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ABSTRACT

The tracks of all 42 tropical cyclones (TCs) passing over the south-central Appalachians from the east or
west during 1850-2011 are found to be continuous. By estimating the basic-flow and vortex Froude numbers,
and the basic-flow and vortex Rossby numbers (U/Nh, V ../ Nh, U/fL,, and V,,../fR, respectively; where U is
the basic-flow speed, V.« is the maximum tangential wind speed, N is the buoyancy frequency, 4 is the
mountain height, fis the Coriolis parameter, R is the radius of cyclone center to Viax, and L, is the mountain
width), from the hurricane reanalysis data, the lack of track discontinuity is explained by weaker blocking
associated with lower mountains. The track discontinuity is found to be mainly controlled by V,../Nh and
Vmax/fR (greater than 1.5 and 4.0, respectively), and less sensitive to U/Nh and U/fL,, consistent with a
previous study. It is hypothesized that stronger blocking associated with weaker near-surface tangential winds
of extratropical cyclones tends to make their tracks across the Appalachians discontinuous. This hypothesis is
verified by investigating 13 heavy snowstorms with discontinuous tracks during 1950-2003. The present results
show that all V,,,./Nk fall below 1.5 and all Vy,,/fR fall below 4.0. To help understand the dynamics asso-
ciated with orographic blocking, the 2-5 February 1995 snowstorm is simulated by a numerical model. The
simulated results indicate that the upstream V,../Nh and V,.,/fR are indeed less than 1.5 and 4.0, re-
spectively. Therefore, it is concluded that track discontinuity of a cyclone passing over a mesoscale mountain
is mainly controlled by strong orographic blocking as measured by lower vortex Froude number (i.e., Viax/Nh)
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and/or lower vortex Rossby number (i.e., Vipax/fR).

1. Introduction

Floods that occur during the fall season over the
Appalachians in the United States are in most cases the
result of enhanced heavy rainfall from hurricanes. This
observation is consistent with floods resulting from the
passage of typhoons over the Central Mountain Range
(CMR) in Taiwan (Lin 2007). Strong orographic lifting
is often observed over windward slopes resulting in en-
hanced rainfall and catastrophic flooding. For example,
Hurricane Camille (1969) dumped up to 686 mm of
rainfall in one location in 12h along the slope of the
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Appalachian Mountains in central Virginia (Schwarz
1970). Similarly, on 16 September 2004 in Macon
County, North Carolina, Hurricane Ivan produced a
debris flow causing five deaths and two injuries along
with the destruction of 16 buildings (Stewart 2005).
During the 2004 hurricane season, the total damage
from hurricanes was estimated to be $45 billion in the
United States (Franklin et al. 2006). Some of those
damages were related to flash flooding caused by heavy
orographic rainfall. The distribution and location of
maximum rainfall associated with tropical cyclones
(TCs) that pass over mountains are highly sensitive to
the TC tracks [Atallah and Bosart (2003); Atallah et al.
(2007); Lin et al. (2005, hereafter L0S); Lin (2007)].
Looking at the rainfall maps of storms from the National
Climatic Data Center (NCDC), it is clear that different
tracks produce different rainfall patterns. To improve
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FIG. 1. Track categories (a) A, (b) B, (c) C, and (d) D with topography (m MSL; shaded) proposed by Harville (2009).

the prediction of TCs passing over a mesoscale moun-
tain range, it is vital to understand the dynamics of the
TC track continuity and deflection.

Approximately 3200 km long and up to 480 km wide,
the Appalachian Mountains extend from eastern Canada
to central Alabama and feature ridges, valleys, and pla-
teaus. They are oriented from southwest to northeast with
the highest peak of 2037m at Mount Mitchell, North
Carolina. During the hurricane season, from 1 June to
30 November between 1950 and 2001, there was on av-
erage one tropical cyclone per year that crossed over
the Appalachians (Hart and Evans 2001). A significant
number of TCs passing over the northeastern United
States pass over the Appalachians. Harville (2009) clas-
sified the TC tracks over the Appalachians into four types
(Fig. 1): (i) type A, approximately perpendicular to the
mountains from east to west; (ii) type B, parallel to the
eastern side of the mountains; (iii) type C, parallel to
the western side of the mountains; and (iv) type D, similar
to type A, but from west to east. In this study, we in-
vestigate all TCs passing over the mountains from the
east, including type A, and all TCs from the west in-
cluding type D, regardless of whether they are perpen-
dicular to the mountains or not.

The orographic influence on track continuity and de-
flection for TCs passing over mountain ranges, such as

Taiwan’s CMR, has been extensively studied. According
to Wang (1980), TCs crossing the CMR had either a
continuous or a discontinuous track. Typhoons with
discontinuous tracks are normally defined as having two
or more secondary low-level pressure centers that form
over the lee side of the CMR when the parent cyclone is
approaching (Chang 1982; Lin et al. 1999; Wang 1980;
Wu and Kuo 1999). In this study, since both tropical
cyclones and extratropical cyclones (ETCs) are being
considered, the above definition seems to be too strict;
thus, a discontinuous track is redefined as a cyclone
whose mean sea level pressure (MSLP) center disap-
pears over a mountain range for 6-12 h, only to reappear
on the lee side. When the mid- to upper-tropospheric
cyclonic circulation associated with the cyclone passes
over the mountain and is in phase with one of the sec-
ondary vortices that developed within a lee trough, the
surface vortex can develop further into a TC (Chang
1982; Wang 1980). In this study, we are interested in
exploring the track deflection and discontinuity for TCs
passing over the Appalachians that have a different
geometry from the CMR.

Track discontinuity may occur as a result of the oro-
graphic blocking on the cyclone. When a westward-
moving cyclone approaches a mountain, the topography
affects the cyclone’s basic-flow speed U and maximum
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wind speed of the TC vortex V., causing it to deflect
either northward or southward. When the blocking is
very strong, a lee cyclone may form and develop further
to replace the parent cyclone when the upper-level cy-
clone passes over the mountain. This will result in a
discontinuous track (LO5; Lin 2007). LO5 proposed
a conceptual model with three different regimes for
a cyclone vortex passing over a mesoscale mountain
range: (i) weak blocking, when the cyclone is slightly
deflected northward upstream of the mountain range
with continuous track; (ii) moderate blocking, when
the cyclone is deflected northward upstream of the
mountain range and the secondary vortex forms to the
southwest of the mountain range; and (iii) strong
blocking, when the cyclone is deflected southward and
the secondary cyclone is located to the northwest of
the mountain range. The conceptual model proposed by
LO05 is explained by the local vorticity tendency, which
is dominated by the vorticity advection and vorticity
stretching while the cyclone is crossing over a mesoscale
mountain range [Lin et al. (1999); LO5; see Lin and
Savage (2011) for a detailed vorticity budget analysis].
Note that the term blocking in this study refers to
“orographic blocking” and not to the term blocking
normally used in synoptic meteorology.

