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ABSTRACT

In Part | of this series of papers, the static potential vorticity (PV) inversion diagnostics are performed to
examine the lateral and vertical interactions between two upper-level (northern and southern) troughs and their
possible influences on the development of the March 1993 superstorm. This study continues the investigation
of the relative importance of two PV anomalies associated with the short-wave troughs and their interaction in
the surface cyclogenesis by considering their individua roles as an initial-value problem.

The piecewise PV inversion technique is first used to isolate the upper-level disturbances with a balanced
vortex for each. The vortex is then either removed or its intensity doubled by subtracting the balanced vortex
from or adding to the control initial conditions. With the modified initial conditions, a mesoscale model is
integrated for 36 h to examine how each of the upper-level disturbances contributes to the surface development.

It is found that the northern and southern troughs play different roles in the surface cyclogenesis. Without
the northern trough, the eastward propagation of the southern trough slows down and the surface development
is severely impeded. More rapid cyclogenesis occurs when the northern trough's intensity is doubled. On the
other hand, the deepening rate increases considerably when the southern trough isremoved. Doubling the southern
trough intensity slows the eastward progression of the northern trough and leads to a reduced deepening rate.
In conclusion, the northern trough is crucial for the rapid development of the superstorm, whereas the southern
trough is important only during the incipient stage of the cyclone. In particular, a much stronger surface cyclone
could be spawned in the absence of the southern trough. This finding appears to contradict the previous work
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on the roles of trough mergers in extratropical cyclogenesis.

1. Introduction

The classical theory of baroclinic instability has
been widely used in the past five decades to understand
extratropical cyclogenesis during the cold season. The
linear theory predicts an exponential growth of asingle
normal mode for a given baroclinically unstable mean
state regardless of the type and structure of initial per-
turbations. However, many observations revealed the
prevalence of traveling disturbances near the tropo-
pause preceding the surface cyclogenesis and the pres-
ence of varying perturbation structures with respect to
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surface cyclones (Petterssen 1956; Sanders 1986,
1988; Uccellini 1990; Lefevre and Nielsen-Gammon
1995). Furthermore, the structures and intensity of
these upper-level disturbances and their interactions
with the low-level baroclinicity play important roles
in determining the deepening rate and the final intensity
of surface cyclones. Thus, relating these observations
to baroclinic theory is not immediately obvious, par-
ticularly in estimating the deepening rate of surface
cyclones. Studies by Farrel (1984, 1985, 1989) indicate
that cyclogenesis should be considered as an initial-
value problem, which was later demonstrated by the
analysis of cyclone evolution in terms of upper- and
lower-level disturbances (Rotunno and Fantini 1989;
Whitaker and Barcilon 1992; Davis and Bishop 1994).
This has led to a number of recent studies, ranging
from modified baroclinic instability theories (Farrel
1994) to real-data case studies (Rotunno and Bao
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1996), which attempt to reconcile the observations and
theories.

It has been shown that the superstorm of 12—14 March
1993, hereafter referred to as the superstorm, deepened
at a rate much larger than what baroclinic theory could
predict (Huo et al. 1995; Kocin et al. 1995; Uccellini
et al. 1995). The explosive development occurred as
two upper-level short-wave troughs merged, resulting
in aprincipal trough with back-shear tilt in the vertical
(Huo et al. 1995; Bosart et a. 1996). Gaza and Bosart
(1990) have noted from a composite analysis of 17
trough-merger cases that two-thirds of them tended to
cause the explosively deepening of surface cyclones as
defined by Sanders and Gyakum (1980). In addition,
they found that the meridional tilt of the axis of the
principal 500-hPa geopotential height trough changed
from positive to negative prior to cyclogenesis, and that
during the transition the two precursor 500-hPavorticity
maxima in the composite amalgamated into a single
maximum and the 500-hPatrough amplitude nearly dou-
bled.

Recently, Hakim et al. (1996) studied 1 of the 17
cases in Gaza and Bosart (1990) and observed that the
trough merger is associated with a close approaching of
the two upper-level precursor vorticity centers rather
than an amalgamation. Using static piecewise inversion
of quasigeostrophic potential vorticity, Hakim et al.
(1996) investigated the lateral interaction between two
upper-level PV anomalies (associated with a southern
and a northern upper-level trough) and the background
flow, and found that the background flow advection
dominates the vortex—vortex interactions although the
later becomes more robust as the two PV anomalies
come closer. At 1000 hPa, the incipient cyclogenesisis
forced by the background flow advecting the southern
vortex. During the rapid surface cyclogenesis, advection
of both vortices by the background flow contributes to
geopotential height falls in the genetic area, and the
nearest approach of the two troughs coincides with the
timing of the most rapid deepening. With asimple model
describing the two-vortex interaction in a background
flow, Hakim et al. (1996) showed that the trough merger
is extremely sensitive to small changes in the defor-
mation field for a given set of initial conditions on the
vortex position, size, and strength, suggesting limita-
tions to the predictability of the merger phenomenon.

