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Abstract: This paper tests the impacts of cloud-induced mass forcing on the moist potential vorticity
(MPV) anomaly associated with torrential rains caused by Typhoon No0.9914 (Dan) by using fine model
simulation data outputted by the Fifth-Generation NCAR / Penn State Mesoscale Model (MMS5). The
diagnostic results show that the positive MPV anomaly region, which is obtained by integrating the MPV
from 600 hPa to 300 hPa in the vertical, roughly coincides with the precipitation at their synchronous
stages either in position or in the distribution pattern, and the maximum positive MPV area of Dan is
located mainly between 600 hPa and 300 hPa, which is much higher than torrential rain cases. Further
analyses also showed that the value of positive MPV anomaly increased or decreased with the development
of Dan, and the positive MPV anomaly may also be served as a tracer to indicate the evolution of tropical

cyclone intensity.
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1 INTRODUCTION

The general potential vorticity (PV) concept is
given by Ertel™l. Some historical notes and reviews are
given in Haynes and Mcintyre”. Indeed, PV analysis,
which has become well established since the major
work of Hoskins et al. ", provided a powerful tool for
investigation of such a process. PV concepts have been
used to describe various processes in idealized tropical
cyclones with considerable success'™”. Shapiro and
Franklin'® have studied the three-dimensional structure
of PV in Hurricane Gloria of 1985, including the
storm-core region. Molinari et al. U studied the
interaction  of  Hurricane  Elena  with  the
upper-tropospheric trough by using the PV framework.
Although there have been so many studies on tropical
cyclones (hurricanes and typhoons), by introducing the
potential vorticity concept, the formula of dry potential
vorticity in most of the work was inadquately used to
study the tropical cyclones with the evident moist
saturated air. Even if the moist potential vorticity
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(MPV) was used ), they ignored the effect of heat and
mass forcings. Deng et al. ! study the impact of
boundary action on typhoon structure. Gao et al. [10-13]
derived a MPV tendency equation with the
cloud-induced mass forcing and applied to a torrential
rain event over the Changjiang River-Huaihe River
Valleys during 26 - 30 June 1999. Their results show
that positive anomalies are located mainly between 850
hPa and 500 hPa, while the maximum MPV, maximum
positive tendency of the MPV, and maximum surface
rainfall are nearly collocated. In their further
researches, Gao et. al "*'® put forward the concept of
generalized MPV  which considers the fact that
condensation always takes place even if the relative
humidity is under 100%. Although both the torrential
rainfall and typhoon share the same character of near
saturation, there are many differences in other aspects:
dynamics, thermodynamics, structure (especially the
structure of moisture and rainband), evolution, etc.
Therefore, the question is that in addition to the relation
of MPV generation to the solenoid term in the potential
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vorticity equation, are there any MPV anomalies in the
typhoon system which are induced by mass forcings? It
needs further research on the character of MPV in
tropical cyclones through the theoretical, diagnostic
analysis and the simulation of MPV. For this purpose,
we are motivated to probe into the questions by
analyzing the case of Dan that occurred in the West
Pacific in 1999. The MPV anomalies induced by the
mass forcing are diagnosed from the numerical
simulation data provided by MMS5.

This article is organized as follows: The potential
vorticity anomaly with heat and mass forcings is
further reviewed briefly in section 2 according to the
character of typhoons. Section 3 gives a brief
description of simulation results of the research done
on Dan. The potential vorticity anomalies of Dan are
given in section 4, and a summary is presented in
section 5.

2 MOIST POTENTIAL VORTICITY
EQUATION WITH MASS FORCINGS IN
TYPHOON

2.1 Brief review of MPV equation with mass forcing

In the study of typhoon systems, the change of the
mass field is not only caused by divergence and
convergence of the environmental field, but also
affected by significant mass reduction induced by
intensive precipitation. Therefore, when the MPV
notion is used to study the typhoon system, mass
forcing must be considered. In order to study the MPV
anomalies caused by mass forcing in the typhoon
system, it is described briefly in this section.