Based on previous idealized and real-case numerical
simulations and observational analyses of typhoons
passing over Taiwan’s CMR, L0O5 demonstrated that
track deflection and continuity are controlled by several
major nondimensional parameters. These include the
basic-flow Froude number (U/Nh), vortex Froude
number (V,.x/Nh), basic-flow Rossby number (U/fL,),
vortex (Lagrangian) Rossby number (Vy../fR), and
mountain steepness (h/a). Here, U is the speed of the
basic or steering flow perpendicular to the mountain
ridge, Vinax 1S the maximum wind speed of the TC vor-
tex, NV is the Brunt—Viisild frequency, R is the radius of
Viax, f 18 the Coriolis parameter, L, is the mountain
scale in the x direction or facing downstream of the basic
flow, h is the mountain height, and a is the horizontal
scale of the mountain in the basic-flow direction. De-
tailed descriptions of these nondimensional control pa-
rameters can be found in LO5 (see their Fig. 2) and in Lin
(2007). LO5 concluded that a cyclone experiences less
(more) deflection and its track becomes continuous
(discontinuous) with a combination of larger (smaller)
values of Viax/Nh, Vinax/fR, U/Nh, and U/fL,, and
smaller (larger) values of A/L,. In addition, they found
that track continuity is mainly controlled by Vi,../Nh
and is less sensitive to other parameters, such as V ,,./fR,
U/Nh, and U/fL,. Although V,../fR was not included
as a control parameter for TC track discontinuity in L05, a
close look at their Fig. 3b shows that V,,,./fR < 4.0 may be
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FIG. 2. Five representative ETCs that exhibited redevelopment
across the Appalachians (solid lines; O’Handley and Bosart 1996).
The heavy dashed lines represent an approximated mean of all
primary and secondary cyclones. The thin dashed line denotes an
interpolated mean track of the primary cyclones without the
orography effect. The shaded areas denote the smoothed topo-
graphical contours of 300 and 600 m MSL.

used as a criterion for track discontinuity (except with
case 14). As a result, we propose to examine whether
Vimax/fR can be used as another controlling parameter
for discontinuity, in addition to Vy,,/Nh. Even though
these control parameters have enhanced our un-
derstanding of the dynamics of track deflection and
discontinuity, it is not clear whether they are applicable
to other mountain ranges with differences in size and
topography.

In this study, we hypothesize that the track disconti-
nuity of TCs over the Appalachians is controlled by
smaller Vi,.«/Nh and V,./fR and is less sensitive to
other parameters. Because of the fact that the Appala-
chians are a lower-elevation mountain range, compared
to Taiwan’s CMR, the storm tracks should be more
continuous. This hypothesis will be tested by estimating
and comparing the relative magnitudes of V,,../Nh,
Vimax/fR, U/Nh, and U/fL, based on observed TCs
passing over the Appalachians. This will help us de-
termine whether a threshold of track discontinuity, such
as Vinax/Nh = 1.5 and V,./fR = 4.0 as found in LOS, is
applicable to the Appalachian cases.

In addition to TCs, O’Handley and Bosart (1996)
found that among the ETCs that produced snowstorms
in winter and approached the Appalachians from
the west or southwest, 70% featured a primary cyclone
west of the mountains accompanied by a new secondary
cyclone that developed concurrently on the lee side.
Approximately 79% of these secondary cyclones re-
developed further into major cyclones over the Atlantic
Ocean (Fig. 2). Kocin and Uccellini (2004a,b; hereafter
KUO4a,b) also found that approximately 50% of the
heaviest snowstorms affecting the northeastern urban
corridor between the years 1950 and 2003 are also
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accompanied by the redevelopment of a secondary cy-
clone near or along the coastline as soon as the storm
was west of the Appalachians. Additionally, the S00-hPa
vorticity maximum moved continuously toward the East
Coast. Following LO0S5, we hypothesize that stronger
blocking associated with the weaker near-surface tan-
gential winds of extratropical cyclones tends to make
their tracks discontinuous across the Appalachians. This
hypothesis will be tested by investigating 13 extra-
tropical cyclones, which produced heavy snowstorms
during the period 1950-2003 and whose tracks are all
discontinuous. Note that the reformation of a low on the
lee side of a mesoscale mountain range, such as the
Appalachians, Rockies, or Alps, may develop into a lee
cyclone during the passage of an extratropical cyclone.
Based on classical lee cyclogenesis theories, this type of lee
cyclogenesis may be explained by vorticity stretching as-
sociated with the earth’s rotation (fow/dz), where w, z,
and { are the vertical velocity, height, and vertical vorticity,
respectively, or a preexisting vorticity ({ow/dz) [e.g., see
reviews in Pierrehumbert (1986), Smith (1979), and Lin
(2007)]. The Weather Research and Forecasting (WRF)
Model (Skamarock et al. 2008) tested this hypothesis
with a simulation of the 2-5 February 1995 snowstorm.

This paper is organized as follows. Section 2 will fea-
ture climatology of the hurricane cases and test the hy-
pothesis that the lack of track discontinuity for TCs
passing over the Appalachians is mainly due to larger
Vimax/Nh and V. /fR while being less sensitive to U/Nh
and U/fL,. In section 3, we will test the second hypoth-
esis on track discontinuity of ETCs passing over the
Appalachians using cases studied by KU0O4a,b. Section 4
will include the simulation of a discontinuous track case
using the WRF Model as well as an investigation of the
aforementioned control parameters. The summary and
conclusions can be found in section 5.

2. Climatology for TC track continuity over the
south-central Appalachians

All of the TCs from 1851 to 2011 that have impinged on
the south-central Appalachians from both the east and
west sides of the mountains as explained in the in-
troduction (types A and D) are examined using the At-
lantic hurricane database (HURDAT). Among them, 34
TCs belonged to type A and 8 belonged to type D. We are
particularly interested in the fact that all of their tracks
are continuous. Track details of 16 selected type A and all
8 type D cases can be found in Figs. 3 and 4, respectively.

Based on our hypothesis, track discontinuity is dom-
inated by smaller Vi,./Nh and V,.,/fR values while
being less sensitive to U/Nh and U/fL,. To test this hy-
pothesis, Vi.x/Nh, Vio./fR, U/Nh, and U/fL, are
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calculated (Table 1). For simplicity, we used average
values of h = ~1.2km, L, = ~480km, f = ~0.84 X
10~*s™ !, and N = ~0.01s~ ' (Tables 1 and 2). HURDAT
is used to calculate the basic wind speed, which is used to
approximate the storm’s propagation, V.., and R (the
radius of Vy,). Note that wind radii data for R are
available in HURDAT starting at 2004, so R for Hugo
(1989) and Isabel (2003) are from our simulated data. The
perpendicular component of the basic-flow speed of the
storm is used for the calculation of the control parame-
ters. Special care is taken to ensure that both speeds are
recorded at a time when the storm had fully developed
but had not yet encountered the mountainous Appala-
chian topography. We accomplished this by drawing a
line along the western (eastern) border of the Appala-
chians and another line parallel and 200km to the
northwest (northeast). This removed the possibility of
any appreciable effects between the storm circulation and
mountain topography as the eyewall and the significant
portion of outer circulation are located within a 200-km
radius.