Using the static PV inversion, we have also shown
in Part | of this series of papers (i.e., Huo et al. 1999)
that the two short-wave troughs play an important role
in determining the tropospheric flow structures associ-
ated with the superstorm. However, the impact of the
vortex—vortex interaction and their interaction with the
lower-level baroclinicity on the surface cyclogenesisis
much more complicated than the static PV inversion can
suggest since the disturbances interact with each other
and the structures of initial perturbationsvary with time.
Thus, the objectives of the present study are to (i) in-
vestigate the individual effects of the two troughs on

MONTHLY WEATHER REVIEW

VoLumE 127

the cyclogenesis by treating the trough cyclogenesis as
an initial-value problem, and (ii) evaluate the vortex—
vortex interaction arguments discussed in Part | in a
prognostic mode. Specifically, we will attempt to find
an appropriate methodology to isolate the perturbations
associated with each of the troughs and then remove
one of them at atime from the model initial conditions.
Subsequently, the Canadian regional finite-element
(RFE) model will be integrated forward with the initial
conditions so modified. Thus, the model integrations
with the modified initial conditionswill provide the sen-
sitivity of the model cyclogenesis to the presence of
only one of the perturbations. As part of the understand-
ing, we will also examine the relative importance of dry
versus moist dynamics in the development of the su-
perstorm when only one of the troughs is present in the
model initial conditions.

This paper is organized as follows. Section 2 de-
scribes the methodology to isolate the troughs from the
model initial conditions. Section 3 presents the exper-
iment design and section 4 shows various model initial
conditions when one of the troughs is modified. Section
5 discusses results from the various sensitivity experi-
ments and provides a prognostic evaluation of the vor-
tex—vortex interaction. A summary and conclusions are
given in the final section.

2. |solating upper-level short-wave troughs

A few of the previous cyclogenesis studies have at-
tempted to isolate the impact of various types of mid-
tropospheric disturbances on the surface cyclogenesis.
For example, Chen et al. (1983) employed a porous-
sponge lateral boundary condition to prevent the east-
ward propagation of alarge-scale trough into the model
domain in a case of oceanic cyclogenesis. They con-
cluded that the upper-level trough had relatively little
impact since the lower-level development was only
weakened but not prevented. Lapenta and Seaman
(1992) tried to isolate the influence of the upper-level
jet stream on surface cyclogenesis. In their procedure,
they noted that special care must be taken to (a) prevent
ateration of the initial low-level perturbations and (b)
avoid disruption of the balance between the upper-level
mass and wind fields. With this guidance, they con-
ducted a series of sensitivity studiesin which the model
initial conditions are adjusted above 600 hPa to alter-
nately weaken and strengthen the wind and mass fields
associated with a polar jet by about 20% from the con-
trol simulation. While this approach considers the mass
and wind balance, it still has limitations owing to the
fact that the weakening (or strengthening) of the jet
streak and its associated mass field is performed only
for the levels above 600 hPa, and that the jet streak is
closely related to the lower-level baroclinicity.

In the present study, we use the piecewise PV in-
version technique of Davis and Emanuel (1991) to iso-
late the circulations associated with individual distur-
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bances and then conduct sensitivity experiments to ex-
amine their relative importance in the development of
the superstorm. The essence of this technique is based
on the invertibility principle of PV, which alows one
to obtain the balanced wind and mass fields associated
with any PV perturbations. Thus, this technique can be
utilized to effectively isolate the wind and mass fields
associated with the two upper-level PV anomalies (or
short-wave troughs) for the present study. Once the two
troughs are isolated, they may be removed one at atime
or both from the control model initial conditions. Since
the inverted meteorological fields associated with the
troughs are balanced, it will not introduce any **signif-
icant noise’” into the initial conditions.

