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ABSTRACT

Moist potential vorticity {MPV) and its generation may be important in the development of mesoscale structures
such as rainbands within cyclones. lu an adiabatic and frictionless flow, MPY generation is possible if the flow is
three—dimensional and the air is unsaturated. Moist potential vorticity can be generated through the combined effects
of gradients in the potential temperature and moisture fields. The diagnosis of MPV generation in an extratropical cy-
clone was performed with the ECMWF objectively analyzed fields for a system that developed during February 1992
It was found that at various stages during the development of the cyclone. negative MPV was generated: at the north
end of the cold front: along the occluded front and the cold front; and in the region of the warm core. This pattern of
negative MPV generation is in excellent agreement with the predictions of previous theoretical and numerical studies.
After the cyclone ceased to deepen, the region of negative MPV generated in the cyclone was horizontally advected in-
to a saturaled area. The area of negative MPV gencrated both along the occluded front in this case study and in the
region of the bent—back warm front in a numerical simulation showed a mesoscale structure with a width of about
200-500 km. It was found that the intrusion of moist er dry air inte baroclinic zones was important for MPY gencra-
tion. In addition. baroclinicity increase {(adjacent to the area of condensation) in the regions of high moisture gra-
dients led to significant MPY production.
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1. INTRODUCTION

Most precipitation in extratropical cyclones is organized at the meso—f scale (20-200
km) in the form of quasi two—dimensional structures known as rainbands. According to
Houze et al. {1976), Hobbs (1978) and Maiejka et al. (1980}, the principal rainbands in
extratropical cyclones can be classified into six types, i.e., warm~{rontal, warm~-sector, wide
cold—frontal, narrow cold-frontal, postfrontal cold—surge, and postfrontal rainbands. Both
theoretical studies (Bennetts and Hoskins, 197%; Emanuel, 1979) and observational studies
(Parsons and Hobbs, 1983; Bennetts and Ryder, 1984) have suggested that conditional
symmetric instability (CSI) may be a mechanism responsible for the organization of these
rainbands.

Since CSI was first proposed as a mechanism for the formation of frontal rainbands, the
concept of moist potential vorticity (MPV) has been extensively used in studies of CS1. Moist
potential vorticity is defined as:
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where fa ., and p are the absolute vorticily vector equivalent potential temperature, and
density respectively. [t was shown by Bennetts and Hoskins (1979) that negative MPV is a
sufficient condition for two-dimensional frictionless flow to be unstable to CS1. This condi-
tion was satisfied in several observed cases of extratropical cyclones (Benaetts and Sharp,
1982). Based on a fine—mesh model simulation of an observed case, Shutts (1990} showed that
a substantial amount of available potential energy for CSI was present prior to explosive cy-
clone development. Furthermore, Reuter and Yau (1990) suggested that slantwise convection
due to CSI is likely to be ubiquitous in extratropical cyclones. The negative MPV generation
in extratropical cyclones is therefore crucial for understanding the role that CSI plays in the
development of extratropical cyclones and their embedded mesoscale structures,

Despite the potentially importani role played by MPV in the meso—scale structure of
extratropical cyclones, there has been little work on elucidating the processes by which re-
gions of negative MPY develop. In an adiabatic and frictionless flow MPYV is materially con-
served if the flow is two—dimeasional, or if the flow s three—dimensional and the air is satu-
rated. Moist potential vorticity generation is therefore possible if the [low is
three—dimensional and the air is unsaturated (e.g., Bennetts and Hoskins, 197%). Based on a
scaling analysis, Bennetts and Hoskins, (1979} suggested that the term defined as the dot
product of the three—dimensional gradient of equivalent potential temperature and solenoidal
term, which they referred to as the “solenoidal” term, could be an important term in the MPV
budget equation. Recently. Persson (1995) quantified the importance of this term in a
simulation of an observed case of a cold front. The MPV structure that developed in the
Meteo—France mesoscale PERIDOT mode! was similar to that observed. The classification of
this term is somewhat problematic. This term can be expressed as the dot product of the equi-
valent potential temperature and the solencidal term in the absolute vorticity equation. In ad-
dition, this term involves both dry and moist processes which makes it difficult te clarify the
relative importance of these processes in the generation of MPV. Cao and Cho (1995) per-
formed a detailed derivation to clarify the physical processes responsible for the generation of
MPV. They found that nepative (positive} MPV can be generated in regions where the
baroclinic vector, defined as the cross product of the three—dimensional gradients of potential
temperature and pressure, has a component along (against} the direction of the moisture gra-
dient. For these reasons, we choose not to use the nomenclature of Bennetts and Hoskins
(1979) but will refer to the above term as the baroclinic-moisture term. Cao and Cho (1995}
also performed numerical simulations using the PSU / NCAR threz—dimensional hydrostatic
mesoscale model (Anthes et al., 1987; Anthes, 1990) to verify this mechanism of MPV genera-
tion. They showed that at the different stages of cyclone development, negative MPV usually
appears in the warm sector near the north part of the cold frontal zone, along the bent—back
warm front and the cold front, and in the region of the warm core.