The values for V,.x/Nh, UNh, V../fR, and U/fL, are
plotted in Fig. 5. The year-to-year variations of U/Nh
and V ./ Nh are shown in Figs. 5a and 5b, respectively,
while the relationship of U/Nh versus Vi,.x/Nk is shown
in Fig. 5c and U/fL, and V,./fR versus V,,./Nh are
shown in Figs. 5d and Se, respectively. Figures 5b, Sc, 5d,
and 5Se indicate that V,,,/Nh is greater than 1.5 for all
cases. Note that for stratified fluid flow, a Froude num-
ber is considered to be large when it is greater than 1.12.
This is because the flow belongs to the regime of flow
over a mountain [Miles and Huppert (1969) and Lin and
Wang (1996); see Lin (2007) for a brief review]. These
results are consistent with our hypothesis because all
cases have continuous tracks (Figs. 3 and 4) even though
the topographic features, such as the height, steepness,
and size of the Appalachians, are completely different
from those of the CMR. In particular, the threshold for
track continuity, Vi./Nh > 1.5, coincides with the
findings of LO5 for TCs passing over Taiwan’s CMR. In
Fig. Se, all Vi,./fR values are above 4.0 for the four
continuous TC cases, with the exception of Arlene (2005).
This result is also consistent with Fig. 3b in LO5 if case 14
out of the 5 cases with continuous tracks is neglected,
although it was not stated in their conclusion. Note that
U/fL, varies from 0.03 to 0.38 in Fig. 5d, while U/Nh varies
from 0.05 to 0.9 in Figs. 5a and 5c, indicating that track
continuity is neither sensitive to U/Nh nor U/fL,.

In summary, based on Table 1 and Fig. 5, all vortex
Froude numbers estimated from the 1851-2011 hurricane
tracks give Vin./Nh > 1.5 and the vortex Rossby number
estimated for a limited number of TC cases whenever the
data of R was available gives V,../fR > 4.0. Thus, the



DECEMBER 2015

1893 #9
i b

_1953#3

1996 #6 Fran

ROSTOM AND LIN

1433

1906 #5

FI1G. 3. Sixteen selected tracks of TCs impinging on the Appalachians from the east (denoted as type A) for the period 1851-2010
from HURDAT.

above numbers support the hypothesis proposed earlier
since all 1851-2011 hurricane tracks are continuous. This
result will be further confirmed in sections 3 and 4 for
ETC cases. Note that the nondimensional steepness
control parameter (h/L,) has a small value (~0.0038),
indicating that blocking is weak for all cases of types A
and D. Figure 5 indicates that cyclone track continuity is
controlled by Vy../Nh and Vi../fR. Furthermore, we
also found that track continuity is less sensitive to the
basic-flow Froude number (U/Nk) and the basic-flow
Rossby number (U/fL,) (Figs. Sa,c,d).

3. Application of track control parameters of TCs
to extratropical cyclones

Approximately 70% of ETCs exhibited a discontinu-
ous track over the Appalachians (O’Handley and Bosart
1996) and 39% of the heaviest snowstorms from 1950 to
2003 experienced redevelopment paths (KUO4a,b). A
redevelopment path is defined as the path or track of the

storm redeveloped from the lee side. Since none of the
TC cases displayed discontinuity and there are many
discontinuous cases with midlatitude cyclones, the
above study is extended to include ETCs as well. Based
on LO5 and section 2, we hypothesize that stronger
blocking associated with weaker near-surface tangential
winds of extratropical cyclones tends to make their
tracks across the Appalachians discontinuous. We hy-
pothesize further that track continuity is mainly con-
trolled by Vi./Nh and Vi,./fR, while being less
sensitive to U/Nh and U/fL,. This hypothesis will be
tested by estimating the nondimensional control pa-
rameters Viax/Nh, Viax/fR, U/Nh, and U/fL, of past
ETC events documented in KU04a,b and in a real-case
numerical simulation.

Given the lack of raw data for ETCs and their tracks,
we decided to use data from KUO4a,b to calculate the
control parameters and test our hypotheses. KU04a,b in-
vestigated the 30 heaviest snowstorms affecting the NE
urban corridor, out of 115 of the most widespread and
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FIG. 4. All eight tracks of TCs impinging on the Appalachians
from the west (denoted as type D) for the period 1851-2010
from HURDAT.

significant snowstorm events from 1950 to 2003. Out of
these 30 snowstorms, 13 experienced track discontinuity
and are categorized as ‘““Atlantic redevelopment paths”
by KU04a,b (Fig. 6). They are similar to the type B cy-
clones of Miller (1946). After performing our own cate-
gorization of track types (Fig. 1), no ETCs of type A are
found since all of the storms approached the Appala-
chians from the west. Additionally, none of the type D
storms are continuous. From the 13 discontinuous cases,
8 satisfied our type D definition and are chosen for our
study (Fig. 7). The storm speed is estimated by dividing
the distance the storm traveled by the time it took to
cover it. As with the TC cases, only the component
perpendicular to the Appalachian mountain range is
used. For the estimation of Vi, two approaches are
taken: one using the average of the total wind and the
other using the maximum value of the total wind. This is
because we need the maximum tangential wind speed of
the storm at a location where the storm has not yet en-
countered the mountain topography.
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Since the minimum MSLP varies in different cases, it
is difficult to find one value and calculate the maximum
wind around it. As mentioned earlier, this value is found
by drawing a line along the western (eastern) border of
the Appalachians and a parallel line 200km to the
northwest (northeast), thus ensuring that no appreciable
effects occur from the mountain topography on the
storm’s circulation. In addition, because the total wind
includes both the tangential wind speed and the storm’s
moving speed, calculating both values will give a better
estimate of the real tangential wind speed. This is done by
taking the average at two levels, 1000hPa and o = 0.85
(or, say, the 850-hPa level upstream over the plain area),
and allowed us to estimate the vortex Froude number
(Vmax/Nh) and the vortex Rossby number (V,,x/fR).

