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ABSTRACT

A triply nested, movable mesh model was used to study the behavior of tropical cyclones encountering island
mountain ranges. The integration domain consisted of a 37° wide and 45° long channel, with an innermost
mesh resolution of %°. The storms used for this study were embedded in easterly flows of ~5 and ~10 m s~
initially. Realistic distributions of island topography at ° resolution were inserted into the model domain for
the region of the Caribbean, including the islands of Cuba, Hispaniola, and Puerto Rico; the island of Taiwan;
and the region of Luzon in the northern Philippines.

It was found that the islands affected the basic flow as well as the wind field directly associated with the storm
system. The combination of these effects caused changes in the track and translational speed of the storm. In
particular, in the case of the 5 m s~ easterly flow, the storm accelerated and veered to the north well before
reaching Taiwan. For the other island distributions, the northward deflection of the track and the increase of

translational speed occurred near and over the islands, After landfall, the surface pressure underwent rapid

filling. As the tropical cyclone passed over Hispaniola, the surface low continued to move along with the upper
level vortex as it transversed the mountain range, while over Luzon it became obscure before reforming on the
lee side slope of the mountain. In case of Taiwan and the 10 m s™ easterly zonal flow, secondary surface lows
developed behind the mountain range. The upper level vortex in this case became detached from the original
surface low and eventually coupled with a secondary one. :

The intensity changes of the storm near and over the islands were strongly related to the latent energy supply
and the vertical coherence of the storm system. Advection of dry air from near or above the mountain tops
into the storm area caused significant weakening of all the storms moving with the weaker easterly flow. Storms
leaving Hispaniola and moving over open sea quickly reintensified as their vertical structure remained coherent.
On the other hand, storms leaving Luzon were disorganized and did not reintensify until several hours later
when the vertical coherence of the systems was reestablished.

Although these experiments were performed for an idealized experimental design and basic flow, many
observed storms have exhibited similar behavior in track deviation and decay. This implies that the effect of

detailed topography should be considered if an accurate forecast of the storm direction and behavior is to
be made.
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1. Introduction

The behavior of tropical cyclones is often affected
by many factors including the various environmental
conditions surrounding them. Although the interaction
with the terrain is one factor of great interest and prac-
tical importance, many of the details of this interaction
are not well understood. Yet, in many places with large
tropical cyclone threats the terrain of the region is quite
mountainous.

Still, apparent influences of orography on the move-
ment of tropical cyclones have been observed. For ex-
ample, increases in the storm’s translational speed have
been reported in statistical studies by Brand and Blel-
loch (1973) and observations by Kintanar et al. (1974)
for typhoons approaching and transversing the moun-
tainous terrain of the northern Philippines. Northward
perturbations of the track for these storms have also
been noted by Brand and Blelloch (1973). A distinct
northward deflection in the tracks of storms approach-
ing the island of Taiwan has also been observed by

‘Brand and Blelloch (1974) who observed a typical
southward deflection as the storms leave the island.
These results have been shown for many individual
cases by Wang (1980) who has summarized the path
and behavior of 53 typhoons approaching Taiwan.
Also, interaction with the high mountains of Hispaniola
may have contributed to the sharp northward deflection
in the paths of Hurricane David and Tropical Storm
f9reden80) ic as they approached south of the island (Hebert,
These authors have also noted rapid decay of the
storm systems as they interacted with the mountainous
topography of the regions. For example, Brand and
Blelloch (1974) noted that the value of the maximum
surface winds typically decreased over 40%, beginning
about 12 h before the tropical cyclone centers reach
the island of Taiwan. Hurricane David also rapidly
decayed to tropical storm strength as it crossed His-
paniola (Hebert, 1980), filling 76 mb in 18 h,
Another important quantity often affected by the
presence of mountainous terrain is the storm rainfall
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distribution. Observations by many authors (e.g.,
Brunt, 1968; Hamuro et al., 1969) have confirmed the
high correlations that exist between areas of maximum
rainfall during the landfall of tropical cyclones and the
mountainous terrain of the region. .

In most of the examples given so far, the significant
orographic effects on the behavior of tropical cyclones
have apparently been caused by island mountain
ranges. Indeed, many of the regions in the world with
the greatest tropical cyclone threat such as Taiwan,
Japan, or Madagascar, are-island areas which contain
significant mountainous terrain. Some of these im-
portant orographic influences were first numerically
simulated by Chang (1982) in a primitive equation
model which included a simplified island mountain
range similar to that of Taiwan. Some of the mountain
interactions with a typhoon-like vortex have also been
reproduced in laboratory models for the island of Tai-
wan (e.g., Pao and Hwang, 1977), and for a region of
the Philippine islands (e.g., Brand et al., 1982).