In this study, the diagnosis of MPV generation in an extratropical cyclone is carried out
using objectively analyzed fields from the European Centre for Medium Range Weather
Forecasting (ECMWF) to corroborate the resulis of Cao and Cho {1995). The system that
was chosen to be analyzed occurred during a field project. the second phase of the Canadian
Atlantic Storms Project (CASP IT), whose aim was to investigate the processes responsible for
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the generation of cyclones off the East Coast of Canada (Stewart, 1991). The time period for
this study is from 0000 GMT February 8 to 1200 GMT February 11 1992, and includes the
CASP 11 Intensive Observational Period (IOP) number 3.8.

[1. OBJECTIVELY ANALYZED FIELDS

The ECMWFE level III-A advanced surface and upper—air objectively analyzed fields
(ECMWE 1992) obtained from the Data Support Section at NCAR were used in this study.
Standard surface and upper-level fields are included in the analysis together with the other
supplementary fields such as surface sensible and latent heat fluxes. The data assimilation
mode] was run at a triangular truncation of T213 with 31 levels in the vertical. The [II-A
dataset is of a triangular truncation of T106 with 15 constant pressure levels at p = 1000, 925,
850, 700, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, and 10 hPa, respectively. The data are
stored on a 320 % 160 grid and have been interpolated from the Gaussian grid to one with an
equally spaced horizontal resolution of 1.125 degrees. The data are properly used with the full
T106 resolution without truncation (Trenberth and Solomon, 1992). The fields are available 4
times daily (0, 6, 12, and 18§ GMT).

To evaluate the accuracy of the ECMWF analyses, we compare the ECMWTF analyses
with observations in the region of interest. In the data sparse region where the cyclone event
occurred, only a few stations are available for this comparison, Figures 1 and 2 show
time-pressure cross—sections of specific humidity, temperature, zonal and meridional
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Fig.1. Time—pressure cross sections of observations made at St. John’s, Newfoundland of (a} spe-
cific humidity at an interval of 0.5 ¢ kg™, (b) temperature at an interval of 5 K, (c} zonal compo-
nent of velocity at an interval of $ ms~', and (d) meridional component of velocity at an interval of

Sms’'.
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Fig.2. Same as Fig.1 except fields retrieved from ECMWF analyzed fields.

component velocities at St. John's, Newfoundland based on upper—air observations and
ECMWF analyses, respectively. The moisture field is one of the most difficult fields to repre-
sent accurately in analyses (Trenberth and Solomon, 1993; Trenberth and Olson, 1988), but it
is a very important field for this diagnostic study. As can be seen from Figs.1 and 2, the ana-
lyzed moisture field is in good agreement with the observed one in terms of distribution and
magnitude. The other fields are also well verified against the observations (Figs.1b—d and
2b—d). We also compared the upper—air observations at Sable Island with the ECMWF ana-
lysis and found similar good agreement, Lacking observations over the ocean, it is reasonable
to conclude, for this case at least, that the ECMWF's analysis is representative of the actual
state of the atmosphere below the 300 hPa pressure surface.

T11. DIAGNOSIS OF MPV GENERATION IN AN EXTRATROPICAL CYCLONE

1.4 BriefDescription ofithe Cyclone

The initial synoptic environment in this case study (Fig.3) is fairly similar to that of the
idealized simulation in Cao and Cho (1995) {see their Fig.1). Both of them have a finite
amplitude disturbance in the pressure field situated in a strong baroclinic zone. Although not
shown, the relative humidity fields associated with both cyclones are distributed in such a way
that low—level high moisture content air is located on their southeast flanks. It will be seen
that the features of MPV generation in this cyclone compare favorably with predictions made
by Cao and Cho {1995).