The vorticity equation, continuity equation and
thermodynamic equation in Cartesian coordinates are
as follows:

99 (o -V)V-0,V-V-VAF, (1)
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where ®, represents the absolute vorticity and F is

the term associated with friction. The mass forcing Q,,,
caused by the intensive precipitation, and heat forcing

Vv , induced by latent heat release of ice-water phase
transformation, are added to the right hand side of Eqgs.
(2) and (3) respectively. Then, the potential vorticity
equation with mass forcing is given as
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and the deduction process can be found in Gao et al. [,
12 By utilizing Eq. (3), Eq. (4) can be further written
as

where is the moist Ertel potential vorticity

i (D”—vee):l())avw

dt" p P
2@V Tyg var. 5

PP p

On the right hand side of Eq. (5), the first term
reflects the effect of heat forcing, the second term the
effect of mass forcing and the third term the effects of
solenoid and friction.

2.2 MPV anomalies in typhoon

By dividing the last term in Eq. (5) into two terms,
one being the pressure gradient forcing and the other
being the frictional forces, Eq. (5) can then be further
written as
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where 7T represents any frictional forces and other

variables have their usual meaning. In the free

atmosphere, the flow may be assumed frictionless, with

7= 0; the third term in Eq. (6), | .[vvap],ls

V0.

zero, if the flow is either two-dimensional or saturated
(e.g., Bennetts and Hoskinsm]; Cao and Cho, 1995[18]),
because in the latter case, Qe is a function of density

p and pressure p only. For the case of Dan, above

the level of lifted condensation, the flow is saturated
and so the term associated with solenoid in Eq. (6)
becomes namely zero. Therefore, in the saturated
region of Dan, Eq. (6) may be rewritten as
d((” YOyLo, v '—'"( %)
P P
In this paper, as the impact of mass forcmg to
MPV was the key factor, the heat forcing was
neglected. So Eq. (7) may be further written as:
d(w VQ)z Qm(w VQ) ®
P P
Therefore, Eq. (8) 1ndicates that the MPV anomaly
is mainly caused by mass forcing from precipitation.
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To test the efficiency of the mass forcing theory in
typhoon systems, a typical typhoon precipitation case
(Dan) is selected and its numerical simulation with the
mesoscale model PSU/NCAR MMS is diagnosed in the
next section.

3 NUMERICAL SIMULATIONS

Dan is one of the most severe tropical cyclones
during the past 40 years that ever hit Fujian province
and caused great causalities. To simulate its
development and landfall process, a double nested,
two-way interactive version of the PSU/NCAR MMS5
(v3.5) is utilized. The two domains have the (x, y)
dimensions of 130 x156 and 184 x 214 grid points,
with the grid sizes of 36 and 12 km, respectively. There
are 26 o-levels in the vertical. The two domains use the
same schemes for physical processes: The Bett-Meller
scheme is used for cumulus parameterization and the
Graupel scheme is selected in cloud microphysics,
together with the Blackadar planetary boundary layer
scheme, a cloud-radiation interaction scheme and a
shallow convective scheme "*. The initial conditions at
0000 UTC 7 October 1999 are obtained from the
ECMWFEF’s 2.5°x 2.5° global analysis data, and then
integrated for 72 h, valid at 0000 UTC 10 October
1999.