For the present study, we use the best model inte-
gration presented in Huo et al. (1998) that wasinitialized
at 1200 UTC 12 March 1993 (hereafter referred to as
12/12-00) as the control simulation, which reproduces
well the track and deepening rates of the superstorm as
well as its associated prefrontal squall line and strong
cold surge over the Gulf of Mexico. The balanced initial
conditions are obtained by (i) calculating a mean PV
field by averaging the 12-hourly Canadian M eteorol og-
ical Centre's analysis of PV between 11/00 and 15/00,
(ii) isolating the PV anomalies associated with the two
short-wave troughs (see Fig. 1a) by subtracting the mean
state, (iii) using the piecewise PV inversion to invert
the PV anomalies and obtain their pertinent balanced
wind and mass fields, and (iv) subtracting the balanced
fields from (or adding to) the control initial conditions;
see Part | for more details.

3. Experiment design

To properly examine the relative importance of the
two troughs (hereafter referred to as the northern and
southern troughs; see Fig. 1a) in the rapid development
of the superstorm, 12 sensitivity experiments, including
the control simulation (CTL), are carried out. All the
simulations are initialized at 1200 UTC 12 March 1993
and integrated for 36 h. The results are then compared
to the CTL simulation to examine the model sensitivity
to varying initial conditions. Table 1 summarizes the
experimental design.

The first two sensitivity experiments are designed to
test the impact of removing either the northern or the
southern trough from the control initial conditions on
the surface cyclogenesis, while keeping all the other
conditions and model parametersidentical to the control
simulation. They are referred to as NON (i.e., no north-
ern trough) and NOS (i.e., no southern trough), respec-
tively. Because of the record-breaking precipitation of
the superstorm, three additional dry experiments, cor-
responding to the respective CTL, NON, and NOS, are
performed, in which neither convective parameteriza-
tion nor grid-scale precipitation is allowed. They are
denoted as the control dry (CTLD), no northern trough
dry (NOND), and no southern trough dry (NOSD), re-
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spectively. The purpose of conducting the dry simula-
tions is to separate the effects of diabatic heating from
the large-scale baroclinic forcings on the cyclogenesis
in the presence of only one or both troughs.

To evaluate whether or not the development of the
superstorm is strongly related to the surface character-
istics (i.e., land vs ocean), CTL and NOS are repeated
except with modified surface characteristics (denoted as
CTLG and NOSG); namely, the land surface to the east
of 91°W and south of 45°N is replaced by an ocean
surface. Again, two corresponding dry simulations
(CTLGD and NOSGD) are performed to separate the
relative importance of dry and moist dynamics in the
surface development. Finally, in order to gain insight
into the impact of varying intensity and locations of
initial perturbations on the cyclogenesis, two additional
simulations are performed in which the strength of the
northern and southern trough in CTL is doubled; they
are denoted as DON and DOS, respectively.

It should be mentioned that the above numerical ex-
periments are designed only to isolate the influence of
the two upper-level troughs on the surface cyclogenesis.
These two troughs are not necessarily the most sensitive
perturbations in determining the final intensity of the
surface cyclone, according to recent adjoint modeling
studies (e.g., Zou et al. 1998).

4. Varying model initial conditions

Figure 1 presents the model initial conditions for
CTL, NON, NOS, DON, and DOS. The CTL initial
conditions (Fig. 1a) show clearly the presence of two
positively tilted short-wave troughs at 500 hPa: the
northern trough (T,) and the southern trough (T,). In
contrast, the northern (southern) trough is absent in the
NON (NOS) initial conditions (cf. Figs. 1a—c), showing
that the PV inversion scheme provides a reasonably
clean removal of the height and wind fields associated
with them from the CTL initial conditions. Note that
the inverted height perturbation associated with the
southern PV anomaly isonly half of that associated with
the northern PV anomaly (see dashed lines in Figs.
1b,c). Since the removal of a trough is equivalent to
adding mass into an atmospheric column, the lower-
level baroclinicity to the south of the anomaly is ex-
pected to decrease. In the present case, a comparison of
Figs. la—c shows a more pronounced decrease of the
lower-level baroclinicity (suggested by the 500-hPa
height gradient) over the genesis area in the NON than
the NOS initial conditions. This implies that there will
be more available potential energy present in the NOS
than the NON initial conditions, perhaps causing dif-
ferent final intensities of the storm. In the case of the
DON (DOS) initial conditions, the northern (southern)
trough is much stronger than that in the CTL because
of doubling the height and wind perturbati ons associated
with its pertinent PV anomaly (Figs. 1d,e).