During the 36 hour period from 0000 GMT February 8 to 1200 GMT February 9 1992,
the cyclone moved northeastward at a speed of approximaiely 15 ms ™. The surface cyclone
deepened littie over this 36 hour period (Figs.3a—b). This cyclone initially developed in a
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Fig.3. Sea-level pressure (50lid lines} and temperalure {dashed lines) fields at (a) 0000 GMT & Feb-
ruary 1992, {h) 1200 GMT 2 February 1992, and {c) 1200 GMT 11 February 1992. The contour in-
tervals of sea-level pressure and temperature ar¢ 5 hPa and 4 K, respectively. The fronts are

superimposed onto the figures. “W” indicate the positions of warm cores.

strong baroclinic zone with the temperature gradient of about 28 K (1500 km)™' (Fig.3a). By
1200 GMT February 9 (Fig.3b), the cyclone approached Newfoundland meanwhile the
occluded front formed.

Over the next two days from 1200 GMT February 9 to 1200 GMT February 11 the sys-
tem moved slowly in a northeast direction at a speed of about 8.3 ms~". The cyclone deepened
20 hPa during this period. By 1200 GMT February 11, the cyclone was stationary and devel-
oped an interesting double—low structure (Fig.3c). The surface temperature field was similar
to that at 0000 GMT February 11 {not shown), except that a stronger cold air advection be-
hind the cold front was in favor of cyclone maintenance.

2. Generation and Structure of MPV in the Cyclone

Based on the theoretical analysis of Cao and Cho (1995), provided that the
three—dimensional flow is frictionless and the air is unsaturated, the rate of change of MPV
can be expressed as follows:

Z, :
%(7 . 78,)=A(V0 x Vp)+ Vg, | @

where ,p and ¢ are potential temperature, pressure, and specific humidity fields,
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respectively. The vector /@ x pis called the baroclinic vecior and Vg, is a
three-dimensional moisture gradient. The guantity A4 is a function of .p and ¢ and it has a
negative value under typical atmospheri¢ conditions (Cao and Cho. 1995), To qualitatively
evaluate MPV generation on a constant pressure surface. the formula (2) can be re—written as

v

d Lo 8
75 -\79)=A(vpa><c,?—§m-v,,q, (3)

where 'V p is a horizontal gradient operator on a constant pressure surface and & is the unit
vector normal to the pressure surface. On a constani pressure surface, the baroclinic vector is
parallel to the isolines of potential temperature. Its direction is 90° to the left of the potential
temperature gradient. Hence, negative {positive) MPV will be generated in the regions where
the angle between the baroclinic vector and the moisture gradient is less (larger) than
90°%Fig.4).

Figures 5 and 6 show the evolution of MPV and relative humidity fields on the 700 hPa
pressure surface. As can be seen from Figs.5a and 6a, negative MPV was being generated at
the north end of the cold front close to the surface low center, where the refative humidity va-
ried from 30% to 60%. This pattern of negative MPV distribution in the cyclone is in excel-
lent agreement with the simulated MPV at the early stage of cyclogenesis (Fig.5a of Cao and
Cho {1995)). By 1200 GMT February 9, the negative MPV appeared in the region of the
occluded front and behind the rear of the cold front. The magnitude of negative MPV in the
vicinity of the occluded front was larger than that behind the cold front. By 1200 GMT Feb-
ruary | 1. with the appearance of the double-low siructure and the enhancement of cold air
advection to the west and southwest of the low center, the negative MPV in the region of
45°W to 52°W and 50°N to 60°N overlapped the condensation bands. At the same time, the
negative MPV appeared in the regions of the warm cores (marked by W), and the negative
values of MPYV intensified along the cold front. It is interesting to note that there was a
“dipole” structure of negative and positive MPV associated with the cold front, the occluded
front. and the warm core (Figs.5a—c).

