gpm/s by grid point and year for 1958–1967 (first row), 1968–1977 (second row),
1978–1987 (third row), 1988–1997 (fourth row), and 1998–2006 (fifth row).
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Figure 13. Summary of the results of Refs. 9, 4, 19, 14. Red: cyclone tracks found by Wernli and
Schwierz9 (circled) with their maxima (shaded); blue: storm tracks as in Ref. 4; green: cyclogenesis regions
as found by Wernli and Schwierz,9 Trigo et al.14 (Mediterranean region), and Chen et al.19 (East Asia).

Mountains and the Tibetan Plateau. Their as-
sociated fronts form from the cold air com-
ing from the continents and converging with
the warm air over the Gulf and Kuroshio
currents.

There is a high degree of variability over
10-year intervals in all the terms studied. Evi-
dent trends are found only for the Atlantic cy-
clone track (positive) and the Pacific cyclone
track (negative) until the last interval, when
the tendency reverses. The trend over the At-
lantic has been related by other authors to
the increase in the NAO index. This increase
could also be related to the interdecadal be-
havior of the TFP center over the Gulf Stream:
the stronger circulation of the subtropical high
could drag warmer waters into the stream.
Over the southern Pacific, the number of fronts
is lower during 1978–1997, coinciding with
strong ENSO episodes, which means that there
are positive anomalies of geopotential height
over the region and negative anomalies of pre-
cipitation, probably related to this lower num-
ber of fronts. In all other cases, it is difficult to
detect a specific pattern of temporal variability.

The importance of baroclinic systems on ex-
tratropical weather patterns on rainfall, and
thus for water resources management, makes it
necessary to locate them accurately in numer-
ical models. The climatologies presented here
can be used to validate them, comparing the
areas and values obtained for each term. This
information can be used in model schemes to
reproduce the changes associated with different
scenarios of climate change and to study the be-
havior of extratropical cyclones and fronts.
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