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ABSTRACT

In this study, the characteristics of moist potential vorticity (MPV) in the vicinity of a surface cyclone
center and their physical processes are investigated. A prognostic equation of surface absolute vorticity
is then used to examine the relationship between the cyclone tracks and negative MPV (NMPV) using
numerical simulations of the life cycle of an extratropical cyclone. It is shown that the MPV approach
developed herein, i.e., by tracing the peak NMPV, can be used to help trace surface cyclones during
their development and mature stages. Sensitivity experiments are conducted to investigate the impact of
different initial moisture fields on the effectiveness of the MPV approach. It is found that the lifetime of
NMPV depends mainly on the initial moisture field, the magnitude of condensational heating, and the
advection of NMPV. When NMPV moves into a saturated environment at or near a cyclone center, it
can trace better the evolution of the surface cyclone due to the conservative property of MPV. It is also
shown that the NMPV generation is closely associated with the coupling of large potential temperature and
moisture gradients as a result of frontogenesis processes. Analyses indicate that condensation, confluence
and tilting play important but different roles in determining the NMPV generation. NMPV is generated
mainly through the changes in the strength of baroclinicity and in the direction of the moisture gradient
due to moist and/or dry air mass intrusion into the baroclinic zone.
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1. Introduction

Extratropical cyclones are an important class of
synoptic-scale weather systems. These systems play
important roles not only in the long-term balances of
energy, momentum, and water vapor in the climate
system, but also in the regional weather and climate
through changes in regional temperature and precip-
itation extremes (Cao et al., 2001, 2002, 2004). The
North Atlantic-European and the North Pacific sectors
are two typical regions in the Northern Hemisphere
where weather and climate are significantly influenced
by these synoptic-scale weather systems (Fraedrich et
al., 1986; Gyakum et al., 1996). Despite the im-
portance of these mobile cyclones in determining the
large- and regional-scale weather and climate, our un-
derstanding of the fundamental processes leading to
their development, maintenance, and termination is
far from complete. Therefore, the objective of this
study is to examine the sensitivity of cyclone tracks
to physical processes associated with initial moisture

distribution using the theory of the generation of neg-
ative moist potential vorticity (NMPV) by Cao and
Zhang (2004).

The variable of MPV is chosen in this study to
track cyclone movements due to its simple expression
and its enriched three-dimensional (3-D) atmospheric
information including dynamic, thermodynamic and
moisture processes. The MPV is defined as

MPV =
1
ρ
ζa · ∇θe , (1)

where ζa, θe and ρ are the absolute vorticity vector,
equivalent potential temperature (Betts and Dugan,
1973) and density, respectively. Because MPV in-
cludes the moisture variable, it is different from po-
tential vorticity (PV) (Hoskins et al., 1985; Davis and
Emanuel, 1991; Huo et al., 1998) in terms of conser-
vation and generation properties. MPV is conserved
in a saturated atmosphere, and is generated in unsat-
urated regions of 3-D flows, but not in 2-D equatorial
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flows (Gao et al., 2004). In other words, MPV is con-
served in the presence of condensational heating, but
PV is not. As found by Cao and Cho (1995) (here-
after referred to as CC), negative (positive) MPV can
be generated in regions where baroclinic vectors have
a component along (against) the direction of moisture
gradients. The observational studies of Thorpe and
Clough (1991) have shown that MPV<0 can be more
readily satisfied in the atmosphere than PV< 0. It has
been shown in our previous study (Cao and Zhang,
2004) that NMPV can be a useful variable for tracing
surface cyclones.

The next section presents a theoretical basis for us-
ing MPV to trace the movement of surface cyclones.
Section 3 demonstrates the applicability of the theory
using the numerical simulations of extratropical cy-
clones. The effects of perturbing the initial moisture
distribution on the generation of NMPV and cyclone
tracks will also be examined, and the kinematic and
dynamic relations between NMPV and surface cyclone
tracks will be diagnosed. A summary and conclusions
are given in the final section.