Idealized numerical simulations of the landfall of
tropical cyclones have been performed previously by
Tuleya and Kurihara (1978); Moss and Jones (1978);
and Tuleya, Bender, and Kurihara (1984) without the
effect of orography included. More recently, this effect
was studied by Bender, Tuleya, and Kurihara (1985;
hereafter referred to as BTK) in a numerical landfall
simulation in which an idealized mountain range was
placed parallel to the shoreline. Many effects that such
a mountain range may produce on landfalling tropical
cyclones were investigated in this study. However, it
remained uncertain how much these effects could be
generalized with the introduction of more realistic to-
pographical distributions. The present study, which is
a continuation of this earlier work, attempts to address
this question. In particular, three different island dis-
tributions at very fine resolution (%°) were chosen and
placed into the model domain. Since the magnitude
of the basic flow is often an important parameter to
be considered whenever the mountain effects on at-
mospheric flow are studied (e.g., Smith, 1979), two dif-
ferent values for the magnitude of the basic flow were
used for each of the island distributions. The results
obtained were then compared with observed storm
cases. It is hoped that this will lead to an improved
understanding of many of the island mountain effects,
possibly aiding in the forecasting and understanding
of storm behavior. Brand (1973, 1974) has shown that
these effects, if not properly accounted for, can cause
significant error in the forecast of the storm motion.

A brief description of the model, grid system, and
the distributions of topography used will be presented
in section 2. In sections 3, 4, and 5 the results for each
of the three island distributions will be separately dis-
cussed in detail. In section 6 these results will be com-
pared with each other, and summarized. Finally, the
concluding remarks will be presented in section 7.
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2. Model description and experimental design
a. Model description

The triply-nested, movable grid system originally
described by Kurihara and Bender (1980) was used for
this study. Specific model details are outlined by Tu-
leya et al. (1984). The grid system for each mesh is the
same as used previously in the other landfall simula-
tions performed with the nested grid model and is
summarized in Table 1. The model is an 11-level
primitive equation model formulated in latitude, lon-
gitude and sigma (o) coordinates, with the outermost
domain spanning 37° latitude and 45° longitude. The
actual boundary of the outermost domain varied
among the various experiments performed and will be
given later. The model physics include cumulus pa-
rameterization described by Kurihara (1973) with some
modifications (Kurihara and Bender, 1980, appendix
C), a Monin-Obukhov formulation for the surface flux
calculation, and the Mellor and Yamada (1974) scheme
(level 2) for the vertical diffusion. Over water, the sur-
face temperature was set equal to 302 K. Similar to
the specification in BTK, the land surface temperature
(LST) at each point was determined by the following
equation:

LST =298 — v,2,. 2.1)

Here, v, was set equal to 6.7 K km™!, and z, is the

surface height. (See BTK for more details and expla-
nation of this formulation.) Finally, the roughness pa-
rameter zo was set to 25 cm at all land points.

b. Description of topography

The distribution of z, for each of the experiments
presented was first defined for the entire integration
domain at the resolution of the finest mesh (every %
degree of latitude and longitude). The values of z, were
obtained from the global topography data set prepared
by the U.S. Navy’s Fleet Numerical Oceanography
Center at Monterey, California. In this data set the
terrain height provided was the modal height, calcu-
lated for the area of each Y° grid box. Thus individual
mountain peaks (or height maxima) were often not
resolved even for the very fine resolution used. The

TABLE 1. Grid system of the triply nested mesh model used in
each of the experiments.

Domain size
Grid
resolution Time step Longitude Latitude
Mesh ) (sec) (points) (points)
1 1° 150 45° (45) T 37°(37)
2 0 50 11°(33) 11°(33)
3 6 25 3% (22) 3%° (2)
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percent area covered by water was also available and
was used to determine the land—sea distribution in each
of the experiments. For our case, a particular grid point
was considered to be a land point if the percent of
water was less than 81%. The values of z, and percent
water for the coarse resolution were then determined
by averaging the values of the fine resolution points
that were covered by the area of each coarse-mesh grid
box. It was assumed that the area mean value of z,
was the appropriate value for the numerical model al-
though it is unclear how subgrid scale topographical
features affect the resolvable scale motion.