The estimated control parameters (for the second
approach) are presented in Table 2, which shows that
Vmax/Nh varies from (.75 to 1.25. In the first approach,
where total wind is averaged, the V,.,/Nh values are
even smaller, ranging from 0.63 to 0.92. In other words,
for both approaches, the range of V,,,/Nh falls below
Vimax/Nh = 1.5, as proposed in LO5, thus verifying our
hypothesis. The estimated Vi, /fR falls below 4.0, the
threshold proposed in section 2. On the other hand, U/Nh
varies from 0.13 to 0.96, and U/fL, varies from 0.06 to 0.43,
indicating that there is no particular critical value found to
distinguish between the continuous and discontinuous
track cases. This is also consistent with TC cases and the
theory of LOS, as is clearly shown in Fig. 8. Therefore, the
theory of LO5 applies to both TC and ETC tracks, and
Vimax/fR and V .../ Nk can serve as control parameters for
discontinuity for both TC and ETC tracks.

The lack (abundance) of discontinuous tracks for TCs
(ETGs) is related to the fact that a TC (ETC) has a warm
(cold) core. A warm-core cyclone has its maximum cy-
clonic winds near the surface because the thermal wind
blows in the opposite direction of the tangential wind.
The cyclonic wind is then weakened at higher levels as
required by the thermal wind relation. In contrast, a
cold-core cyclone, such as an ETC, has its tangential
wind and thermal wind blowing in the same direction.
As a result, the cyclonic tangential wind increases with
height. This leads to the strongest winds being on the
surface of the TC and gives larger Vi,.x/Nh and Via/fR
values. Physically, this means that a TC has more kinetic
energy and latent heat to overcome the potential energy
barrier, that is, the blocking, of the mountain. On the
other hand, a weaker basic and tangential wind associ-
ated with an ETC near the surface gives smaller values
for Viax/Nh and V,,./fR. This means that the ETC has
less energy to overcome the blocking or potential energy
barrier associated with the mountain, thus making the
track more likely to be discontinuous.
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TABLE 1. Perpendicular components of the basic wind speed and the max tangential wind speed from HURDAT for the period 1851-
2011 used to estimate the basic-flow Froude number, the vortex Froude number, the basic-flow Rossby number, and the vortex Rossby

number for track types A and D.

Year Date Name U(ms™) Vimax (ms™ 1) R (10°>m) Voo NI Vinaxl R U/Nh U/fL,
1876 12-19 Sep — 10.2 335 — 2.8 — 0.85 0.38
1878 1-13 Sep — 7.8 40.2 — 34 — 0.65 0.29
1885 10-14 Oct — 4.2 31.3 — 2.6 — 0.35 0.16
1888 14-24 Aug — 1.9 48.6 — 4.1 — 0.16 0.07
1893 25 Sep-15 Oct — 33 53.6 — 45 — 0.28 0.12
1896 4-12 Jul — 0.9 41.1 — 34 — 0.07 0.03
1896 22-30 Sep — 4.4 52.0 — 43 — 0.36 0.16
1898 25 Sep-6 Oct — 3.7 56.4 — 47 — 0.31 0.14
1901 11-15 Jun — 4.6 17.9 — 1.5 — 0.38 0.17
1901 2-18 Aug — 0.6 39.1 — 33 — 0.05 0.02
1901 21 Sep-2 Oct — 2.9 20.7 — 1.7 — 0.24 0.11
1902 21-29 Jun — 1.1 18.3 — 15 — 0.10 0.04
1903 12-17 Sep — 5.0 39.7 — 33 — 0.42 0.19
1906 8-14 Jun — 2.0 224 — 1.9 — 0.16 0.07
1906 3-18 Sep — 55 40.2 — 34 — 0.46 0.20
1906 19-30 Sep — 3.8 51.4 — 43 — 0.32 0.14
1911 23-31 Aug — 3.5 402 — 34 — 0.29 0.13
1915 31 Aug-6 Sep — 4.4 40.2 — 3.4 — 0.36 0.16
1926 22-31 Jul — 2.1 52.0 — 43 — 0.17 0.08
1928 6-21 Sep — 4.6 57.0 — 4.7 — 0.38 0.17
1932 26 Aug—4 Sep — 4.6 313 — 2.6 — 0.39 0.17
1932 18-21 Sep — 1.6 24.6 — 2.0 — 0.13 0.06
1940 5-15 Aug — 33 37.4 — 3.1 — 0.28 0.12
1950 1-9 Sep Easy 22 50.9 — 42 — 0.19 0.08
1953 29 Aug-3 Sep — 3.4 2.4 — 1.9 — 0.28 0.13
1954 5-18 Oct Hazel 8.2 58.7 — 49 — 0.69 0.31
1955 3-15 Aug Connie 3.0 41.9 — 35 — 0.25 0.11
1957 25-29 Jun Audrey 0.9 54.8 — 4.6 — 0.08 0.03
1959 20 Sep-2 Oct Gracie 3.4 542 — 45 — 0.28 0.13
1965 27 Aug-13 Sep Betsy 0.8 56.4 — 4.7 — 0.07 0.03
1968 22-26 Jun Candy 32 23.1 — 1.9 — 0.26 0.12
1969 14-22 Aug Camille 1.4 84.0 — 7.0 — 0.12 0.05
1970 19-23 Jul Becky 1.7 29.1 — 24 — 0.14 0.06
1979 9-16 Jul Bob 2.4 31.3 — 2.6 — 0.20 0.09
1989 10-25 Sep Hugo 6.5 51.4 74 43 8.3 0.54 0.24
1994 14-19 Aug Beryl 0.8 17.9 — 1.5 0.07 0.03
1995 31 Jul-6 Aug Erin 2.5 35.8 — 3.0 — 0.20 0.09
1996 23 Aug-10 Sep Fran 3.9 51.4 — 43 — 0.32 0.14
1999 24 Aug-8 Sep Dennis 2.2 24.6 — 2.0 — 0.18 0.08
2003 6-20 Sep Isabel 4.0 47.8 124 4.0 4.6 0.33 0.15
2005 8-14 Jun Arlene 3.1 20.1 150 1.7 1.6 0.26 0.12
2005 4-13 Jul Dennis 5.0 47.8 97 4.0 5.9 0.42 0.19

4. A numerical modeling study of an extratropical
cyclone passing over the Appalachians

Based on the eight type D discontinuous cases of the 30
heaviest snowstorms from 1950 to 2003 as discussed in
KU04a,b, a typical case, the 3-5 February 1995 snowstorm
(also referred to as Feb95), has been chosen to help un-
derstand the dynamics associated with orographic blocking.

a. Numerical experimental design

Version 3.4 of the WRF Model is adopted for the
simulation. The WRF Model is a fully compressible,

three-dimensional, nonhydrostatic model that uses
terrain-following vertical coordinates. The governing
equations of the WRF Model are written in flux form
with conserved mass and dry entropy. In this study, the
Runge—Kutta third-order time scheme and the third-
and fifth-order advection schemes are chosen for the
horizontal and vertical integrations, respectively. The
simulation domain contains 160 X 120 grid points with a
36-km horizontal grid resolution (Fig. 9a). The vertical
grids are stretched from the surface to the top of
the model with a total of 28 levels and the lateral
boundaries are kept far from the study area. Feb95 is
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TABLE 2. Perpendicular components of the basic wind speed and the max tangential wind speed from KU04a,b for the 8 cases impinging
from the west (type D) out of the total of the 30 heaviest snowstorms affecting the northeastern United States for the period 19502003 are
used to estimate the following: the basic-flow and vortex Froude numbers, and the basic-flow and vortex Rossby numbers.