2. Theory

Based on the primitive equation system, the prog-
nostic equations for absolute vorticity and MPV in the
absence of friction can be written as:

dζa

dt
= (ζa · ∇)v − ζa∇ · v +

(∇ρ×∇p)
ρ2

, (2)

and
d(MPV )

dt
=

(
ζa

ρ
· ∇

)
dθe

dt
+∇θe ·

(∇ρ×∇p)
ρ3

, (3)

where p and v are pressure and velocity, respectively.
The rate of change of surface absolute vorticity can

then be formulated as a function of MPV from Eqs.
(2) and (3) [see Cao and Zhang (2004) for more detail].
The final equation can be written as:∫

SL

θe

ρ

dζa

dt
· ds =

∫
S−SL

θe

ρ

dζa

dt
· ds

−
∮

S

θe

ρ
[(ζa · ∇)v − ζa∇ · v] · ds

−
∫

V

[
d(MPV)

dt
−

(
ζa

ρ
· ∇

)
dθe

dt

]
dv ,

(4)

where S denotes a surface surrounding the volume V ,∫
V

d(MPV)
dt

dv

is the rate of change of MPV, or the generation of
MPV, in the volume V (see Fig. 1).

Fig. 1. A schematic diagram showing an integration
over the volume V enclosed by the surface S, where
S = SU +SL +Sl +Sf +Sr +Sb. The vectors indicate the
normals perpendicular to the corresponding surfaces.

Equation (4) relates the rate of change of lower-
level absolute vorticity to the rate of change of upper-
level and lateral absolute vorticity, the tilting of ab-
solute vorticity, and the divergence over the surface
S, as well as the MPV generation in the atmospheric
column. It is evident from Eqs. (2)–(4) that the lower-
level absolute vorticity and the MPV generation in the
atmospheric column can be linked through the com-
mon baroclinic source term, (∇ρ × ∇p)/ρ2. In the
PV framework, however, no such relationship can be
derived between the lower-level absolute vorticity and
the PV generation.

With the equation of state p = ρRT (1 + αq) and
the definition of potential temperature θ, the baro-
clinic source term in the absolute vorticity equation
can be written as (CC)

(∇ρ× p)
ρ2

=
1
ρ

[
−1

θ
∇θ ×∇p− α

1+αq
∇q ×∇p

]
. (5)

The last term in Eq. (4) is the same as the last
term in Eq. (3), i.e., the generation of MPV due to the
baroclinic-moisture effect. This term, denoted as[

d(MPV)
dt

]
BM

,

can be written as[
d(MPV)

dt

]
BM

= A(∇θ ×∇p) · ∇q

= A(∇q ×∇p)× (−∇θ) , (6)
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Fig. 2. Horizontal distributions of the model initial con-
ditions at the surface: (a) temperature at intervals of 4◦C,
(b) pressure at intervals of 4 hPa, (c) specific humidity at
intervals of 2 g kg−1, and (d) MPV in the unit of 0.1 PVU.
The abscissa is in the x direction and the ordinate is in the
y direction. Here N↑ denotes North. The distance between
two ticks is 100 km.

where A (see CC for details) is a function of θ, p,
and q, and it has a negative value under typical at-
mospheric conditions (CC). Note that the baroclinic
vector, ∇θ×∇p, appears in both Eq. (5) and Eq. (6).
The baroclinic vector in Eq. (5) contributes to the
rate of change of absolute vorticity over a volume with
an area of |∇θ × ∇p| and a unit depth whereas the
contribution of the baroclinic vector in Eq. (6) is over

Fig. 3. The initial surface specific humidity fields, at inter-
vals of 2 g kg−1, for (a) experiment A, and (b) experiment
B.

a volume with an area of |∇θ × ∇p| and a depth of
|∇q| · cos β, where β is an angle between the ∇q and
the normal of ∇θ × ∇p. Therefore, the contribution
of MPV generation to the rate of change of absolute
vorticity is similar to that of the baroclinic vector, ex-
cept for their different integration ranges in the ver-
tical. If NMPV (positive MPV) is generated, it re-
quires positive (negative) (∇θ × ∇p) · ∇q, indicating
that the baroclinicity increases (decreases) in the di-
rection of moisture gradients. Hence, the NMPV gen-
eration contributes to the rate of change of absolute
vorticity. Similar analyses can be performed for the
vector ∇q ×∇p in both Eq. (5) and Eq. (6).