Fig.4. Schematic diagram of a baroclinic vector and moisture gradient in a frontal zone. V6, Vp,
and V¢ represent the gradients of potential temperature, pressure. and specific humidity. N, 8, E,
aad W stand for the North, South, East, and West.
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Fig.5. Moist potential vorticity on the 700 hPa pressure surface at (a) 0000 GMT & February 1952,
(b} 1200 GMT 9 February 1992, and {c) 1200 GMT 11 February 1992. The contour interval is 1.0
x 10 °km’kg 's ' (=0.f PVU). The dashed lines indicate the negative values of MPV. The fronts

are superimposed onto the figures. W 1s indicate the positions of warm cores.

Based on Eq.(3), the combined effects of baroclinicily and moisture gradients on MPV gen-
eration can be evaluated by plotting contours of potential temperature and specific humidity on a
constant pressure surface. As a result, MPV is generated when thermal and moisture structures
evolve relative (o each other to produce intersecting gradients. For example, MPYV is generated
when a moist ot dry air anomaly intrudes into a baroclinic zone, or when a thermal anomaly
advects into a moisture zone. Fig. 7 shows potential temperature and specific humidity contours
on the 700 hPa pressure surface at different stages of the eyclone evolution. At 0000 GMT Feb-
ruary 8, tongues of moist air extended from the warm sector into the region close to the cyclone
center, i.e., adjacent to the north end of the cold front and ahead of the warm front. A meisture
core enclosed by 6 g kg™’ specific humidity contour was observed near the surface low center.
This led to the significant changes of moisture gradients in the baroclinic zones and thereby MPV
gencration. Because the moisture gradients are antisymmetric around the moisture core, a dipole
structure of MPV (Fig.5a) is generated in its vicinity (Fig.7a) provided that the thermal field does
not have a warm or cold core in the same place and has at least some gradient. Another feature in
Fig.7a was the intrusion of dry air behind the cold front into the baroclinic zones where it pro-
duced dramatic variations of moisture gradients along the cold frontal zones. This resulted in
significant generation of negative MPV. Similarly, the thermal advection into the regions of high
moisture gradients is also in favor of MPV generation.
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Fig.6. Relative humidity on the 700 hPa pressure surface at (a) 0000 GMT 8 February 1992, (b)
1200 GMT 9 February 1992, and {c} 1200 GMT 11 February 1992. The contour interval is 30%
and the shadings indicate relative humidity larger than 90%. The fronts are superimposed onto the

figures.

To gain {urther insight into the role of moisture and potential temperature distribution in
MPYV generation, we need to qualitatively examine the equations for the evolution of moisture
and potential temperature gradients. In general, the evolution of moisture gradients on a con-

d C .
stant pressure surface can be expressed as . | v o [, which is called a function M hereafter.

(_faduds  dviq) dgdudy  Bvig,
dx 8xédx dxdy 8y dyéx  dyédy
g owig, g iwiq,, dgde=c)  dqie—c)
ax(Bxap) éy(ayap) éx &x +3y ay l @

where ¢ is the rate of evaporation (plus sublimation) and ¢ the rate of condensation (plus dep-
osition) per unit mass. The first term represents the kinematic effect of conflyence (diffluence)
on the tendency of the horizontal moisture gradient. Confluence and diffluence coatribute to
both convergence and horizontal (nondivergent) deformation. Dry advection on the dry side
and moist advection on the moist side increase the moisture gradient. The second term repre-
sents kinematically the tilting of the vertical moisture gradient onto the horizontal. Specific
humidity usually decreases with height in the atmosphere. Rising motion on moist side and
sinking motion on dry side increase the horizontal moisture gradient. The third term repre-
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sents a horizontal variation in latent heating / cooling. For example, condensation on the
moist side decreases the moist gradient while condensation on the less moist side increases the
moisture gradient. Similarly, the evolution of potential temperature gradient, ie. the
frontogenstical function (Petterssen, 1936; Miller, 1948; Sanders, 1955, Bond and Fleagle,
1985: Raga et. al., 1994; Hanesiak et. al., 1997), can be expressed as

|00 2udh  2v o6

=53 Ua'eo ")
0 2ud0, v a3 Gw 0w o0
5o Tayay) axlaxdp 3y ayap’
+_”_£"£Q+L5_93_Q] (3