Year Date U(ms™) Vinax (ms™ 1) R (10°>m) V oo/ NI U/Nh U/fL, Vinax! R
1956 18-20 Mar 10.0 13.0 445.0 1.08 0.83 0.37 0.35
1960 10-13 Dec 1.0 13.0 345.0 1.08 0.32 0.14 0.45
1961 2-5 Feb 0.7 14.0 326.0 1.17 0.22 0.10 0.51
1964 11-14 Jan 0.6 13.0 291.5 1.08 0.19 0.09 0.53
1969 8-10 Feb 35 16.0 399.9 1.33 0.59 0.26 0.48
1978 5-7 Feb 11.6 12.0 528.0 1.00 0.96 0.43 0.27
1982 5-7 Apr 0.1 15.0 306.4 1.25 0.13 0.06 0.58
1995 3-4 Feb 0.9 16.0 4493 1.33 0.29 0.13 0.42

initialized by the GFS model data of KUO4a,b at
0000 UTC 3 February and integrated to 1800 UTC
5 February with data being output every 3h. The time
interval is 180s. The following model physics parame-
terization or representation schemes are chosen for the
present simulation:

o Kain—Fritsch cumulus parameterization scheme,

« WRF single-moment 6-class microphysics scheme
(WSM6) with graupel,

« Yonsei University (YSU) PBL parameterization scheme,

* Monin—-Obukov surface layer scheme,

« RRTM longwave radiation parameterization scheme,
and

o Dudhia shortwave radiation parameterization scheme.

Details of the above schemes and their relevant references
can be found in the WRF user’s manual (Skamarock
et al. 2008).

b. Simulation results

1) TRACK DISCONTINUITY THROUGH SURFACE
AND UPPER-AIR ANALYSES

The simulated storm is tracked using its minimum
MSLP and by marking the center of the closed isobar, as
shown in Fig. 9a. Based on the observed surface data from
the National Weather Service (Grumm and Michaud
1996) (Fig. 10), Feb95 started when the low pressure
of the parent cyclone was observed at 1200 UTC
3 February over the border of Tennessee and Arkan-
sas. The cyclone moved northeastward through Ken-
tucky while intensifying slowly until it reached eastern
Kentucky and deepened to 1002hPa. At 0300 UTC
4 February, while the cyclone was over West Virginia
and approaching the Appalachians, a new secondary
low started to develop on the lee side of the Appala-
chians near northeastern South Carolina. This sec-
ondary low continued to develop and became a major
storm that ultimately merged with the parent storm.

The parent cyclone continued to move northeastward
to the Virginia coast and deepened quickly to 992 hPa
over eastern Maryland. It continued moving along the
northeastern coast until it reached eastern Maine at
0000 UTC 5 February with a minimum MSLP of 972 hPa.

Our simulation track starts 6h earlier than the ob-
served track and 6 h later than that analyzed by KU04a,b.
Beginning at 1200 UTC 3 February (Fig. 9b), the simu-
lated track is slightly to the northwest of the tracks ob-
served and analyzed by KUO4a,b. Later, the simulated
track is very close to the other two tracks. The minimum
MSLP of the parent cyclone is also well simulated,
showing clearly the discontinuous track across the Ap-
palachians. The minimum geopotential height at the
surface (not shown) can also be used to trace hurricane
track discontinuity, which is consistent with that iden-
tified by the minimum sea level pressure; however, the
MSLP is used in our analysis in order to be consistent
when comparing tracks in HURDAT and KUO4a,b. The
parent cyclone appeared to jump to the lee (eastern)
side where it continued to move northeastward. The
new cyclone’s first appearance is not shown clearly in the
track plot since the marking of the minimum MSLP
closed isobar did not capture the development of the
new cyclone. However, it became more pronounced
after strengthening near the Virginia coast.

The minimum MSLP fields (Fig. 11) clearly display the
new low that developed on the lee side at 0300 UTC
4 February and the two lows that coexisted on both the
upstream and lee sides of the Appalachians. The track
may therefore be considered discontinuous as defined in
LO05 and as described in the introduction. The parent
cyclone, as represented by the 1002-hPa isobar at
0300 UTC 4 February, stretched from the northwest to
southeast of the mountains, indicating that a new cyclone
developed in the northern part of South Carolina. Two
obvious lows of 998 hPa can be seen in West Virginia and
North Carolina 3 h later at 0600 UTC 4 February. In the
southeast, the development of the new cyclone on the lee
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FIG. 5. Application of the parameters in LOS to type A
and D TCs over Appalachians (1851-2011): (a) U/Nh
vs year, (b) Vima/Nh vs year, (¢c) U/Nh vs Viax/Nh,
(d) U/fL, VS Vinax/Nh, and (€) Vinax/fR VS Vinax/Nh. The
lines in (b), (c), (d), and (e) denote the critical values of
Viax/NH = 1.5 and Vo /fR = 4.0.

side of the mountains can be explained by the positive
local vorticity tendency due to vorticity stretching as air
descends from the mountains [e.g., Fig. 3.6 of Lin (2007)
and relevant discussions]. Similarly, the northeastern
movement of the parent cyclone can be explained by the
vorticity stretching of the cyclone’s outer circulation,
which helps the cyclone migrate toward the northwestern
corner. Although the earth’s rotational effect cannot be
ignored in the lee cyclone formation, the relative vorticity
stretching plays a more dominant role. This can be
proven by performing a budget analysis of the following
vorticity equation:

i1 aw ow dv  Iw Ju
2=-V-V/+((+f)——|—————
ot V-V et ) 9z (6)6 daz  dy HZ)
da dp  da Op
—|—==———=) —Bv. 1
(6x dy dy 6x) B M
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The vorticity stretching term consists of the stretch-
ing through relative vorticity [{(dw/dz)] and the
planetary vorticity [f(dw/dz)]. By comparing these
two terms at the lee side where the new cyclone de-
velops, we can determine which mechanism plays a
more dominant role on the formation of the new
cyclone. From the low-level vorticity (not shown)
and from the 500-mb vorticity in Fig. 13 (described in
greater detail below), the average relative vorticity
on the lee side where the new cyclone developed is
~4 X 10~ *s™! whereas the range of the planetary
vorticity is ~0.854 X 10~ *s™!. This indicates that the
stretching through relative vorticity plays a more
significant role and thus is the dominant mechanism
in lee cyclone development.