Fig. 1 compares the tracks of Dan during the 72-h
simulations (dashed line in Fig.1) to the best track (the
observations, solid line in Fig. 1). It is obvious that the
simulation describes the development and landfall
processes of the typhoon quite well during the 72-h
simulation and test. The simulated accumulated
precipitation (Fig. 2b) is comparable to the observation
(Fig. 2a) in both the amount and center, and Fig. 2
indicates that the simulated rainfall region and rainfall
amount are similar to those of observation. For some
other important indexes to evaluate the effect of
simulation/forecast of typhoons against the observation,
such as the simulated track, the simulated minimum
central pressures (Fig. 3) and the maximum surface
wind (omitted) are all closer to the observed value. The
differences between the simulated minimum centre
pressure and the observed values in Fig. 3 are not more
than 5 hPa from 0800 UTC 7 October, which shows
that the simulated intensity is close to the observation.
In summary, the simulation with the typhoon vortex
exhibits considerable skill in reproducing the observed
track, intensity and inner-core structures of the storm.
In particular, the simulated asymmetry in the
precipitation structure has important applications with
respect to the improvement of quantitative precipitation
forecasts and severe wind warnings for landfall
typhoons. For further details on the case study of Dan,
the reader is referred to the work of Deng et al.”’). The

successful simulation of this typhoon case lays the
foundation for testing the relationship of MPV anomaly
to its precipitation.

From the formula in section 2, it could be
concluded that if there are local anomalies of the
potential vorticity in the saturated region of typhoon
system, the anomalies must be mainly caused by the
mass forcing related to precipitation. Cross sections of
the MPV (Fig. 4) show that the positive MPV anomaly
by cloud-induced mass forcing during heavy rains
mainly exists between 600 hPa and 300 hPa and the
maximum value area is located between 500 hPa and
400 hPa. This result basically conforms to Gao’s
analysis[lo]. However, there is some difference between
the two results: Gao’s aim is on Meiyu precipitation
while this case is for typhoon precipitation; therefore,
the positive MPV anomaly area is somewhat higher in
Dan than that in Meiyu torrential rain. The reason may
be that the convection developing in a typhoon system
is much stronger than any other precipitation systems,
and in turn corresponds to a higher positive MPV
anomaly area.

Fig.1 Comparison of simulated typhoon track and
observation (observation: solid line; simulation:
dashed line).

(2)
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Fig.2 Comparison of observed precipitation (a) and
simulated precipitation (b). (unit in mm)
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Fig.3 Comparison of simulated typhoon’s minimum sea level
pressure and observation. (unit in hPa)
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Fig.4 Cross section of MPV along 118°E (0600 UTC 7
October 1999), solid lines: area where MPV>(,
dashed lines: area where MPV<0.

To test the relationship between MPV precipitation,
we pick up three different simulation periods to
indicate different development stages of the typhoon:
the premature developed stage, the full development
stage and the landfall stage. At each stage, the MPV
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anomaly is compared to corresponding precipitation to
show their correlation. Figs. 5, 6 and 7 are comparisons
between 3-hr accumulated precipitation and the
corresponding integrated MPV between 600 hPa and
300 hPa. The reason why we calculate the integrated
MPV between 600 hPa and 300 hPa lies in that at
which levels the positive MPV value area is located
(see the distribution of positive MPV in Fig. 4.

At the prematurely developed stage, it is seen that
the distribution of both the integrated MPV anomaly
(contours in Fig. 5a, b) and 3-hr accumulated
precipitation (shaded in Fig. 5a, b) shows the character
of an asymmetric structure: the maximum precipitation
is located in the north of Dan and the maximum value
could reach 100 mm; correspondingly, the distribution
of the integrated MPV shares a similar form to that of
rainband: a large value area of integrated MPV almost
overlaps with a large precipitation area in general,
although the two maximum centers are not collocated
point to point.
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Fig.5 Integrated MPV corresponding to 3-hour
accumulated precipitation (unit in PVU, 1
PVU=1.0X 10°m™s"Kkg"): from 0300 UTC to
0600 UTC (a) and from 0600 UTC to 0900 UTC
(b) on 7 October.