C,éxdx C,éyéy’~

where C .z, and Q are specific heat at consiapt pressure, the exner pressure, and diabatic
heating, respectively. On the right hand side of Eq.(5}, the first term stands for confluence
(diffluence) effect on the tendency of the horizontal potential temperature gradient. Cold
advection on the coid side and warm advection on the warm side increase the potential tem-
perature gradient. The second term is the tilting of the vertical potential temperature gradient
onto the horizontal. In a statically stable atmosphere, rising motion on the warm side and
sinking motion on the cold side decrease the potential temperature gradient. The third term is
horizontal variation of diabatic heating / cooling. For example, condensation on the warm
side increases the potential temperature gradient while condensation on the cold side de-
creases the polential temperature gradient. The calculation of frontogenetical function F is
highly resolution dependent. Bond and Fleagle (1985) compared the typical maximum values
of frontogenetical terms such as cenfluence and tilting from several studies, and found that
the maximum difference of those values is about 10*~10° K m™* s™!. It seems that high resclu-
tion data are necessary for accurate calculations of the frontogenetical function. Similarly, it
is expected to have high resolution data for accurate caleulation of the function M, Raga et.
al. (1994) performed the calculation of the frontogenetical function F with a resolution of 3
km in the horizontal and 100 m in the vertical. Hanesiak et. al. (1997) calculated the
frontogenetical function F using the gridded data with a horizontal resolution of
approximately 5 km and vertical resolution of 2 kPa. Both Raga et al. {1994) and Hanesiak et.
al. (1997} show that confluence. tilting, and diabatic heating terms are of same order of mag-
nitude. Because of relatively coarse resolutions of the data set used in this study (1.125 degree
in horizontal and 15 layers from 1000 to 10 hPa in vertical), we did not attermpl to calculate
the terms in Eqgs.(4) and (5). However, our purpose is to use those equations to qualitatively
discuss where the moisiure gradient zones can be expected to cross the baroclinic zones. 1t can
be seen from Egs.(4) and (5) that the different airstreams associated with the cyclone are im-
portant for the moisture gradient zones crossing the baroclinic zones. These airstreams usual-
ly include the warm conveyor belt ahead of the surface ¢old front. the cold conveyor belt orig-
inated from the easterly ow at low levels, and a dry airstream of subsided air behind the sur-
face cold front (Carlson 1980; Browning. 1990). At the boundary between the dry airstream
and the warm conveyor belt (Fig.9a}, a strong confluence flow increased the moisture gra-
dient duc to the horizontally differentiated thermal advection. In addition, the downdraught
behind the cold front in a dry air flow and the updraught in a warm moist conveyor belt made
the vertical moisture gradient tilt onto the horizontal. Similarly, potential temperature gra-
dients can be increased through these mechanisms. The calculation of the terms in Eqs. (4)
and (5} gives the rate of change of moisture gradients and potential temperature gradients.
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Due to the coarse resolution of the data set used in this study, we did not compute the indi-
vidual terms in Eqs. {4) and (5) while we calculated the advection of specific humidity and po-
tential temperature to see whether moisture advection or potential temperature advection is
more important. Fig. 8 shows the three—dimensional advection of moisture and potential
temperature at 0000 GMT February 8. To eliminate the effect of different units of moisture
and potential temperature on the advection, the moisture advection and the potential temper-
ature advection are divided by specific humidity and potential temperature, respectively.
Comparisons between Fig. 8a and Fig. 8b indicate that the moisture advection is relatively
more significant than the potential temperature advection. This explains why moisture gra-
dient zones intrude into the potential temperature gradient zones.

When the ¢yclone arrived in Newfoundland at 1200 GMT February 9, condensation oc-
curred (Fig.6b) in the neighborhood of the occluded front, Baroclinicity increased in the vicin-
ity of condensation (refer to the third term of Eq.5), especially along the western part of the
occluded front {Fig.7b). A warm core also developed 1o the south of the western part of the
occluded front (Fig.7b). At this stage, the moisture gradients localized along the occtuded
frontal zone where the baroclinicity increased due to condensation, and negative MPV was
therefore generated to the western part of the occluded front. By 1200 GMT February 11, the

Fig.7. Distributions of specific humidity (solid lines) and potential temperature {dashed lines} on
the 700 hPa pressure surface at {a) 0000 GMT 8 February 1992, (b) 1200 GMT 2 February 1992,
and {¢) 1200 GMT 11 February 19%2. The contour intervals of specific humidity and potential

temperatuce are | g kg and 3 K. respectively. The analyzed fronts are superimposed onto the fig-

ures.
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negative MPV generation ook place mainly along the cold front. Some of the negative MPV
moved into a saturated environment {compare Fig.5c with Fig.6¢), implying potential exist-
ence of CS1.