Because of the changes of mass in a column, modi-
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Fic. 1. (Ieft panels) The 500-hPa geopotential height at intervals of 6 dam and (right panels) the sealevel
pressure at intervals of 4 hPa at the model initial time for experiments (a), (f) CTL, (b), (g) NON, (c), (h)
NOS, (d), (i) DON, and (e), (j) DOS. Here, T, and T, show the positions of upper-level short-wave troughs.

fying the intensity of upper-level disturbances can alter
substantially the structure and strength of the surface
pressure perturbations. For example, the initial intensity
of the surface cyclones in both the NON and NOS is
decreased by 10 hPa and their centers are shifted about

300 km southward (cf. Figs. 1f—h). These changes in
intensity and position occur because of the replaced cold
air mass to the north that hydrostatically leads to the
production of higher pressures at the lower levels and
spreads to a wide area by the Laplacian operator in the
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Fic. 1. (Continued) Line NS shows the location of the vertical cross section used in Fig. 2. Dashed lines
in (b) and (c) denote the distribution of the inverted height perturbation (at 500 hPa) associated with troughs

T, and T,, respectively.

PV inversion. On the contrary, the doubling of the
trough intensity is equivalent to evacuating mass from
the column, resulting in the increased low-level baro-
clinicity in the genesis area (Figs. 1d,e) and over 12
hPa deeper central pressure of the cyclone under study

TABLE 1. Experiment design.

Experiment Remarks

CTL Control simulation

NON Northern trough is removed

NOS Southern trough is removed

CTLD Same as CTL but no latent heating is allowed

NOND Same as NON but no latent heating is allowed

NOSD Same as NOS but no latent heating is allowed

CTLG Same as CTL but surface characteristics are
modified

NOSG Same as NOS but surface characteristics are
modified

CTLGD Same as CTLG but no latent heating is allowed

NOSGD Same as NOSG but no latent heating is allowed

DON Northern trough intensity is doubled

DOS Southern trough intensity is doubled

(Figs. 1i,j). Because of the substantial removal of air
mass in DON, the initial sea level pressure field shows
a zone of southwest—northeast-oriented trough parallel
to the northern trough axis at 500 hPa (cf. Figs. 1d,i).
The modification of this set of initial conditions appears
to be most pronounced among all the sensitivity ex-
periments. Nevertheless, the basic surface pressure pat-
tern and the cyclone center are well preserved in both
the DON and DOS initial conditions (Figs. 1i,j).

To quantify further the magnitude of the removed
mass and wind fields, Fig. 2 shows north—south vertical
cross sections of geopotential height, temperature, and
section-normal winds that are inverted from the PV
anomaly associated with the southern trough; they are
exactly the differences betweenthe CTL and NOSinitial
conditions (i.e.,, CTL minus NOS). It is evident that
more pronounced differences occur at the upper levels,
that is, with the maximum height perturbation of 230
m near 300 hPa, the maximum cooling of 6.5°C at 500
hPa, and the maximum cyclonic winds of 20 m st at
300 hPa. Note that the maximum height perturbation at
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Fic. 2. North-south vertical cross sections of (a) geopotential
height (dam), (b) temperature (°C), and (c) section-normal winds [m
s 1, positive (negative) values denote flows into (out of) the page]
that are inverted from the southern PV anomaly. It is taken along
line NS in Fig. 1c.

300 hPais hydrostatically associated with weak warm-
ing above (<1.0°C) and strong cooling below. Note also
that the influence of the upper-level perturbations de-
creases rapidly downward with little changes in tem-
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Fic. 3. The predicted tracks from expts CTL (solid circles), NON
(triangles), and NOS (open circles).

perature and winds below 800 hPa. Thus, the initial
conditions so obtained are dynamicaly meaningful
since we are only interested in the sensitivity of the
surface cyclogenesis to the upper-level perturbations.
Similar vertical structures exist for the northern trough
(not shown), but with the magnitude much greater than
that of the southern trough.

5. Results

In this section, the RFE model is integrated for 36 h
using the various initial conditions discussed in the pre-
ceding section. The sensitivity of the model integrations
will be evaluated in terms of the evolution of the upper-
level disturbances, the tracks and central pressures of
the surface cyclones, as well as their quantitative pre-
cipitation. The central mean sea level pressure is used
here as an indication of the storm’s intensity although
it does not always provide the most accurate measure
of the storm’s development. For the sake of subsequent
discussions, Figs. 3 and 4 show, respectively, the track
and the central pressure traces of the surface cyclone
from CTL and other sensitivity simulations. The su-
perstorm was initiated over the coast of Texas and then
it deepened 26 hPa as it traveled northeastward during
the 36-h integration period. The storm was in the mature
stage at 14/00-36 and it still continued to deepen sub-
sequently in both the observations and the model pre-
diction (see Huo et al. 1995). The effects of latent heat
release versus large-scale baroclinicity on the cyclo-
genesis are assessed by comparing the deepening of the
cyclone between CTL and CTLD. In the absence of
diabatic heating, the modeled minimum central pressure
is 985 hPa compared to 974 hPa in CTL at the end of
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Pressure (hPa)