The first of the three geographical regions that was
used in these experiments was an area of the Caribbean
(i.e., the Greater Antilles) that included the islands of
Hispaniola, Cuba, Puerto Rico and Jamaica. Except
for the region containing these islands, the remainder
of the land masses of North and South America were
not specified in the experimental domain. The other
two distributions used were the island of Taiwan and
the Philippines. For simplicity, for the island of Taiwan,
all other surrounding land areas were removed except

both the China coastline and land mass which was re-

placed by a flat land distribution with a north-south
shoreline located 2° longitude from the western most
tip of the island of Taiwan. The entire island chain of
the Philippines, stretching from 5° to 20°N and also
including the island of Taiwan well to the north, was
included in the third distribution considered. The out-
ermost integration domain for both the Caribbean case
and for the Philippine experiment stretched from 4.5°S
10 32.5°N. For the Taiwan case the integration domain
stretched from 5.5° to 42.5°N. The island and moun-
tain distributions in the areas through which the trop-
ical cyclones passed are presented in Fig. 1 for all three
sets of experiments. It should be pointed out that one
of the major differences between the distributions of
topography in the Caribbean, and the islands of Taiwan
and Luzon is that in the Caribbean region most of the
mountain ranges are oriented primarily east-west
(parallel to the prevailing flow) while for Taiwan and
Luzon most tend to be oriented north-south (perpen-
dicular to the prevailing flow).

¢. Integration procedure

In a manner similar to BTK, an initially weak vortex
was spun up over the ocean, where it quickly intensified
to hurricane strength. The vortex was embedded in an
easterly zonal flow of constant angular velocity. For all
three distributions of topography, two different mag-
nitudes of an easterly zonal flow were used, with initial
values of about 5 and 10 m s™! at the center of the
integration domain. The initial positions of the vortex
varied between each experiment, in order that the po-
sitions of the storms at landfall would be approximately
the same for each of the two zonal flow experiments.
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FIG. 1. The topographical distributions used for the three experi-
ments, at the finest mesh resolution (Y/s°). Only the regions that were

" resolved by the innermost grid during the course of the integrations

are shown. The topographical heights are contoured at 500 m inter-
vals, for the Caribbean and Luzon, and 1000 m for Taiwan.

The proper position was determined by first running
a control experiment with an ocean surface condition
at all grid points, for both of the basic flows.
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After the storm had reached hurricane strength, the
land conditions and topography were implemented
into the computational domain. The topography and
land condition were inserted at different times for each
experiment, so that the entire land distribution would
be confined to the coarsest (1°) resolution at that time.
Before the integration was resumed, mass and mixing
ratio fields were obtained at the new sigma surfaces
above the mountains by linearly interpolating between
values at the old sigma levels.

Similar to the procedure outlined in BTK, during
the course of integration values of z, and LST at each
grid point were kept in a data table for all three mesh
resolutions. As the inner grids followed the storm and
moved over the island topography, values of z, and
LST which were covered by the coarse resolution were
replaced by their corresponding fine mesh values ob-
tained from the table. Thus as the model resolution
improved, the shape and height of the topography
changed significantly during the course of the integra-
tion. For example, as the finer meshes moved over the
island of Taiwan, the maximum mountain height re-
solved by the model increased from 1075 m for the
coarse mesh, to 2081 m for the medium mesh and
finally 3048 m for the finest mesh. In order to reduce
the noise that results from these changes in the moun-
tain shape, if the height (z,.) increased, values of surface
pressure (p,) at the new height were obtained after the
grid movement and before the integration resumed, by
linearly interpolating between pressure values at the
old sigma levels. If the height decreased, the new value
of surface pressure was determined over the mountain
area by hydrostatically extrapolating down to the new
height. For the fields of temperature (7)) and mixing
ratio (R) the values at the new sigma levels were then
obtained by linearly interpolating in pressure between
the values at the old sigma levels. Finally, if the pressure
at any of the new sigma levels was higher than the
pressure of the original lowest model level, linear ex-

trapolation was made downward for T from the lowest

two model levels, and R was redefined so that the rel-
ative humidity at that sigma level was unchanged. This
scheme greatly reduced the noise generated by the
movement of the grids over the topography.
Throughout the entire discussion, results for these
experiments will be frequently compared with control
experiments, run with an identical vortex initially, but
with ocean surface conditions at all grid points. An
additional set of supplemental integrations will also be
discussed which were performed for all three of the
island and mountain distributions, with identical east-
erly flows initially, but excluding the vortex. For these
supplemental integrations, the movement of the grids
was reproduced to correspond exactly with the grid
movements made during the corresponding integra-
tions run with the storm included. A third set of ex-
periments were run for all three of the island distri-
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butions, with the vortex again included, but with the
surface height (z,.) set to zero and a cool flat land surface
condition (LST = 298, z, = 25 cm) at all points over
the islands. These experiments helped to determine
how much of the changes in the vortex structure as it
encountered the islands was due to the effect of the .
land or the effect of the mountainous terrain itself. A
summary of all the experiments analyzed in this study
is presented in Table 2.