3. Application to the model simulated cyclones

Since MPV is nonlinearly related to the surface ab-
solute vorticity, it is not possible to analytically obtain
an explicit relationship between the two variables. In
the previous study (Cao and Zhang, 2004), NMPV
was used to track the evolution of an observed surface
cyclone characterized with explosive lee cyclogenesis
(Hu and Reiter, 1987), particularly during the period
in which the surface cyclone signal was absent due to
the blocking of the Rocky Mountains. In this paper,
we will use model-simulated cyclones to test the appli-
cability of the theory described in the preceding sec-
tion. Note that our purpose is to use the NMPV to
track/detect their displacements, so it is not necessary
to calculate the budget of Eq. (4).
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Fig. 4. Surface pressure (contours) at intervals of 4 hPa and the peak NMPV (shading) in the
unit of 0.1 PVU for the control experiment at (a) 30 h on the 619-hPa pressure surface, (b) 48 h
on the 817-hPa pressure surface, (c) 72 h on the 817-hPa pressure surface, (d) 84 h on the 689-hPa
pressure surface, (e) 96 h on the 689-hPa pressure surface, and (f) 120 h on the 757-hPa pressure
surface.

3.1 Model description and experiment design

The simulations of extratropical cyclones are ob-
tained using the Penn State University-National Cen-
ter for Atmospheric Research (PSU-NCAR) 3-D
mesoscale model (Anthes et al., 1987). This model
has been modified by CC to make it suitable for simu-

lating baroclinic channeled flows with periodic bound-
ary conditions at the east and west boundaries and
rigid-wall boundary conditions at the north and south
boundaries. The horizontal domain size is 4000 km in
the east-west (x) direction and 8000 km in the north-
south (y) direction with a horizontal grid spacing of
50 km. The vertical σ-coordinate is used:



NO. 6 CAO AND ZHANG 811

Fig. 5. (a) Time series of the surface cyclone center pres-
sure (hPa), and (b) the tracks of the surface cyclone center
at the hours of 0, 24, 48, 72, 96, 120, 168, 192, and 204, and
the peak NMPV for the control experiment at the hours of
30, 48, 72, 96, and 120. The position of the peak NMPV
(the surface cyclone center) in panel (b) is the distance be-
tween the peak NMPV center (the surface cyclone center)
and the bottom left corner of the simulation domain.

σ =
p− pt

ps − pt
, (7)

where pt(=300 hPa) and ps are the top and the sur-
face pressures of the model, respectively. The model
consists of 14 computational layers at σ=0.996, 0.986,
0.960, 0.920, 0.870, 0.805, 0.730, 0.645, 0.550, 0.450,
0.350, 0.250, 0.150 and 0.050. The model physical pro-
cesses include explicit calculations of cloud water and
rain water as time-dependent variables (Hsie et al.,
1984) and virtual temperature and water loading ef-
fects. The reader is referred to CC for detailed de-
scriptions of the model features used in this study.

The initial surface conditions for the control run
are given in Fig. 2, which shows a perturbation with
moderate amplitude representing the early phase of
typical mid-latitude cyclogenesis. Most of the surface
meridional temperature gradients are localized in a
1250-km baroclinic zone (Fig. 2a). The specific hu-
midity field varies from 1 to 10 g kg−1 (Fig. 2c), and
the initial moisture gradients are more or less paral-
lel to the potential temperature gradients (cf. Figs.
2c and 2a). The initial MPV is positive everywhere in
the domain (Fig. 2d) and thus the model atmosphere is
conditionally symmetrically stable. Interested readers
are referred to CC for details.

