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ABSTRACT
Surface cyclone tracks are investigated in the context of moist potential vorticity (MPV). A prognostic
equation of surface absolute vorticity is derived which provides a basis for using negative MPV (NMPV) in
the troposphere as an alternative approach to track surface cyclones. An observed case study of explosive
lee cyclogenesis is performed to test the effectiveness of the MPV approach. It is shown that when a
surface cyclone signal is absent due to the blocking of the Rocky Mountains, the surface cyclone can be
well identified by tracing the peak NMPV.
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1. Introduction
There have been two different approaches used for
tracking extratropical cyclones. The traditional and
most common approach is to follow the minimum surface pressure of a cyclone (e.g., Petterssen, 1956; Carnell and Senior, 1998; Serreze, 1995; Blender et al.,
1997), whereas the second approach is to find the regions of the maximized root-mean-square bandpassfiltered (2.5–6 days) geopotential height (e.g., Blackmon et al., 1977; Lau, 1988). In some cases, the second
approach cannot uniquely identify true synoptic systems (e.g., Wallace et al., 1988; Carnell and Senior,
1998) and the resulting cyclone tracks are not quite
the same as those defined traditionally. As a result,
the cyclone tracks defined by the traditional approach
are more objective than those defined by the second
approach. Nevertheless, the traditional approach may
not be effective in cases where surface cyclone signals are obscure or absent, e.g., due to the blocking
of mountains, while the internal dynamics may indicate an ongoing process of intensive development. One
may then wonder how to trace this type of atmospheric
disturbance in the absence of surface cyclone signals.
Therefore, the objective of this study is to develop
an alternative method to estimate the tracks of surface cyclones using upper-air meteorological information from the moist potential vorticity (MPV) perspec*E-mail: zuohao.cao@ec.gc.ca

tive. The MPV is defined as
1
(1)
MPV = ζ a · ∇θe ,
ρ
where ζ a , θe , and ρ are the absolute vorticity vector, equivalent potential temperature, and density,
respectively. The MPV is chosen to track cyclone
movements due to its simple expression and its enriched three-dimensional atmospheric information including dynamic, thermodynamic, and moisture processes. Since surface cyclones may be described in
terms of surface absolute vorticity, their tracks can be
elucidated in the context of MPV if the rate of change
of surface absolute vorticity can be formulated as a
function of MPV. This will be demonstrated in the
next section.
Few studies in the past have been performed to
explore the use of MPV for diagnosing extratropical
cyclones, particularly for the surface cyclone tracking problem. Because MPV includes the moisture
variable, it is different from potential vorticity (PV)
(Hoskins et al., 1985; Davis and Emanuel, 1991; Huo
et al., 1998) in terms of conservation and generation
properties. MPV is conserved in a saturated atmosphere, and generated in unsaturated regions of threedimensional flows. In other words, MPV is conserved
in the presence of condensational heating, but PV is
not. As found by Cao and Cho (1995) (hereafter referred to as CC), negative (positive) MPV can be generated in regions where baroclinic vectors have a component along (against) the direction of moisture gra-
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dients. Both observational and modeling studies have
shown that MPV<0 can be more readily satisfied in
the extratropical cyclone/frontal systems (Thorpe and
Clough, 1991; Cao and Moore, 1998) and mesoscale
convective systems (Zhang and Cho, 1992; Wu and
Liu, 1997) than PV<0. We will show in this study
that negative MPV (NMPV) can provide an effective
way to trace surface cyclones.
The next section presents a theoretical basis for
using MPV to trace surface cyclones. To show the effectiveness of the MPV approach, section 3 presents
the applicability of the theory to an observed case
in which a surface cyclone moved across the Western
Cordillera when its surface signal was absent due to the
topographic blocking. A summary and conclusions are
given in the final section.
2. Theory
Based on the primitive equation system, the prognostic equations for MPV and absolute vorticity can
be written as:


dMPV
ζa
dθe
∇ρ × ∇p
=
·∇
+ ∇θe ·
dt
ρ
dt
ρ3


1
F
+ ∇θe ·
∇×
,
(2)
ρ
ρ
and
∇ρ × ∇p
dζ a
=(ζ a · ∇)v − ζ a ∇ · v +
dt
ρ2
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where S denotes a surface surrounding the volume V .
Without loss of generality, the integration of Eq. (4)
can be performed in any atmospheric column with any
size of surface S. As shown in Fig. 1, the direction of
the surface SL normal is opposite to that of the surface absolute vorticity ζ a . Therefore, Eq. (4) can be
written in another form:
Z
Z
I
θe dζa
θe dζ a
θe
ds =
· ds−
[(ζ a · ∇)v
SL ρ dt
S−SL ρ dt
S ρ
Z 
F
dMPV
−ζ a ∇ · v+∇ × ] · ds−
ρ
dt
V