Model Hours

Fic. 4. Time traces of central sea level pressure for all the sensi-
tivity experiments except for expts DOS and DON.

the 36-h integration. Thisindicates that diabatic heating
accounts for about 42% of the total deepening, which
is similar to that (40%) obtained with the integration
initialized at 0000 UTC 13 March (Huo et al. 1995).

a. Prognostic evaluation of the vortex—vortex
interaction

Removal of the two troughs one at a time will allow
us to evaluate indirectly the vortex—vortex interaction
arguments obtained from the static PV inversion in Part
I. Itisstill possible that the perturbation would reappear
if, after the removal, thereisan instability. Furthermore,
it is necessary to make sure that the removed pertur-
bations will not recover as a distinct entity during the
course of integration before we can analyze the evo-
lution of the remaining disturbances in relation to the
surface development. For these purposes, Fig. 5 shows
the 12- and 24-h predictions of 400-hPa PV for NON,
NOS, DON, and DOS. In the case of removing the
northern trough (NON), the model still produces a PV
perturbation to the north but, on average, with 1 PVU
weaker than that in CTL (see Figs. 5a,b). The generation
of thisPV anomaly is attributable partly to the imperfect
isolation of the anomaly associated with the northern
trough using the 30% relative humidity criterion and
partly to the continued descent and southward advection
of stratospheric air. Nevertheless, in the absence of the
strong northern perturbation, the southern PV anomaly
moves much slower than that in the CTL, which is con-
sistent with the analysis of the vortex—vortex lateral in-
teraction presented in Part |. Note the different positions
of theremaining PV anomaly with respect to the cyclone
center between NON and CTL, which shows clearly the
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reduced influence of the upper-level perturbations on
the surface cyclogenesis in NON.

The removal of the southern trough (NOS) is rela-
tively straightforward as compared to that in NON, and
thereislittle evidence of areappearance of the southern
PV anomaly during the 36-h integration (Figs. 5c,d).
As discussed in Part |, the flow associated with the
southern PV anomaly tends to slow the southeastward
propagation of the northern trough. This is confirmed
with NOS, which shows relatively faster eastward
movement of the northern trough, as compared to that
in CTL.

When the northern trough is doubled in intensity
(DON), the southern trough moves faster than that of
the CTL (Figs. 5¢,f) since the eastward advection of the
southern trough is enhanced as compared to the CTL.
In contrast, in the case of doubling the southern trough
(DOS), the northern trough moves slower than that of
CTL (cf. Figs. 5g,h) because the stronger westward
winds associated with the doubled southern PV anomaly
cancel part of the large-scale eastward advection of the
northern trough. All these results are consistent with the
vortex—vortex interaction conclusion based on the static
PV inversion as discussed in Part . As will be seenin
the next subsection, the differences in the propagation
of the upper-level troughs determine the movement and
the intensification of the surface cyclone.

b. Sensitivity to the northern trough

As shown in Figs. 1b and 1g, removing the northern
trough shifts the center of the NON cyclone about 300
km southward due to the rearrangement of the mass
field. Correspondingly, the 36-h integration produces a
cyclone track that is about 300 km to the right of the
CTL one, which places the cyclone center offshore rath-
er than over the land along the coast during the devel-
opment period (Fig. 3). This implies that the NON cy-
clone tends to access warmer and moister air from trop-
ical regions, producing more precipitation if itsintensity
were the same as that in CTL. However, because of the
slower eastward progression of the upper-level short-
wave (T,) forcing in the absence of the vortex—vortex
interaction, the surface cyclone is about 16 hPa weaker
and 250 km slower than the CTL one at the end of the
36-h integration (Figs. 3 and 4); 68% of the weakening
(i.e., 11 hPa) is associated with the removal of the north-
ern trough at the model initial time (cf. Figs. 1g and 4).
Moreover, the negative tilt of upper-level height per-
turbation, seen in CTL and most of the trough-merger
cases (Gaza and Bosart 1990), does not appear. Of in-
terest is that despite the weak development, its associ-
ated quantitative precipitation is close to that in CTL.
In addition, the observed prefrontal squall line is rea-
sonably reproduced [cf. Fig. 10c in Huo et al. (1998)
and Fig. 6 herein] only with a slight phase lag. These
similarities indicate that the northern trough does not
have an important influence on the development of the
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Fic. 5. Left (right) panels show the 12-h (24-h) predictions of 400-hPa PV (solid) at intervals of 1 PVU, superposed with wind
vectors (its maximum value is given in inset) for (a), (b) NON, (c), (d) NOS, (e), (f) DON, and (g), (h) DOS runs. Dashed lines
denote the 400-hPa PV for the control simulation. Solid and shaded circles give the cyclone centers for CTL and each sensitivity

experiment, respectively.