Two sensitivity experiments are conducted to in-
vestigate the effects of initial moisture distributions on
both the NMPV generation and surface cyclone tracks.
In each experiment, a different initial moisture distri-
bution is specified (Fig. 3) while all the other model
initial conditions are held the same as in the control
experiment. As compared to the control run, compo-
nents of moisture gradients perpendicular to temper-
ature gradients are introduced in experiments A and
B. In experiment A, a high specific humidity is speci-
fied in the warm sector, as is frequently observed (e.g.,
Bennetts and Ryder, 1984), whereas in experiment B,
the high moisture content is specified ahead of the sur-
face low pressure center. Note that the specified mois-
ture distributions are motivated by conceptual consid-
erations rather than realistic cases although they are
qualitatively similar to some realistic situations. In
both sensitivity runs, the initial MPV is again posi-
tive everywhere in the domain.

3.2 Life cycle of extratropical cyclones

The PSU-NCAR model is integrated for 8.5 days to
simulate the life cycle of a mid-latitude cyclone. The
simulated surface temperature field from the control
run shows many typical features of mid-latitude cyclo-
genesis, such as the warm conveyor belt, the bent-back
warm front and the T-bone structure, and the seclu-
sion of the warm core enclosed by the 0◦C isotherm
(Fig. 2 of CC). The simulated life cycle is similar to
that of Shapiro and Keyser’s (1990) and agrees very
well with observational studies by Neiman and Shapiro
(1993) and Neiman et al. (1993).

The control-simulated cyclone experiences signifi-
cant changes in surface pressure during its life cycle
(Figs. 4 and 5). Figure 5 provides the time series of
surface pressure at the cyclone center and the track of
the surface low center (defined here as the position of
minimum surface pressure). The surface cyclone deep-
ens rapidly from 1006 to 922 hPa in the first 72 h, at an
average rate of 1.17 hPa h−1 (Fig. 5a). It reaches 915
hPa at the end of the 144-h integration. During the
first 48 h, it moves northeastward with a meridional
displacement of 900 km and a zonal displacement of
2250 km (Fig. 5b). This traveling speed is comparable
to some observed speeds (e.g., see Szeto et al., 1999).
During the next 48 h after reaching the mature stage,
the cyclone moves southeastward with meridional and
zonal displacements of 350 km and 2550 km, respec-
tively. After 96 h, the surface cyclone moves eastward
with fluctuations in the meridional directions.

In contrast, the averaged deepening rates in exper-
iments A and B during the first 72 h are about 1.03
hPa h−1 and 1.0 hPa h−1, respectively (Figs. 6a and
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Fig. 6. Time series of the surface cyclone center pressure (hPa) for (a) experiment A, and (b) experiment B, and
the tracks of the surface cyclone center and the peak NMPV for (c) experiment A, and (d) experiment B. The
position of the peak NMPV (the surface cyclone center) in panels (c) and (d) is the distance between the peak
NMPV center (the surface cyclone center) and the bottom left corner of the simulation domain.

6b). The displacements of the two simulated cyclones
are similar to the control one during the first 96 h. For
example, in the first 48 h, the cyclones in experiments
A and B have meridional displacements of 950 km and
850 km and zonal displacements of 2300 km and 2400
km, respectively, whereas in the second 48 h, they have
meridional displacements of 450 km and 500 km and
the same zonal displacement of 2350 km. After 120 h,
the cyclone in experiment A moves eastward whereas
the cyclone simulated in experiment B fluctuates in
the meridional directions (Figs. 6c and 6d).

It should be mentioned that although latent heat
release is not a necessary condition for cyclogenesis
(Uccellini, 1990), it plays an important role in enhanc-
ing cyclogenesis. For instance, Gyakum (1983) and
Roebber (1984) suggested that the preferred regions
of explosive cyclogenesis are primarily baroclinic zones
and that convection and baroclinic processes are the
explosive forcing mechanism. Colle and Mass (1999)
found thatdiabatic effects are important in maintain-
ing baroclinic systems in mountainous regions. Based
on the compiled statistics of 15 oceanic cyclones, Reed
et al. (1993) found that latent heat release, on aver-
age, increased the 24-h deepening rate by a factor of 2.