The simulated 850-hPa geopotential height and vector
wind fields (Fig. 12) are consistent with the results of
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FIG. 6. The discontinuous 13 cases out of the 30 heaviest snow-
storms affecting the northeastern United States for the period of
1950-2003 (KU0O4a,b).

KUO04a,b. By 0300 UTC 4 February, the trough over the
eastern United States deepened and developed into
closed circulation over West Virginia and Ohio, and is
associated with a southerly low-level jet of about
20-30ms !, The storm then went through a rapid
intensification as it moved northeastward along the East
Coast with an intensifying low-level jet of 40-50ms~'.
The WRF-simulated 500-hPa geopotential height and
vorticity fields (Fig. 13) are also similar to those of
KUO4a,b. In the early development stage of the storm,
there is a deepening trough over central North America
with a distinctive vorticity maximum ahead of the trough
axis. As the storm reached West Virginia early on
4 February, the trough amplified into a long wave and
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started to tilt in a negative direction (from southeast to
northwest) after passing the Appalachians, consistent
with the surface low deepening as it moved northward
along the coast. A small disruption in the maximum
vorticity occurred at the 500-hPa level while passing
over the Appalachians, as can be seen at 0300 and
0600 UTC 4 February (Fig. 13). This disruption occurred
during the coexistence of the two surface lows (Fig. 11),
indicating that orographic blocking had impacted the
500-hPa flow fields as well. This disruption is not shown
in the KUO4a,b simulation, which might be due to the
long time interval of 12 h.

Similar to tropical cyclones passing over Taiwan’s
CMR, there is not a significant impact on the 300-hPa
flow fields associated with the ETC of Feb95 passing
over the Appalachians. This resulted in a continuous
track with no disruption (Fig. 14). In addition, the clas-
sical negative (northwestward) tilt between the surface
cyclone and the upper-level troughs (e.g., 500 and
300hPa) simulated by the WRF Model (Figs. 11-14)
indicated that the environment is favorable for ETC
development. The WRF Model is also able to reproduce
another important feature, specifically the deepening of
the 500- and the 300-hPa troughs over the central United
States, a trait common in developing ETCs across the
northeast.

It is well known that another major difference be-
tween an ETC and a TC is that an ETC strengthens
with height in the mid- and upper levels, sometimes
exceeding 300hPa, as a result of the thermal wind
balance responding to its cold core. This can also be
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F1G. 7. The selected tracks of the eight cases that belong to both the ““Atlantic redevelopment paths’ defined by KU04a,b and the type D
track defined in this study.



DECEMBER 2015

1.20 (a)
1.00 .
0.80 *
= 0.60
= *
S 040
- * -
*
0.20 + N
0.00 year
o Yo ‘o Yo Yo o, Lo ‘o Lo Lo~y
SRR R
2.00 (b)
1.50
> *
= . .
£ 100+ * ¢ *
g .
= 0.50
0.00 year
o Yo Yo ‘o Yo. ‘o. ‘o ‘o ‘o ‘o <
o 0 e oy %,

FIG. 8. Results of the application of the parameters of
LO5 to the eight type D cases over the south-central
Appalachians for the heaviest snowstorms affecting the
northeastern United States during 1950-2003: (a) U/Nh
vs year, (b) Vimax/Nh vs year, (¢c) U/Nh vs V. /Nh,
(d) UIfL, VS Vinax/Nh, and (€) Vipax/fR VS Vinax/Nh. The
lines in (b), (c), (d), and (e) denote the critical values of
Vmax/Nh = 1.5 and V,,/fR = 4.0.

clearly seen from the 300-hPa total wind speed fields
(not shown) in which the wind speed reached higher
than SO0ms ™.

2) CALCULATIONS OF CONTROL PARAMETERS
AND OROGRAPHIC EFFECT ON PRECIPITATION

As with the calculation of Froude and Rossby num-
bers earlier, the storm’s moving speed is used as a proxy
for the basic wind speed and is estimated by dividing the
total distances traveled by time for several time steps. To
take into account the effect of moisture, the moist
Froude numbers are estimated (Vina/N,,h and U/Nh),
where N,, = +/(g/6,)(96,/0z) is the unsaturated Brunt—
Viisdla frequency, g is the gravitational acceleration,
and 6, is the virtual potential temperature. We find N,,
to be ~0.0115s ", For two other TC cases (not shown),
N,, was estimated and the results came very close to
0.01s~ ', making our previously used N = ~0.01s !
a reasonable approximation. As a result, the effect
of using the moist Froude number in this case did not
alter the findings of this study. The basic wind speed is
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estimated to be 20.30ms~ !, with the perpendicular

component U = 5.25ms "', thereby giving U/N,,h = 0.38
and U/fL, = 0.2. For the calculation of V,,x, we chose
1500 UTC 3 February as the time before the storm
encountered the orography. At this time the storm is not
far upstream (to the west) and has developed strong
circulation (Fig. 15). As seen in Fig. 15, the closed iso-
bars of 1004 hPa have crossed the line 200 km upstream
from the Appalachians without encountered the orog-
raphy. In the first approach, we averaged the total wind
speed at the surface (1000 hPa) and 850 hPa as described
before to obtain V., = Sms ! at the surface and
Virax = 20m s~ ! at 850 hPa. This resulted in averages of
Vimax = 12.5ms ! and Vya/N,yh = 0.91. In the second
approach, we averaged the maximum tangential wind
speeds at the surface (Viax = 9ms~ ') and at 850 hPa
(Vimax = 19.5msfl) to obtain Vi, = 1425ms™ ' and
VimaNwh = 1.03. The estimated radius of Vi, is
449 km, resulting in V,,,,/fR = 0.38. In both approaches,
the moist vortex Froude number (V,.x/N,h) is below
the threshold of 1.5. The vortex Rossby number is also
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Winter Storm February 3 06Z — 5 18Z, 1995
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FI1G. 9. (a) Simulated storm tracks (dotted in red) from 0600 UTC
3 Feb to 1800 UTC 5 Feb 1995 with min MSLP for every 3 h and
local max vorticity strips at 500 hPa (light blue). (b) The WRF-
simulated track [red, as in (a)], analyzed track by KU04a,b (blue)
from 0000 UTC 3 Feb to 0000 UTC 5 Feb 1995 with data output
every 12 h, and the observed track (purple) from 1200 UTC 3 Feb
to 0000 UTC 5 Feb 1995 (Grumm and Michaud 1996) for every 3 h.
Overlapping red and purple tracks are colored in black. Topogra-
phy is shaded (m MSL). Same starting time labeled with a star at
1200 UTC 3 Feb 1995.

below the proposed threshold of 4.0. Thus, from the
simulation of this discontinuous ETC associated with a
snowstorm passing over the Appalachians and from re-
sults of all the discontinuous cases in the previous sec-
tion, we conclude that a vortex Froude number of 1.5 or
less and a vortex Rossby number of 4.0 may also be used
for determining the track discontinuity for an ETC
passing over a mesoscale mountain. Moreover, we see
that the low vortex Froude number and vortex Rossby
number can be used to represent the strength of oro-
graphic blocking and that the threshold stands for
tropical and extratropical cyclones.