prefrontal squall line and its associated precipitation,
since its removal affects little the thermal structure and
static stability in the warm sector as well as the frontal
forcing. It followsthat the weaker NON cycloneismain-
ly due to the reduced baroclinic (dry dynamical) con-
tribution. In other words, the southern trough alone can-
not generate this superstorm.

When diabatic heating is not allowed (NOND), the
model fails to produce atight, closed circulation until
18 h into the integration despite a closed cyclone in
the model initial condition (cf. Figs. 1g and 4). An
examination of 3-hourly model outputs shows a con-
tinued filling of the cyclone during the first 3—-6-h in-
tegration. The filling scenario occurs in all the dry
simulations, including the CTLD (Fig. 4). Thisappears

to be attributable to the **sudden removal’ of latent
heat release. Specifically, the initial conditions were
derived from the observational analysis that contains
the effect of latent heat release. When the latent heat
release is turned off ‘‘suddenly,” all dynamics fields
will adjust according to the dry regime, leading to
weakening vertical motion and low-level convergence.
It isapparent from Fig. 4 that the cyclone deepens only
5 hPa at the end of the 36-h integration, which is the
weakest one among all the sensitivity experiments. A
comparison of the deepening rates between NOND and
CTLD reveals again the important baroclinic contri-
bution of the northern trough to the CTL surface cy-
clogenesis. Thus, the latent heat release in the absence
of the northern trough, particularly in the vicinity of
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Fic. 5. (Continued)

the cyclone center (Fig. 6), plays an important role in
the organization and deepening of the superstorm dur-
ing its incipient stage.

c. Sensitivity to the southern trough

The rearrangement of the mass field after the removal
of the southern trough (NOS) produces an initial lo-
cation, intensity, and a subsequent cyclone track similar
to those in NON, that is, about 10 hPa weaker and 300
km southward shift from the CTL one (Figs. 3 and 4).
But surprisingly, the NOS deepens at a rate much faster
than any of the sensitivity tests, including the CTL (Fig.
4). Although the NOS cyclone begins with a 10-hPa
weaker central pressure, it becomes 8 hPa deeper than
the CTL one by the end of the 36-h integration. This
result, which may be case dependent, appears to con-

tradict with the important roles of trough mergersin the
rapid surface cyclogenesis as hypothesized by Gaza and
Bosart (1990).

A natural question is. How could such a strong cy-
clone develop in the absence of the southern trough?
Three such factors come to mind before we can address
the above question: (i) the diabatic heating due to the
access of more tropical high-6, air, (ii) the surface char-
acteristics due to its track offshore, and (iii) the upper-
level adiabatic forcings due to the absence of the south-
ern trough. First, acomparison between NOS and NOSD
show a pronounced (44%) contribution due to the latent
heat release to the cyclogenesis; it produces a 19-hPa
difference in central pressure. The 24-h accumulated
precipitation also displays heavier precipitation along
the path of the NOS cyclone than that in the CTL one
(Fig. 7). This increased precipitation is more likely a
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Fic. 6. The 18-h NON forecast of 500-hPa height (dashed lines)
at intervals of 6 dam, sea level pressure (solid lines) at intervals of
4 hPa and precipitation rate (mm h=1).

consequence of the positive feedback among the dy-
namical forcing, moisture convergence, latent heat re-
lease, and rapid deepening of the storm.

The impact of the surface characteristics on the cy-
clogenesis is examined by rerunning CTL and NOS but
with the eastern half of the United States being treated
asocean (i.e., CTLG and NOSG). A comparison of these
two runs reveals that the underlying surface character-
istics only make a small positive contribution (2—-3 hPa)
to the deepening of the superstorm (not shown). Thus,
we may ignore the impact of the surface characteristics
on the surface development.