Finally, the sea level pressure over the mountain
areas in all of the analysis was reduced hydrostatically
from the surface pressure (e.g., Manabe and Holloway,
1975). As mentioned in BTK this yielded a smooth
sea level pressure field in most cases.

3. Caribbean Islands

The geography of the Greater Antilles, in the north-
ern Caribbean, consists of four main islands, His-
paniola, Cuba, Puerto Rico and Jamaica, oriented
primarily in an east-west direction. The island of His-
paniola is the most mountainous of these islands, with
maximum heights resolved by the model of 2498 m,
located in the mountain range that transverses the cen-
ter of the island; peaks exceeding 1000 m are also found
in the south central part of the island near the coast.
In contrast, the island of Cuba is basically flat, except
in the southeast corner of the island. Mountain ranges
are found in the center of Puerto Rico and Jamaica,

TABLE 2. Summary of numerical simulations discussed.

Basic experiments

Approximate magnitude

Island on which of initial easterly basic
Experiment landfall occurred flow (m s71)
Exp. CS Hispaniola, Cuba 5
Exp. C10 Hispaniola, Cuba 10
Exp. TS Taiwan 5
Exp. T10 Taiwan 10
Exp. L5 Luzon 5
Exp. L10 Luzon 10
Supplemental experiments
Type Description
Ocean controls 5 and 10 m s™! basic flow and vortex. Ocean
condition everywhere (LST = 302, z, = 0, 2,
= Charnock’s relation.) Run for each of the
six basic experiments.
Basic flow 5 and 10 m s basic flow with vortex not in-
simulations cluded. In particular, experiment run with
Taiwan topographical distribution and 5 m
s~! basic flow is referred to as Exp. TZF.
Flat land Landfall simulations with 5 m s~ basic flow
simulations and vortex. Flat land condition everywhere

over islands (LST = 298, z, = 0, z, = 25 cm).
Run for the three topographical distributions.
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with the maximum peaks resolved by the model of 640
and 764 m respectively, for these islands.

In this section two primary experiments will be dis-
cussed: Exp. C5 (Caribbean, 5 m s™') which was inte-
grated to 126 h and Exp. C10, integrated to 84 h.

a. Storm track and motion

In Exp. C5, the topography and land conditions were
inserted into the integration domain at 26 h, when the
islands and the topography were still entirely confined
to the outer mesh. The storm track and the sea level
minimum pressure for this experiment as well as the
all-ocean control experiment is shown in Fig. 2. The
storm began to gradually accelerate and veer to the left:
as it passed south of Hispaniola, with landfall occurring
on the extreme southern tip of the island at about 88
h. Its position at that time was about 70 km west-
southwest of the ocean control. Minimum sea level
pressure at landfall was 979 mb. At this point the
storm’s movement underwent a noticeable acceleration
with a sharp deflection to the northwest as it crossed
the western end of the island. During this time the
storm continued to rapidly decay to tropical storm
strength, crossing the western coast at 94 h. Once over
the ocean environment the storm again intensified
reaching hurricane strength by 102 h with landfall oc-
curring on the southern coast of Cuba at 108 h. By this
time the storm was about 120 km northwest of the
storm in the ocean-only control case. A small north-
ward deflection again occurred as it passed over south-
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ern Cuba. Toward the end of the integration (120 h),
the storm was located about 150 km north-northwest
of the control simulation.

Similarly, the storm track for the simulation run with
a 10 m s~! initial easterly flow (Exp. C10) is presented
in Fig. 3. Once again the storm’s translational speed
increased slightly as the storm approached Hispaniola.
In this simulation, landfall occurred at 62 h with a
minimum sea level pressure of 980 mb. No significant
difference in minimum central pressure compared to
the ocean control case occurred until about 59 h, about
3 h before the storm crossed the southern tip of the
island. After landfall the storm accelerated, similar to
Exp. C5, with a deflection in the storm track to the
northwest once again. Rapid weakening to tropical
storm strength occurred at this time, with the storm
filling 17 mb during the 6 h period after landfall. The
storm eventually regained hurricane strength over the
ocean, before landfalling on Cuba. Toward the end of
the integration (80 h) the storm was located about 105
km to the northwest of the storm in the ocean-only
control experiment.