Although the main focus of this study is on track
discontinuity, it is important to investigate what impact
orography has on precipitation, especially when the
storm track is discontinuous. Figure 16 shows the po-
tential temperature 6 and total precipitation (i.e., rain,
snow, and graupel) fields. Precipitation started to form

FIG. 10. The cyclone tracks of the 3-5 Feb 1995 TC showing the
locations, times, and center surface pressure for observed surface
data from the 1200 UTC 3 Feb 1995 forecast cycle (Grumm and
Michaud 1996).

on the windward side when the simulated storm
reached the mountains around 0000 UTC 4 February
(Fig. 16b) and is later advected to the top of the
mountain. Because of the strong downslope winds, the
precipitation that is depleted over the downslope ap-
peared to jump to the east (Fig. 16¢). This type of
jumping behavior is related to the nature of the dis-
continuous track, which is associated with orographic
blocking and lee cyclogenesis. The northern portion of
the precipitation is mainly composed of snow (not
shown) while over the western side of the mountain it is
mainly composed of rain. It appears that the closed
circulation at 850hPa (0300 UTC 4 February) is col-
located with heavy precipitation, mainly composed of
snow (not shown). Thus, the lack of closed circulation
at 850hPa is also an indication of the lack of heavy
precipitation (KUO4a,b). The study of the eight dis-
continuous type D track cases in the previous section
indicates that precipitation was mainly composed of
snow after the storm passed over the mountains. This is
also shown in the snowfall plots of KUO4a,b, although
the relation between the snow distribution and track
discontinuity is not discussed in their storm analysis.
To help understand the dynamics associated with
orographic blocking, the equivalent potential tempera-
ture 0, and total water mixing ratio (excluding water
vapor) fields from Feb95 are analyzed in a vertical cross
section across 37°N (Figs. 17a—d) in order to capture the
orographic blocking of the parent cyclone as it passed
over the Appalachians. The vertical section across 35°N
is used to capture the formation of the new cyclone on
the lee side. The very low basic-flow Froude number,
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shaded) fields of Feb95: (a) 2100 UTC 3 Feb, (b) 0000
(e) 0900 UTC 4 Feb, and (f) 1200 UTC 4 Feb 1995.

U/N,,h = 0.38, indicates that orographic blocking on the
cyclone is very strong. Therefore, this flow pattern be-
longs to the strong blocking regime, as proposed by L05
[also see Fig. 5.37b of Lin (2007)]. The WRF-simulated
0. fields indicate strong blocking over the upslope
(western slope) of the mountains. This is evident from

60w

(dam; red contours), vector wind, and total wind (ms™';

UTC 4 Feb, (c) 0300 UTC 4 Feb, (d) 0600 UTC 4 Feb,

the 6, contours, which are almost vertically bent down
toward the upslope (e.g., see 6, = 295, 300, and 305K in
Fig. 17b). Blocking of this kind is well recognized for
flow over mountains. Such behavior can be seen in the
0 fields [see Fig. 5.10 of Lin (2007)] for a low Froude
number flow over a two-dimensional, bell-shaped
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FIG. 13. WRF-simulated 500-hPa geopotential heights (dam; black contours), vector wind, and vorticity (s ;

shaded) fields of Feb95: (a) 2100 UTC 3 Feb, (b) 0000

UTC 4 Feb, (c) 0300 UTC 4 Feb, (d) 0600 UTC 4 Feb,

(e) 0900 UTC 4 Feb, and (f) 1200 UTC 4 Feb 1995. Topographical height contours of 600 and 800 m MSL are

given (orange).

mountain. Our basic-flow Froude number (U/N, k) of
0.38 fell into the fourth regime of Lin and Wang (1996),
where a significant portion of the upstream flow is
blocked by the mountain. Along 37°N (Figs. 17a—d), the
parent cyclone is captured by the model as it passes over
the mountain starting at 2100 UTC 3 February before
the mountains strongly affect the cyclone. Prior to the
ETC’s encounter with the mountains at 0300 UTC

3 February (not shown), the 6, contours show almost no
bending on either side of the mountain. As the storm
approaches the mountain at 2100 UTC 3 February, the
6. contours show blocking on the upstream (western)
side and on the eastern slopes. The bending of the 6,
contours on the eastern slopes is in reality the upslope
with respect to the outer circulation of the ETC. At
the same time, we see the convective clouds that
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FIG. 14. As in Fig.

accompany the storm approaching the mountains from
the west.

As the storm moved eastward at 0000 and 0300 UTC
4 February (Figs. 17b,c), the isentropic (6,) contours
continue bending down toward the western slopes. We
also saw vertical convective cloud formation as the
storm passed over the mountains, as well as the cloud
mixing ratio contours grouping together. This grouping
is indicative of the blocking in the midtroposphere.
Some low-level orographic clouds are generated as the
storm ascends the upslope on the western side of the

13, but for 300 hPa.

mountain. The passage of the storm over the mountain
can be detected by observing the strong downward
bending of isentropes; first on the western side of the
mountain, then the eastern side of the mountain, and
finally no bending at all. To capture the new cyclone
development, a vertical cross section across 35°N has
been analyzed and shown in Figs. 17e and 17f. Only
some orographic clouds are present until 0600 UTC
4 February. At this time, we see the low center split
and a new cyclone begin to develop (Fig. 17f). The
sudden vertical development of clouds on the eastern
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side of the mountains is associated with the new cyclone
formation on the lee (eastern) side of the Appalachians.
At the same time, the parent cyclone moved north-
eastward on the western side of the mountains across
about 37°N (Figs. 17a-d). The new cyclone then re-
developed over the coastal region where it acquired
more moisture and heat (Figs. 17e,f).