While the diabatic heating plays an important role in
producing the more rapid deepening of the surface cy-
clone, it does not seem to be the driving parameter in
determining the rapid development, since the NON cy-
clone, having an initial intensity and a track similar to
the NOS cyclone’s, does not exhibit such a deepening
tendency. In particular, the more rapid deepening ten-
dency also occurs in the absence of the diabatic heating,
as can be seen by comparing the two dry runs between
CTLD and NOSD. Although the final intensity in the
two dry runs happens to be nearly the same, the NOSD
cyclone deepens at arate much faster than that in CTLD
owing to their different initial intensities (Fig. 4). This
suggests that the more rapid deepening tendency should
be discussed in the context of dry dynamics. Specifi-
cally, the absence of the southern trough allows the
northern one to propagate faster toward the surface
cyclone center, as mentioned previously, thereby facil-
itating the vertical coupling of cyclonic vorticity and
the spinup of the surface cyclone.

To substantiate the above point, we apply the static

FiG. 7. The 24-h precipitation accumulation (mm) ending at 36 h
for (@) CTL and (b) NOS runs.

piecewise PV inversion technique to the 6-hourly model
outputs of the CTL and NOS integrations. First, thetotal
PV perturbations are partitioned into the following four
components. (i) the stratosphere-related PV perturba-
tions (Q,), (ii) the lower-tropospheric PV perturbations
associated with condensational heating (Q,), (iii) the
effective lower boundary (6;), and (iv) the remaining
interior PV perturbations that are not included in the
above three components (Q,). See Part | for a detailed
description of the PV partitioning. Contributions of each
component to the 1000-hPa geopotential height at the
cyclone center are then calculated. As shown in Table
2, al contributions in the two runs increase with time,
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TABLE 2. The absolute (dam) and relative (%) contributions of various PV anomalies to the 1000-hPa height at the center of the surface
cyclone from expts CTL and NOS.

Q, dam Q, dam Oy dam
(%) (%) (%) Q Total

Day/h CTL NOS CTL NOS CTL NOS CTL NOS CTL NOS

12/12 —-11.0 —-3.8 —-6.0 —-5.2 —10.4 —11.0 10.9 11.4 —-17.1 —8.6
(40.1) (20 (21.9) (26) (37.9) (55)

12/18 —-12.2 =53 -6.3 —-4.5 —14.3 —-12.4 15.2 12.9 —17.8 —-9.2
(37.2) (24) (19.2) (20) (43.6) (56)

13/00 —-19.1 —-11.7 —10.3 -7.0 —18. —14.9 251 18.9 —-23.0 —14.7
(39.7) (35) (21.4) (21 (38.9) (44)

13/06 —27. —20.2 —-13.4 —10. —18. —135 315 22.6 =277 —21.1
(47.0) (46) (22.6) (23) (30.4) (31)

13/12 —39.0 —-32.2 —-16.4 —15. —19. —16.3 41.7 319 —33.1 —31.7
(52.1) (51) (21.9) (24) (25.9) (26)

13/18 —47.3 —44 —16.7 -21. —26. —25.2 52.7 45.6 —37.4 —44.8
(52.5) (49) (18.5) (24) (29.0) (28)

14/00 —53.4 —52.2 —19.2 -21. —28. —31.8 60.3 56.2 —40.8 —49.5
(53.0) (49) (19.1) (21 (27.9) (30)

which is consistent with the rapid development of the
cyclones. Because of the removed southern trough, the
magnitude of the upper-level dry PV and its contribution
to the surface cyclone are reduced by over 60% in the
first 12-h integration. Moreover, due to the southeast-
ward acceleration of the northern trough in the absence
of the southern one, the Q, contribution in NOS catches
up quickly with that in CTL, reaching —522 m as com-
pared to —534 m by the end of the 36-h integration.
Similarly, both the Q,, and 6, contributions in NOS,
starting with smaller magnitudes, grow more rapidly
with time than those in CTL. As a result, the net con-
tribution of all the PV anomalies to the cyclogenesisin
NOS increases from —86 m to —495 m (a net increase
of —409 m), whereas in CTL it only increases from
—171 m to —408 m (a net increase of —237 m). The
net increase for the NOS cyclone nearly doubles the
CTL one. In terms of the relative importance, the upper-
level forcing (Q,) in NOS (from —38 to —522 m) plays
a more important role in the surface cyclogenesis than
that in CTL (from —110 to —534 m).