The most noticeable feature of both of these exper-
iments was the sharp turning of the storm to the north-
west as it passed over Hispaniola. For example, in Exp.
CS5 the average north-south component of the storm’s
translational speed increased from 2.1 m s™! when the
storm was well east of Hispaniola to 7 m s™! during
the period from 90 to 94 h when the storm was moving
across the southwest portion of the island. In order to
help understand this deflection in the storm path, a
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FIG. 2. Storm tracks for Exp. C5 (solid line) and the ocean-only control case (dashed line). The
Caribbean island distribution used in Exp. C5 is shown. The mountain heights are contoured
with a thin dashed line at 500 m intervals, with the shoreline indicated by a thick solid line. Storm
positions defined by the sea level pressure field, are plotted every 6 h and indicated by a tropical
cyclone symbol, with the storm’s minimum sea level pressure indicated.
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FIG. 3. As in Fig. 2 but for Exp. C10 and the 10 m s~ ocean-only control
experiment. Also, storm positions are plotted every 4 h.

supplemental experiment was performed for the same
distribution of topography and identical easterly flow
as Exp. C5 (~5 ms™!initially) but excluding the vortex.
The numerical results indicated that southerly flow did
" indeed exist throughout much of the atmosphere in
the southwest corner of the island, where the storm
eventually veered north. The values of the southerly
wind component were about 2 to 8 m s~!, with max-
imum values of about 10 m s™! found between 2 and
8 km. Weak southerlies (~1 to 2 m s™') extended to
about 100 km north of the island, with weak northerlies
extending from the western Hispaniola coast to about
300 km westward. Kasahara (1966) indicated that, for
easterly flow over an isolated mountain region (which
is a first order approximation to this experiment),
modification of the flow field occurs primarily in the
vicinity of the obstacle. This tended to occur in our
case. The analysis of the flow field also indicated that
the easterly component of the wind in the middle at-
mosphere increased by several meters per second over
Hispaniola, possibly contributing to the acceleration
of the storm in the east-west direction that occurred
in this region.

As the storm center in Exp. CS veered north between
90 and 96 h, the outer region of the storm system
moved with a smaller north—-south translational speed
than the interior of the storm. This caused the pressure
field to become somewhat distorted. For example, if
we consider the 1008 mb surface pressure contour, lo-
cated about 250 km radius from the storm center at
90 h, to be representative of the storm’s larger-scale
pressure envelope, we find that the position of the storm
center relative to the position of the center of the en-
velope shifted north during this time. At 90 h the storm

center was located about 38 km to the north of the
center of the envelope, increasing to 83 km by 96 h.
After 96 h as the storm center once again moved in a
west-northwest direction the storm’s interior became
better centered within the pressure envelope. By 100
h its position relative to the center of the envelope be-
came roughly the same as the position at 90 h.

The storm tracks of three observed tropical cyclones
that passed through this region are presented in Fig. 4.
We see that all three of these observed storms exhibited
a noticeable northerly shift in their track near the island
of Hispaniola. It is difficult, however, to determine if
the abrupt deflection of David and Frederic to the
north, which occurred further to the east than our
model storm, was chiefly a result of the island topog-
raphy or interactions with the large-scale flow field.
Hurricanes Inez and David also underwent accelera-
tions in their motion as they crossed Hispaniola, with
rapid weakening occurring during this time, similar to
our model storms. .

It should be pointed out that not all storms that
passed near to Hispaniola actually have exhibited a
northward perturbation in their track. For example,
some of the storm tracks have moved straight across
the island with one example (Beulah, 1967) being de-
flected southwest after passing near to Hispaniola.
These differences indicate the large variability that the
island effects may have with the different storm struc-
ture and steering flow that is present.