5. Summary and conclusions

The orographic influence on track continuity for both
tropical and extratropical cyclones passing over the
south-central Appalachians is examined in this study. In
the first portion of this study, it is found that during the
period between 1851 and 2011 all 34 TCs passing over
the Appalachians from the west (type A) and all 8 TCs
from the east (type D) had continuous tracks. Using a
hurricane reanalysis dataset (HURDAT), the basic
wind speed U and the maximum tangential wind speed
Vmax are used to estimate both the basic-flow and vortex
Froude numbers (U/Nh and V,,,,/Nh, respectively) and
the basic-flow and vortex Rossby numbers (U/fL, and
Vimax/fR, respectively) for all type A and D TCs. For
each case, both values are chosen at a time when the
storm is approaching the mountains but before its outer
circulation is significantly affected by the mountains.
The normal component of the U velocity perpendicular
to the mountain range is then estimated from the ap-
proach angle to calculate U/Nh and U/fL,. For all 42
cases, Vimax/Nh is found to be greater than 1.5, thus
making it a dominant control parameter for TC track
continuity compared to U/Nh and U/fL,. This finding is
consistent with LO5 for typhoons passing over Taiwan’s
CMR. It is also found that for some TC cases, Vi,./fR is
greater than 4.0, making it another dominant control
parameter for TC track continuity compared to U/Nh
and U/fL,. This is consistent with the results of L05
shown in their Fig. 3b, although it is not stated in their
conclusions. When compared to Taiwan’s CMR, the
physical mechanisms for TC track continuity over the
Appalachians is explained by weaker blocking associ-
ated with lower mountains.

In the second portion of this study, a climatology
analysis is performed to further investigate whether the
influence of the basic-flow Froude number, the vortex
Froude number, the basic-flow Rossby number, and the
vortex Rossby numbers (U/Nh, Vy./Nh, U/fL,, and
Vimax/fR, respectively) on track continuity is applicable
to ETCs over the Appalachians. Using data obtained
from KUO4a,b, 30 of the heaviest snowstorms affecting
the northeastern United States from 1950 to 2003 are
studied. The basic wind speed is estimated from the
distance traveled by the storm between two time steps
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FIG. 15. WRF-simulated total wind fields at (a) 850 and
(b) 1000 hPa at 1500 UTC 3 Feb 1995, the same time used to cal-
culate the Froude numbers. The red contours denote the terrain
contours of 600m MSL on average. MSLP fields are contoured
in black.

while the normal component to the mountain range is
used for estimating the basic-flow Froude number. Two
approaches are used in estimating Vy,,«. The first is to
average the total wind speed and the other is to simply
use the maximum value. To ensure accuracy, a layer
average between 1000 and 850 hPa is used. The vortex
Froude numbers in both approaches are below the 1.5
threshold in all eight discontinuous cases. The vortex
Rossby numbers are also below the 4.0 threshold in all
eight discontinuous cases. Additionally, it is determined
that the basic-flow Froude number and the basic-flow
Rossby number play no significant role in track conti-
nuity. This finding is consistent with TC cases in the first
part of the study as well as that of L0O5. The dynamics
of ETC track continuity are attributed to the weaker



1446 WEATHER AND FORECASTING VOLUME 30

(@) 03Feb21Z (d) 04 Feb06Z
S§- A T IR
: Lo vt 26
v VAN g S d; 5
N e L
| \ = "27JO¥
270 A . C 4y
Why N =980
I > LV A VAR
. ' Z - AN
o A D 28 N SNN
X 0 P A EEN o 5 i
e ¥ WM 2 2 7 Yu.san—
(€) 04 Feb09Z
. <=
¥\

%

(o)
7 § g o W
“////’/\

\

02 05 1 15

FIG. 16. WRF-simulated precipitation (gkg '; shaded) and potential temperature (K) fields of Feb95:
(a) 2100 UTC 3 Feb, (b) 0000 UTC 4 Feb, (c) 0300 UTC 4 Feb, (d) 0600 UTC 4 Feb, (e) 0900 UTC 4 Feb, and
(f) 1200 UTC 4 Feb 1995. Topographical height contours of 600 and 800 m MSL are given (orange).
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FIG. 18. Schematic model illustrating the mountain range, the TC, and the control parameters for the
(a) continuous track passing over the mountain and (b) discontinuous track with the cyclone disappearing and
then reappearing on the lee side. The thresholds for the nondimensional parameters have been added for

both cases.

near-surface winds that are inherently associated with
ETCs, as required by the thermal wind balance with
cold-core ETCs.

The third portion of this study is to further test our
hypothesis and to help understand the dynamics asso-
ciated with orographic blocking by performing a nu-
merical simulation of Feb95 with the WRF Model. Our
simulated cyclone track and flow fields are consistent
with the analysis and observations of KUO4a,b. The
track is discontinuous as a result of the coexistence of a
surface low with the parent cyclone upstream of the
Appalachians and a newly developed low on the lee side.
The model is able to reproduce the redevelopment of
the leeside low into a storm with closed circulation and
winds reaching 40-50ms ™' as it moved along the East
Coast. The WRF Model reproduced the evolution of
deepening troughs at 500 and 300hPa and a negative
(northwestward) tilt after passing the Appalachians,
with and without orographic disruption on the 500- and
300-hPa troughs, respectively, and the northwestward
tilt of the surface low to the mid- and upper-level trough.

The same methodology mentioned in the second
portion of this study is used to obtain the basic-flow wind
speed and the maximum tangential wind speed. Moist
Froude numbers are estimated in this case to take into
account the effect of moisture, but the differences in the
results are insignificant compared to the results using dry
Froude numbers. Our results (Viax/Nywh = 0.91 and
1.03; Vinay/fR = 0.38) confirmed the findings in the first
and second portions of this study. Moreover, they are
consistent with the results of L05. We conclude that the
track discontinuities of both TCs and ETCs, while less
sensitive to U/Nh and UJ/fL,, are controlled by small
values of Vi,../Nh and V,./fR as a result of strong

orographic blocking. To summarize the discussion,
Fig. 18 is provided as a schematic model to illustrate
the mountain range, the cyclone, and the control
parameters.

Figure 18a shows the continuous track passing over
the mountain and Fig. 18b shows the discontinuous track
with the cyclone disappearing and then reappearing on
the lee side. The thresholds for the nondimensional
parameters have been added for both cases.

The results from the potential temperature and pre-
cipitation fields showed that precipitation on the wind-
ward side is advected to the top of the mountain and
appeared to quickly move eastward due to the depletion
of precipitation associated with adiabatic warming pro-
duced by the downslope wind. As found in the analysis
of KUO04a,b, the lack of heavy precipitation before the
storm passed the Appalachians is due to a lack of closed
circulation at 850hPa. The passing of Feb95’s parent
cyclone is detected by the simulated strong bending of the
isentropes and the vertical convective cloud development
due to strong orographic blocking. Another cross section
at 35°N is completed to capture the new lee cyclone de-
velopment. It is marked by the sudden vertical cloud
development on the eastern side of the mountains. The
impacts of orography on the precipitation system associ-
ated with the snowstorm and its relationship with track
discontinuity are of vital importance and deserve a sep-
arate, more thorough study.
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