All of our experiments show that these cyclones experi-
ence explosive deepening at rates that are much higher
than those in the corresponding dry experiments (not
shown).

3.3 Surface cyclone tracks and the MPV kine-
matics

It is evident from Fig. 5b that during the first 48
h the control-simulated cyclone tends to move north-
eastward, namely, from warm-moist to cold-dry areas.
This movement helps convert potential energy stored
in the baroclinic zones into kinetic energy, and con-
dense the moist air in drier and colder environments,
both favoring the cyclogenesis. This can be interpreted
in terms of the MPV generation in Eq. (6), i.e.,[

d

dt
(MPV)

]
BM

= A(∇θ ×∇p) · ∇q

= A(−∇pθ ×
∂p

∂n
n

)
· (−∇pq) , (8)

where ∇p is a horizontal gradient operator on a con-
stant pressure surface and n is the unit vector normal
to the pressure surface. Hence, NMPV can be gener-
ated in the unsaturated regions where baroclinic vec-
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Fig. 7. (a) Horizontal distribution of specific humidity
(solid contours) at intervals of 1 g kg−1 and potential tem-
perature (dashed contours) at intervals of 4 K, superposed
with NMPV in the unit of 0.1 PVU, and (b) horizontal vec-
tors of specific humidity gradients (green; each component
scaled by a factor of 10−7 m−1) and potential temperature
gradients (red; each component scaled by a factor of 10−3

K m−1) on the 619-hPa pressure surface at 30 h of the
control simulation.

tors, ∇θ ×∇p, have a component along the direction
of the moisture gradients. If the θ gradient vectors
are perpendicular to the q gradient vectors, the MPV
generation will be maximized for a given ∇p. For ex-
ample, in experiment A, the high specific humidity is
specified in the warm sector, as is frequently observed
(Bennetts and Ryder, 1984), so the MPV generation
can be maximized through the intersection of the θ
and q gradient vectors in the warm sector.

To examine the relationship between NMPV and
surface cyclone tracks, we first calculate the 3-D MPV
field from the model output, and then search for the
peak NMPV in the vertical, and plot NMPV at that
level. Finally, the center of the peak NMPV on that
level is positioned, and considered as the cyclone cen-
ter. It is encouraging from Figs. 4 and 5b that the peak
NMPV centers provide a good tracking of the cyclone
movements at different stages of its development (up
to 5 days). After day 5, NMPV disappears mainly due
to the presence of positive MPV generation.

A further examination indicates that the peak
NMPV centers are closely associated with the displace-
ments of air masses with large θ and q gradients. For
example, at 30 h, a moist tongue extends from the
warm sector into the cyclone center where NMPV first

Fig. 8. Horizontal distribution of (a) v ·∇θ/θ at intervals
of 2×10−6 s−1, and (b) v · ∇q/q at intervals of 4×10−5

s−1, superposed with horizontal velocity vectors, on the
757-hPa pressure surface at 48 h of the control simulation.

appears as a result of the significant changes of q gra-
dients in the baroclinic zones (Figs. 7a and 7b). Of
particular importance is that the θ gradient vectors
are nearly perpendicular to the q gradient vectors over
the peak NMPV regions. Similar scenarios also occur
at the other times. Likewise, the θ advection into the
regions of high q gradients favors the NMPV genera-
tion. To see the relative significance of the q advection
into the regions of high θ gradients and vice versa, the
θ and q advections are calculated and divided by θ
and q, respectively, in order to compare them based
on the same dimension (i.e., s−1). A comparison be-
tween Figs. 8a and 8b indicates that at the mature
stage, the q advection is about one order of magnitude
greater than the θ advection, which is in agreement
with the observations of Cao and Moore (1998). At
48 h, positive q advection occurs mostly along the cold
front where horizontal wind shears are present, and
along the bent-back warm front (Fig. 8b). The strong
negative q advection can also be observed next to the
positive q advection. In contrast, the θ advection is
positive adjacent to the cold front and negative near
the bent-back warm front (Fig. 8a). The above re-
sults indicate that the displacements of large θ and
q gradients, which are favorable for the NMPV gen-
eration, are mainly realized through the intrusion of
moist and/or dry air into strong baroclinic zones.