ζa
dθe
1
F
−
·∇
−∇θe ·
∇×
dv ,
ρ
dt
ρ
ρ
(5)
R
where V (dMPV /dt)dv is the rate of change of MPV,
or the generation of MPV, in the volume V .
Equation (5) relates the rate of change of lowerlevel absolute vorticity to the rate of change of upperlevel and lateral absolute vorticity, the tilting of absolute vorticity, the divergence, and friction over the
surface S, as well as the MPV generation in the atmospheric column. In the PV framework, however, no
such a relationship can be derived between the lowerlevel absolute vorticity and the PV generation.
R
The importance of MPV generation, V (dMPV /
dt)dv, with respect to the
R rate of change of lowerlevel absolute vorticity, SL (θe /ρ)(dζ a /dt)ds, can be
demonstrated using a scale analysis. These two terms

F
,
(3)
ρ
where p, F , and v are pressure, friction, 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). To demonstrate this, we substitute Eq. (3)
into Eq. (2) making use of vector identities, integrate
the resulting equation over the volume V making use
of the Gaussian theorem, and finally yield an equation for the rate of change of absolute vorticity on any
arbitrary low-level surface SL (Fig. 1):
Z
Z
I
θe dζ a
θe dζ a
θe
· ds =−
· ds+
[(ζ a · ∇)v
ρ
dt
ρ
dt
SL
S−SL
S ρ
+∇×

F
] · ds
ρ


Z 
dMPV
ζa
dθe
+
−
·∇
dt
ρ
dt
V


1
F
− ∇θe ·
∇×
dv ,
ρ
ρ

−ζ a ∇ · v+∇ ×

(4)