At the fully developed stage of Dan (Fig. 6), the
values of integrated MPV increase with typhoon
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intensity and the maximum integrated MPV(contour in
Fig. 6a, b ) could reach 5.5 PVU, a little larger than in
Dan’s premature stage, when the maximum integrated
MPV is about 3.5 PVU. However, the corresponding
precipitation does not increase accordingly. Fortunately,
it shows that the distribution of the integrated MPV and
3-hr accumulated precipitation (shaded in Fig. 6a, b)
collated well generally. In detail, at 1800 UTC 7
October, the maximum precipitation is located on the
right side of Dan, and so is the distribution of
integrated MPV (Fig. 6a). At 2100 UTC 7 October, a
large typhoon precipitation area is dot-shaped, with a
low value area in the southwest; correspondingly, a
large integrated positive MPV area covers the similar
area (Fig. 6b). It is notable that in the eyewall area of
Dan, the precipitation is very small due to dry,
ascending air, and the corresponding relationship
between MPV and precipitation is not strong in this
area. Another notable area is that besides the good
correlation of value and distribution between the two
factors, a better distribution is indicated in the high
gradient area of the integrated MPV and precipitation
(see Figs. 5, 6).

110

15N
113 114E 115 116E 117E 118E 119E 120E 121E 122E 123E (b)

Fig.6  3-hour accumulated precipitation and
corresponding integrated MPV: from
1500 UTC to 1800 UTC (a) and from
1800 UTC to 2100 UTC(b), 7 October.

At the landfall stage of Dan, the value of integrated
MPV decreases with typhoon intensity due to terrain
friction and lose of water vapor (see Fig. 7) and the
maximum integrated MPV (contours in Fig. 7a, b)
decreases to around 4 PVU, somewhat lower than in
Dan’s mature stage. However, the corresponding
precipitation (shaded in Fig. 7a, b) increases due to
terrain effect. Similar to previous stages, the
distribution of the integrated MPV and 3-hr
accumulated precipitation still collates well generally,
especially the association of high gradient areas of
integrated MPV with large precipitation areas.

4 SUMMARY AND DISCUSSION

This paper tests the impacts of cloud-induced mass
forcing on the development of the moist potential
vorticity (MPV) anomaly associated with typhoon
torrential rains by using MMS5-output data. Unlike
previous studies of mass forcing—which make use of
coarse analysis data—this research diagnoses the MPV
results based on high resolution model simulations.
Likewise, these results indicate that the mass forcing,
generated by the intensive precipitation of Dan, indeed
generates the anomalies of MPV, with the positive
MPV anomaly located between 600 hPa and 300 hPa.
From the diagnostic studies of this case, we can find
that the distribution of vertical integrated positive MPV
roughly coincides with the precipitation at their
synchronous stages either in position or in the
distribution pattern.

The maximum positive MPV area of Dan is
located mainly between 600 hPa and 300 hPa, which is
much higher than that for the Meiyu front torrential
rain cases. This may be attributed to the fact that the
convection of Dan was much more severe than in
normal precipitation systems. The maximum MPV
anomaly and corresponding precipitation area of Dan
does not match point to point (especially in the eyewall
area), which may be caused by the strong wind
movement in tropical cyclones.

It is also found that the value of positive MPV
anomaly increased or decreased with the development
of Typhoon Dan. At the prematurely developed stage,
the value of positive MPV is relatively small. Then at
the fully developed stage, it reaches its maximum. At
the landfall stage, the intensity of typhoon decreases,
and the MPV decreases correspondingly. Therefore, the
positive MPV may serve as a passive tracer to indicate
the evolution of Dan’s intensity.

Although we get roughly corresponding
relationships between the MPV anomaly and
precipitation, only the factor of mass forcing is
considered while some other factors, such as forcings
induced by heat, horizontal wind shear, and vertical
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motion, etc, are not derived here. Hence it is impossible
to match with each other very well, which deserves
further exploration.
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Fig.7 3-hour accumulated precipitation and
corresponding integrated MPV: from
2100 UTC to 2400 UTC 8 October (a)
and from 0000 UTC to 0300 UTC 9
October (b).
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