It is evident from Eq. (8) that the NMPV genera-
tion occurs mostly in regions where a component of
∇pθ is perpendicular to ∇pq, as is also shown in
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Fig. 9. Same as Fig. 4, except for experiment A: (a) at 24 h on the 619-hPa pressure surface, (b)
at 48 h on the 817-hPa pressure surface, (c) at 72 h, (d) at 96 h, and (e) at 120 h on the 757-hPa
pressure surface.

Figs. 7a and 7b. This can be realized through (a) ini-
tial specifications of the θ and q gradients in an un-
saturated environment, (b) condensational heating in-
duced θ and q gradients in the vicinity of saturated re-
gions, and (c) nonlinear advective processes. Because
of these factors, the location of peak NMPV changes
from one level to another during the life cycle of ex-
tratropical cyclones. In the present study, the peak
NMPV is located between 871 hPa and 619 hPa in
all the simulations conducted herein. The location is
similar to the peak mass-weighted NMPV integrated

from 871 to 619 hPa, indicating their nearly vertically-
coherent structures.

Experiments A and B can also be used to under-
stand the impact of perturbing the initial moisture
field on the generation of NMPV. When higher spe-
cific humidity is distributed in the warm sector (Expt.
A), its gradients are mostly perpendicular to the θ gra-
dients (Fig. 3a). This results in the initial MPV sources
being greater than those in the control experiment (not
shown). Nevertheless, the peak NMPV can still act as
a good indicator of the surface cyclone movement up
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Fig. 10. Same as Fig. 4, except for experiment B: (a) at 24 h on the 757-hPa pressure surface, (b) at 48 h on the
871-hPa pressure surface, (c) at 72 h, (d) at 96 h, (e) at 120 h, (f) at 144 h, (g) at 168 h, and (h) at 192 h on the
817-hPa pressure surface.

to 5 days (see Figs. 9 and 6c). When higher specific
humidity is located ahead of the surface low with the
θ and q gradient vectors normal to each other (Fig.
3b), the initial MPV sources are higher than those in
the control run (not shown) due to the orientation of
the initial moisture gradients. As a result, NMPV in
experiment B persists the longest (up to 8 days) as
a tracer of the surface cyclone (Figs. 10 and 6d), as
compared to that in the control (up to 5 days) and
experiment A (cf. Figs. 4 and 5b, and Figs. 9 and 6c).

As mentioned earlier, MPV cannot be generated
or destroyed in the presence of latent heat release,
but NMPV can be generated in the vicinity of con-

densation areas where the existing θ and q gradient
vectors are significantly altered in either magnitude
or direction (Cao and Moore, 1998). Hence, NMPV
tends to be generated near the cyclone center where
two major condensation regions overlap. This can be
further seen from the evolution of the simulated cloud
field. At the early stage of cyclogenesis, a “baroclinic
leaf” (Weldon, 1979) appears at the northern end of
the warm conveyor belt, and NMPV is generated to
the west of the “baroclinic leaf” near the cyclone cen-
ter (cf. Figs. 11a and 4a). At the mature stage, a
comma-shaped cloud, which resembles remarkably the
satellite-observed clouds (Browning, 1990), is formed
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and latent heat release is increased (Fig. 11b). At this
stage, the magnitude of NMPV is increased at the in-
ner edge of the comma-shaped cloud due to the en-
hanced θ and q gradients in the vicinity of condensa-
tion areas. Meanwhile, NMPV begins to appear along
the cold front. Note that the NMPV presented in Fig.
11 occurs at a level that is different from the level of
the peak NMPV.

The effects of condensation on the NMPV gener-
ation can also be observed from experiments A and
B. For example, the peak NMPV first appears near
the cyclone center which is next to the saturated ar-
eas (Figs. 9a and 10a). Adjacent to the condensational
regions, baroclinicity and moisture gradients increase,
amplifying the NMPV generation and enhancing the
cyclogenesis (Figs. 9b and 10b).