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.
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can be approximately expressed as an average over the
surface SL and the volume V (= SL H):
θe dζ a
1
d∇θe
SL H ,
(6)
SL ∝ − ζ a ·
ρ dt
ρ
dt
where H is a depth scale. The term (ζ a /ρ) ·
(d∇θe /dt) is a part of d[(ζ a /ρ) · ∇θe ]/dt, and it
is highly dependent on the frontogenetical function
d∇θe /dt. Based on Bond and Fleagle (1985), the
magnitude of the frontogenetical function varies from
10−10 to 10−4 K m−1 s−1 , which is resolution- and
case-dependent. If we use a typical atmospheric
value of 10−8 K m−1 s−1 , together with ζ a =10−4
s−1 , dζ a /dt=10−10 s−2 , θe =300 K, ρ=1 kg m−3 , and
H = 104 m, it is easy to show that the two terms have
the same order of magnitude of 10−8 K m3 kg−1 s−2 .
3. Application to an observed event
As mentioned in the introduction, in forecast practice, the surface cyclone signals may be absent due to
various reasons. A good example is the filling of a cyclone on the windward side as it moves across a major
mountain range. However, this type of cyclone may
slowly intensify due to its internal dynamics or latent
heat release associated with uplifting. Since MPV includes these upper-level dynamic and thermodynamic
processes, it is possible to track this type of surface
cyclone using the approach described in section 2.
For this purpose, an explosive cyclogenesis event
that occurred during 1–3 April 1982 is selected. The
associated MPV field is calculated using the National
Center for Environmental Prediction (NCEP) reanalysis archived at the Canadian Meteorological Centre (CMC). The analysis fields include geopotential
height, temperature, dew-point depression, and horizontal winds, which are extracted from the archive
with a horizontal resolution of 2.5◦ × 2.5◦ and 17 constant pressure levels at 1000, 925, 850, 700, 600, 500,
400, 300, 250, 200, 150, 100, 70, 50, 30, 20, and 10
hPa. The NCEP reanalysis data used in this study
have a time interval of 6 hours. These fields are then
interpolated onto a grid mesh with a resolution of
1.0◦ × 1.0◦ . After computing the three-dimensional
MPV field from the analysis data, we then search for
the peak NMPV in the vertical and plot the NMPV at
that level. Finally, the center of the peak NMPV on
that level is positioned, and considered as the cyclone
center.
Since the mean sea level pressure field is not available in the CMC archive of the NCEP reanalysis,
geopotential heights on the 1000-hPa pressure sur-
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face are presented in Fig. 2. This cyclone experienced
three major phases with different characteristics in
each stage. During the first phase from 0000 UTC
to 1200 UTC 1 April, the parent cyclone from the Pacific Ocean filled as it moved along the upslope of the
Rocky Mountains (Figs. 2a, b). Meanwhile, the cyclone was being split into two parts (Fig. 2b). The
point of interest is that on the downslope side of the
Rocky Mountains, the cyclone did not show any signal
of genesis (Figs. 2b, c). This is consistent with many
of the previous climatological studies in which extratropical cyclones rarely maintained their identities in
the surface analyses as they moved across the Rockies
(e.g., Gyakum et al., 1996). The second phase started
from 1200 UTC 1 April to 1200 UTC 2 April (not
shown) and was detailed by Hu and Reiter (1987) using
the conventional sounding data. They noted that the
cyclone experienced an explosive deepening between
0000 and 1200 UTC 2 April when it moved to the east
of the Rocky Mountains. The third phase extended
from 1800 UTC 2 to 1800 UTC 3 April. During this
period, this cyclone moved eastward and then became
quasi-stationary over the Province of Ontario, Canada.
A maximum surface wind of 38 m s−1 was observed
near Lake Superior. Heavy rainfall caused flooding
conditions along the northern shores of Lake Erie with
reported 2-m waves. Heavy snow and blowing snow,
combining with temperatures below –15◦ C, resulted
in severe conditions over Ontario (Lewis, 1987). From
1200 UTC 1 April to 1800 UTC 3 April, this cyclone
traveled about 3300 km from the lee of the Rocky
Mountains to the Great Lakes region.
While the surface analysis does not show any signal
of cyclogenesison the lee of the Rocky Mountains(Figs.
2b, c), its associated MPV field does show a strong signal of the development of a cyclonic circulation (Figs.
3a, b). Specifically, the peak NMPV on the 300-hPa
pressure surface was centered near (50◦ N, 110◦ W),
which was almost at the same position as the cyclone
center at 1200 UTC 1 April (cf. Figs. 3a and 3b). This
shows that although anticyclonic tendencies may occur
as the surface cyclone moves over the upslope (Mass
and Dempsey, 1985), its associated upper-level forcings
favorable for cyclogenesis can still be detected in terms
of MPV. In this regard, the MPV approach can fill the
gap of the traditional method in tracking surface cyclones when they travel across high mountains and lose
identities (Gyakum et al.,1996). It is evident from 0000
to 1200 UTC 1 April that the upper-level NMPV was
persistent over the regions where the surface cyclone
“developed” (Figs.3a and 3b). After the cyclone pass-
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Fig. 2. Distribution of 1000-hPa geopotential height at intervals of 1 dam at (a) 0000, (b) 0600,
and (c) 1200 UTC 1 April 1982.
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the presence of possible phase locking between the surface cyclone and the peak NMPV (Fig. 3c). It should
be pointed out that when the cyclone was traveling,
the peak NMPV was positioned ahead of the surface
low pressure center (Figs. 3a, b). After the cyclone
became stationary, the peak NMPV was found at the
low pressure center. This may be a result of the spatial
and temporal dependence of the maximum frontogenetical function [(see Eq. (6)].
4. Summary and conclusions
In this study, an alternative approach for tracking
surface cyclones is developed in terms of MPV. A prognostic equation for surface absolute vorticity is derived
which relates the NMPV generation to the surface cyclone movements.
The MPV approach is then applied to an observed
cyclone. It is shown that although the signals of surface cyclogenesis are absent due to the blocking of the
Rocky Mountains, the cyclone track can be well identified as it moves across the major mountain range. In
this regard, the present MPV approach can fill a gap in
the traditional approach for tracking surface cyclones.
In conclusion, we may state that the MPV approach developed in this study can be an alternative
way to consistently track surface cyclones using the
upper-level meteorological information. In general,
the traditional approach can better resolve the cyclone
tracks due to more available observations at the surface than those at the upper levels. However, when the
surface cyclone signals are obscure, the MPV approach
can provide useful guidance for tracking cyclone movements because of the more three-dimensional dynamics and thermodynamics involved in the MPV parameter. In a forthcoming article, more case studies will be
conducted to compare the performance of the current
MPV approach to those used in previous studies.

Fig. 3. Distribution of 1000-hPa geopotential height (solid
lines) at intervals of 1 dam, and NMPV (dashed lines) in
units of 0.1 PVU (1 PVU=10−6 K m−2 s−1 kg−1 ) at (a)
0000 UTC 1 April 1982 on the 300-hPa pressure surface,
(b) 1200 UTC 1 April 1982 on the 300-hPa pressure surface, and (c) 1800 UTC 2 April 1982 on the 850-hPa pressure surface. Symbol ∗ indicates the location of the peak
NMPV.

ed over the Rocky Mountains, the peak NMPV was
well co-located with the low pressure center, indicating
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