To help relate the above PV-inverted contributions to
the deepening of the storm shown in Fig. 4, the 6-h rate
of these contributions given in Table 2 is presented in
Fig. 8, which shows essentially the contributions of the
various PV anomalies to the cyclone's average deep-
ening rates from NOS and CTL. It is evident that the
net contribution to the rate of height fall of the NOS
storm is consistent with the deepening rate inferred from
Fig. 4. An examination of the individual contributions
in NOS reveals that the upper-level perturbations (Q,)
contribute the most, followed by the lower-level thermal
advection (6;) and diabatic heating (Q,). The rate of
changes also shows more significant differences in all
the PV contributions after the 15-h integration between
CTL and NOS.

d. Sensitivity to the doubling of the northern and
southern troughs

When either the northern (DON) or the southern
(DOS) trough is doubled in intensity, it affects little the
cyclone tracks except that the DON (DOS) cyclone
moves relatively faster (slower) than the CTL one (not
shown). Although the initial central pressures of the
DON and DOS cyclones are reduced by nearly the same
amount (i.e., 10 hPa; see Figs. 1i,j), they experience
quite different deepening. Specifically, the DON cy-
clone deepens at a rate faster than that of CTL and its
solution tends to converge toward the CTL one, whereas
the DOS cyclone spins up very slowly; its rate is even
slower than that in CTL (see Figs. 9 and 10). It is easy
to understand why doubling the northern trough would
give rise to a stronger surface cyclone. But one would
wonder why the same scenario does not occur with the
DOS cyclone if the trough-merger mechanism proposed
by Gaza and Bosart (1990) is operative. This issue can
be addressed in the context of the upper-level vortex—
vortex lateral interactions as well as their vertical in-
teractions. That is, doubling the southern trough tends
to slow further the eastward progression of the northern
trough (see Figs. 5g,h), thereby leading to the decreased
coupling with and the reduced deepening of the cyclone
compared to that in CTL. Therefore, doubling the south-
ern trough only produces a deeper cyclone at the initial
time, but it does not favor the subsequent deepening of
the cyclone.

In contrast, doubling the northern trough tends to ad-
vect the PV anomaly associated with the southern trough
faster toward the surface cyclone, and increase its in-
fluence on the cyclogenesis through advection by the
large-scale background flow. Thus, both processesfavor
the generation of astronger cyclone. Theresults confirm
the conclusions obtained in Part | and the foregoing
subsections that the northern trough is more crucial to
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boundary anomaly 6, and (€) the remaining PV anomaly Q, for CTL
(thick lines) and NOS (thin lines).

the present cyclone development, and the southern
trough only plays a role in organizing the cyclonic cir-
culations during the incipient stage.

6. Summary and conclusions

In this study, the relative importance of two upper-
level troughs in the development of the superstorm of
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March 1993 is further investigated, following the static
PV analysis given in Part |, by considering their indi-
vidual impacts as an initial-value problem. To provide
aclean isolation of various PV anomalies, the piecewise
PV inversion is used to produce the balanced wind and
mass fields associated with the troughs. This approach
appears to be more readlistic than any other techniques
in the literature for performing this type of sensitivity
experiments. By removing or changing the intensity of
the troughs in the model initial conditions, the RFE
model isintegrated to examine theimpact of each trough
on the storm development.

It is found that the advections of the northern and
southern troughs toward the cyclone are important to
the surface cyclogenesis. Without the northern trough,
the advection of the southern trough toward the cyclone
decreases and the surface development is severely im-
peded. With the doubling of the northern trough, the
advections of both the southern trough by the northern
PV anomaly and the northern trough by the background
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Fic. 10. Asin Fig. 8a but for CTL, DON, and DOS runs.
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flow increase and the surface cyclogenesis is enhanced.
However, the doubling of the southern trough slows the
eastward progression of the northern trough, giving rise
a reduced deepening rate of the cyclone. Of interest is
that a stronger cyclone devel opsin the case of removing
the southern trough. Most of the above results confirm
the findings based on the static PV inversion in Part I.
Of further interest is that despite the pronounced model
sensitivity to the intensity of the superstorm, the large
changes in perturbations do not affect significantly the
track of the storm, indicating the importance of the back-
ground flow in determining the storm’s track. In con-
clusion, we may state that in the present case the north-
ern trough is instrumental in the rapid development of
the superstorm, because it is stronger, and more im-
portantly, it tends to be better coupled with the surface
disturbance than the southern counterpart, especially
when the southern trough were absent. The southern
trough plays an important role only in the initial or-
ganization of the cyclone. The results indicate that in
some trough-merger cases the short-wave vortex—vortex
interaction does not necessarily lead to the devel opment
of amore intense surface cyclone. Of course, more case
studies of trough mergers along this line have to be
performed before the above conclusions can be gener-
alized.
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