The MPV generation due to baroclinicity and moisture gradients can be understood
from a different point of view by rewriting Eq.(3) in terms of the vertical derivative of
geostrophic wind (proportional to the thermal wind). Under the assumption of the
geostrophic wind balance Eq.(3) becomes

Sa

d
dt(p

av
« VO APTE = V,q) (6)

where Tand ¥, are temperature and geostrophic wind. Formula (6) is similar to the one giv-
en by [nnocentini and Neto (1992) and Persson (1995) with the exception that we explicitly
use specific humidity ¢ rather than equivalent potential lemperature @, . This makes the phys-
ical interpretation of the formula more clear. By comparing Eq.{3) with Eq.(6), one¢ can see
that the thermal wind is in the same direction as the baroclinic vector. Therefore, negative
(positive) MPV can be generated in the region where the thermal wind has a component along
{against) the meisture gradient. This physical explanation of MPV generation was first dis-

v .
cussed by Bennetts and Hoskins (1979) in the Boussinesq framework, Since -BTK . qu isa

v, « Vg . . .
part of —gTﬁq— the baroclinic—moisture source term can be interpreted as the vertically

differentiated moisture advection by the geostrophic wind (e.g., Persson, 1995). Negative
MPV can be generated due to dry air advecting above moist air and reducing the moist static
stability.

As described above, the analyses of the potential temperature and moisture fields on
pressure surfaces give one a simple physical interpretation and qualitative information on
MPV generation. A quantitative diagnosis of MPV generation can be completed by directly
integrating Eq. (2):

h..m

M AN




"1

T R v

MNo. 2 Zuohao Cao and G.W.K. Moore 163

MPVI, — MPV|, +¥, - T, (MPar+ W IMED)

= A(V0 x Vp VgAl, (7

where the bar denotes the time average over the interval At =1, —¢;. As an example, we
have chosen At 1o be the 6 hour period from 0600 GMT to 1200 GMT February 9. This equa-
tion represents the balance between the time—integrated total derivative of MPV and the
time—integrated baroclinic—-moisture term. During this period, negative MPV generation oc-
curred mainly in the region of the western part of the occluded front near St. John's
Newfoundland. To look at the detailed structure of MPV generation, we focus on this area.
The region of interest is from 45°W to 70°W and from 39°N to 54°N. Fig. %a shows the
time—-integrated baroclinic—moisture source term and Figs.9b—9d the time—integrated total
derivative of MPV, the time—integrated horizontal and vertical advection of MPV. As can be
seen from Figs.9a~9b, MPV generation is well balanced by the baroclinic-moisture source
term, and the residual is small. In the occluded frontal region to the south of St. John's, the
residual is about 9%. The maximum rate of MPV generation due to the baroclinic moisture
process is about 9.2 PYU / day in the region of the western part of the occluded front. The
horizontal MPV advection represents a major term in the MPV budget (Fig. 9¢). It is two to
three times larger than the vertical MPV advection (Fig. %d). This quantitative diagnosis of
MPV generation is quite representative of the results at other times even though we show the
restlts only at this particular time.

3. Other Factors That A flect the M PV Distribution

In the previous section, we diagnosed one of the major sources of MPV generation that is
governed by the baroclinicity and moisture gradients. This source term is referred to as the
baroclinic-moisture term of MPV generation, In reality, however, the atmosphere is
dissipative and diabatic, both of which affect the MPYV distribution. The effect of a turbulent
boundary layer (e.g., friction and fluxes of heat and momentum) is confined to 1-2 km above
the Earth’s surface, and has no direct influence on MPY generation in a free atmosphere (e.g.,
the 700 hPa pressure surface). However, MPV generation due to these turbulent boundary
layer processes (initially located near the surface) can be transported upward, Moist potential
vorticity generated from the baroclinic—moislure process may be mixed with MPV generated
due to the boundary layer effects. The magnitude of vertical MPYV advection is therefore very
important in understanding whether the baroclinic—moisture or boundary layer processes are
dominant in MPV generation. As shown in Figs.%¢ and 9d, the magnitude of vertical MPV
advection is approximately one third that of horizontal MPV advection, The MPV advection
is therefore dominated by horizontal transport at least for this case,