When NMPV is advected into saturated regions,
it becomes a more useful variable for tracking surface
cyclones due to its conservation property. Thus, the
effective time scale to track surface cyclones depends

on the distribution and magnitude of initial moisture
content and the strength of vertical motion induced
by condensational heating. As found in Zhang (2003),
organized upward motion is well correlated with large
areas of cloud development. Figure 12 shows that the
total latent heat release in the control experiment is
much greater than that in Expts. A and B because
of the larger domain-integrated moisture content (Fig.
13). By comparison, the peak NMPV in Expt. B can
persist longer (8 days) than that in the control (5 days)
for tracking the cyclones.

3.4 Development of large θ and q gradients

In view of the important roles of the highly cor-
related large θ and q gradients in the NMPV genera-
tion, it is desirable to examine the processes leading to
the development of these large gradients. The rate of
change of the θ gradients on a constant pressure sur-
face, i.e., the frontogenesis function (Petterssen, 1936),
can be expressed as:

F =
1
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where Q̇ is diabatic heating and π is the exner pres-
sure.

Similarly, the rate of change of the q gradients

d|∇pq|/dt (referred to as function M hereafter) on a
constant pressure surface can be expressed as (Cao and
Moore, 1998):
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(II) (III)

Functions F and M include the effects of the con-
fluence due to convergence and horizontal (nondiver-
gent) deformation (I), the tilting of the vertical gradi-
ents in θ and q onto the horizontal (II), and the hor-
izontal variations of diabatic heating or cooling (III).

Qualitatively, cold (dry) advection on the cold (dry)
side and warm (moist) advection on the warm (moist)
side tends to increase the θ (q) gradient. Rising motion
on the warm (moist) side and sinking motion on the
cold (less moist) side decrease (increase) the horizontal
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Fig. 11. Cloud water content (contours) at intervals of
5×10−5 g kg−1 and NMPV fields (shading) in the unit of
0.1 PVU for the control experiment at (a) 30 h and (b)
48 h on the 757-hPa pressure surface.

Fig. 12. Time series of the domain-integrated accumu-
lated precipitation (kg) for the control, and experiments
A and B.

θ (q) gradient. Condensation on the warm (moist) side
increases (decreases) the θ (q) gradient while condensa-
tion on the cold (less moist) side decreases (increases)
the θ (q) gradient.

Fig. 13. Time series of the domain-integrated specific hu-
midity (scaled by a factor of 2.5×1014 kg) for experiments
A and B and the control.

Figures 14a–c show that the contributions of con-
fluence, tilting, and condensation to the rate of change
of the θ gradients are of the same order of magnitude.
It is evident that the θ gradient increases along the
bent-back warm front due to the presence of strong
confluence (Fig. 14a). Negative contributions, result-
ing mainly from the tilting effect, are also evident over
almost the entire cyclone (Fig. 14b). Condensation
takes place along the cold and the bent-back warm
frontal regions (Fig. 12b), where significant positive
and negative contributions in banded forms are ob-
served (Fig. 14c).

Similarly, Figs. 14e–g show the contributions of
the three processes to function M . Although they
are of the same order of magnitude, the condensa-
tional effect is more important in determining the rate
of change of the q gradients. The effects of conflu-
ence and tilting only appear along the southern and
northern ends of the cold front, respectively (Figs. 14e
and 14f), whereas the condensation effect is important
along both the cold and the bent-back warm fronts
(Fig. 14g).

A comparison between Figs. 14c and 14g shows
that the effects of condensation on the rate of change
of the θ and q gradients are opposite in sign, but the
absolute contributions to the tendency of the θ gradi-
ents are greater than those of the q gradients. This
indicates that the NMPV generation is mainly depen-
dent on the changes in the magnitude of the θ gradi-
ents (cf. Figs. 14d and 14h) if there are substantial
differences in directions between the θ and q gradient
vectors (e.g., Fig. 15). As indicated in the previous
subsection, the orientations of the q gradient vectors
typically change more rapidly than those of the θ gra-
dient vectors, which is consistent with the frequently
observed moist and/or dry air intrusion into the baro-
clinic zones.

As mentioned earlier, the large q and θ gradients
associated with the NMPV generation are often found
at or near the cyclone centers partly due to the pres-
ence of strong deformational flows. During the cyclone
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Fig. 14. Horizontal distribution of (a) the first term (confluence), (b) the second term (tilting), (c) the third
term (latent heating), and (d) the sum of these three terms, at intervals of 1×10−9 K m−1 s−1, on the right hand
side of Eq. (9) for the control experiment at 48 h on the 757-hPa pressure surface. Note that the north-south
window size is given by the line AB in Figs. 4b, 8b and 11b. The panels (e), (f), (g), and (h) are the same as (a),
(b), (c), and (d), respectively, except for Eq. (10) at intervals of 1×10−12 m−1 s−1.

Fig. 15. Horizontal vectors of specific humidity gradients
(green; each component scaled by a factor of 10−7 m−1)
and potential temperature gradients (in red; each compo-
nent scaled by a factor of 10−3 K m−1) on the 757-hPa
pressure surface at 48 h of the control simulation.

deepening stage, the deformational flows alter the di-

rection and magnitude of the θ and q gradients, favor-
ing the NMPV generation even when the q gradients
are initially parallel to the θ gradients as in the con-
trol run. As a cyclone deepens, condensation occur-
ring near the cyclone center tends to alter the θ and q
gradient vectors, leading to the generation of NMPV.
The enhanced cyclones may generate stronger vertical
motion associated with latent heat release, causing the
positive feedback between cyclogenesis and the NMPV
generation. Although NMPV may occur at different
regions of the extratropical cyclones as found by CC,
the peak NMPV generally develops near the cyclone
centers, which is one of the important characteristics
of extratropical cyclones. This characteristic has been
explored herein for the purpose of tracking the evolu-
tion of the surface cyclones.

4. Summary and conclusions

In this study, a prognostic equation relating the
NMPV generation to the surface absolute vorticity is
used to trace the evolution of surface cyclones. Its
effectiveness is tested with idealized simulations of ex-
tratropical cyclones. It is found that the position of the
peak NMPV coincides closely with that of the surface
cyclone center during the development and mature
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stages. This important characteristic provides a vi-
tal basis for tracing the movements of surface cyclones,
serving as an alternative to the existing tracking meth-
ods. Two sensitivity experiments are conducted to ex-
amine the effects of initial moisture perturbations on
tracking surface cyclones. Although MPV is sensitive
to the initial moisture distributions, the peak NMPV
appears to be always located near the cyclone center
during the development and mature stages.

It is shown that the generation of NMPV depends
on the magnitudes and orientations of the θ and q
gradient vectors, which are determined by their initial
conditions and the subsequent nonlinear advection and
phase changes. The larger the initial NMPV source,
the longer the time it will survive as a tracer of surface
cyclones. NMPV tends to be generated in the neigh-
borhood of condensation where the θ and q gradients
are significantly enhanced. When NMPV appears in
saturated regions at or near the cyclone centers, it may
serve as a tracer of the surface cyclones for a longer
time due to its conservative property.

The rates of changes of the θ gradient (F ) and the
q gradient (M) are calculated to quantify the genera-
tion of NMPV. It is shown that condensation, conflu-
ence, and tilting are important processes in determin-
ing the changes of both the θ and q gradients. The
peak NMPV tends to be generated near the cyclone
centers where the respective amplitude and direction
of the θ and q gradients undergo significant changes
as a result of the strong deformational flows and con-
densational influence. These changes occur near the
cyclone center through the moist and/or dry air intru-
sion into the baroclinic zones.

In the future, more case studies need to be con-
ducted to further examine the physical processes as-
sociated with cyclone tracks and the sensitivity of cy-
clone tracks to dynamic and thermodynamic processes
from the MPV perspective.
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