The effect of radiation on MPV generation in general is very small, except within a very
thin layer, such as near the top of the cloud. Cac and Cho (1995) showed that the rate of
MPV generation due to radiation is at least ten times smaller than that due to the
baroclinic~moisture effect. In addition, as MPV generation induced by baroclinic—moisture
effects takes place only in unsaturated regions, microphysical processes such as freezing and
deposition (condensation has no effect on MPV generation) do not overlap the regions of
MPV generated due to baroclinic~moisture effect. Rainwater evaporation usually occurs in
substantially unsaturated downdraughts, but its effect on MPV generation is negligible be-
cause rainwater evaporation spreads over a deep column {Clough and Franks, 1991) and only
generates a weak vertical gradient of diabatic cooling. This was also verified in the numerical
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Fig.9. The horizoutal distribution of (a} the time-integrated baroclinic moisture source term, (b)

the time-integrated total derivative of MPY, (c) the time-integrated horizontal. and {d) vertical
advection of MPV on the 700 hPa pressure suriace. The integration is over 6 hour period from
0600 GMT to 1200 GMT 9 February 1992, The contour interval is 4.0x10 km’kg™'s '(=0.4
PVL.

simulation of Cao and Cho (1995). Processes of melting and sublimation frequently give rise
1o much stronger vertical gradients of diabatic cooling than rainwater evaporation. The ef-
fects of these processes are not examined in this paper although they might be also important
for MPV gereration in a localized region.

VL. DISCUSSION

Further comparisons can be made between this case study and the idealized numerical
simulation of Cao and Cho (1995). The first poiat of comparison is the initial synoptic envi-
ronment for eyelogenesis. As documented in Fig.3. the cyclones both in this case study and in
the idealized numerical simulation initially developed in a very strong baroclinic zone, The in-
itial surface temperature contrast (within ‘1500 km} was about 28 K in the case study, com-
pared to 24 K in the idealized simulation. Initial finite pressure disturbances with closed iso-
bars were observed in both cases. The detailed structural differences do not lead to differences
of MPV generation patterns between the case study and the tdealized simulation.

The pattern of MPV generation in the case study is in excellent agreement with that of
the idealized simulation (Cao and Cho, 1895). It was found in the case study that negative

o
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MPYV generation at the different stages appeared at the north end of the cold front, along the
aoceluded front and the cold front, and in the region of the warm core. At the mature stage,
the negative MPV along the occluded front in the case study was about 1500 km in length and
500 km in width (Fig.5b); versus, ih the idealized simulation, 1500 km in length and 200 km in
width (Fig.5b of Cao and Cho, 1995).

This diagnostic study shows that the baroclinic—moisture generated MPY is important in
the real atmosphere. The generated MPV in this cyclone event is mainly horizontally trans-
ported. In the idealized simulation, however, strong vertical transport of the generated MPV
occurs. Once the negative MPV appears in saturated regions through horizontal and / or ver-
tical transport, CSI may take place and thus slantwise convection may be initiated. A further
discussion on the role of CSI in extratropical cyclones is beyond the scope of this paper sim-
ply because of the coarse resolution of the ECMWF analyzed fields.

V. CONCLUSIONS

Moist potential vorticily generation in an extratropical cyclone was diagnosed using
ECMWTF analyzed fields for the period from 0000 GMT February 8, 1992 to 1200 GMT Feb-
ruary !1. 1992, Following the evolation of the ¢yclone. it was found that negative MPV was
generated at the north end of the cold front, along the cccluded front and the cold front, and
in the region of the warm core. These patterns of negative MPV generation in this
extratropical ¢yclone agree with the predictions of theoretical work and numerical
simulations by Cao and Cho (1995). It was also found that the intrusion of moist or dry air
into baroclinic zones, and baroclinicity increase (adjacent to the area of latent heat release) in
the regions of high moisture gradients are two importantt processes for MPV generation.

After the negative MPV was generated, it was horizontally transported into a saturated
region. In contrast to the MPY simulation in an idealized cyclone, the vertical transport of
negative MPV was very small,
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