Finally, a second supplemental experiment was also
performed with the same vortex and 5 m s~} initial
basic flow, but with the topographical distribution of
each island replaced by a cool flat land surface (i.e.,
LST = 298, 2 = 25 cm, and z, = 0 everywhere over
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FIG. 4. Storm tracks for three observed tropical cyclones, David, Frederic and Inez. The Caribbean
island distribution used in the model simulations is shown. Storm positions were plotted at 6 h
intervals, with the storm’s minimum sea level pressure indicated where the data were available.
(See Fig. 2 for more details.) The storm tracks were obtained from the Monthly Weather Review’s
Atlantic Hurricane Summaries (i.e., Hebert, 1980; Sugg, 1967).

land). As mentioned before, this experiment was run
to determine how much of the storm behavior was a
result of its interaction with the land condition, apart
from any orographic effect. During the first part of the
integration, the position of the vortex was very near
the vortex position in the ocean control. However two
hours before landfall, the storm began to turn slightly
further north, reaching Hispaniola about 18 km north
of the ocean control. Analysis indicated that there was
enhanced coastal convergence over the land in this re-
gion, just prior to landfall. Also, the storm had under-
gone some weakening prior to this time. When the
storm left the western side of the island it was located
about 30 km north of the ocean control. Thus the
northerly movement of the storm in this experiment
(75 km) was considerably less than was observed in
Exp. C5 (143 km) during passage over a similar lon-
gitudinal span of the island.

b. Structural change and storm decay

As was mentioned in the previous subsection, the
storms in both Exp. C5 and Exp. C10 underwent no-
ticeable decay before landfall onto Hispaniola. Since
analysis results of BTK indicated that the reduced
moisture supply was the primary cause of the enhanced
storm decay as it interacted with the model topography,
the low-level moisture fields in Exp. C5 were examined
(Fig. 5). As the storm passed south of Puerto Rico,
slightly drier air originating from the mountain range
in the center of the island was advected into the storm

domain. Our analysis indicated that much of this drier
air originated in the regions east of Puerto Rico and
was forced up the mountain range in the center of the
island. Light precipitation occurred on the upwind side
of the mountains as these air parcels were advected
onto the island and ascended the mountain slope.
Gradual weakening of the tropical cyclone began after
78 h and continued until about 84 h, when, with the
storm about 50 km south of the coast of Hispaniola,
considerably drier air from the mountains of the island
began to be advected into the storm region. Since the
actual trajectories of these air parcels is quite compli-
cated, it is difficult to precisely determine the source
of this dry air. Cross sections through the mountain
range seemed to indicate that some of the dry air orig-
inated from subsidence above the mountains as well
as from downslope flow near the mountain top. In
some cases, enhanced precipitation was again occurring
on the upwind side of the mountains, serving to dry
the air that eventually descended to the lower levels
and was drawn into the storm circulation.

The advection of the dry air into the storm caused
a rapid weakening of about 3 mb h™! in the central
surface pressure which continued until the storm finally
approached the western coast of Hispaniola at 94 h.
The storm decay then leveled off with reintensification
beginning about 2 h later as the storm began passing
over the ocean environment again. We see from Fig.
5 that during this redevelopment period moist air which
was advected into the area between Cuba and Hispan-
iola (96 h) and from the south (102 h) reached the
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FiG. 5. Distribution of the horizontal wind vectors, mixing ratio fields (solid line) at model level 11 (¢ = 0.992) in the finest mesh for
Exp. C5. Maps are shown at 6 h intervals. The shoreline is indicated by a thick solid line with the 500 m topographical height contoured
(dashed line). Wind vectors are plotted at every other grid point. The areas with mixing ratio greater than 22 g kg™! are shaded. The storm
center, defined by the sea level pressure field, is indicated by a tropical cyclone symbol. Finally, the storm’s minimum sea level pressure at

each time interval is given at the upper left of each frame.

storm region. After landfall over the island of Cuba
the storm weakened once again; however, the proximity
of the ocean environment to the storm center caused
the weakening to be small. These results clearly show
the high correlation between the intensity change and
the moisture supply.

During the passage of the storm over the island of
Hispaniola, the storm system maintained vertical co-
herence with height, in contrast to Exp. M of BTK
which exhibited a vertical tilt of the circulation centers,
In Exp. M the disorganization of the storm system with
heiglit appears to have enhanced the decay of the storm.
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When analysis was made for the experiment run with
a flat land condition and 5 m s~! basic flow, it indicated
that the weakening of the storm was much less than
found in Exp. C5 as the storm passed over and just
south of Hispaniola. For example, the storm’s mini-
mum sea level pressure as it left the island was 979 mb
compared to 993 mb for Exp. C5.

4. Taiwan

The topography of the island of Taiwan consists of
a narrow but very steep mountain range (Central
Mountain Range). This range stretches much of the
length of the island, and is located very close to Tai-
wan’s eastern coast. Although many of its peaks tower
to well over 3000 m, the mountain heights resolved by
our fine mesh topography reached above 3000 m in
only one region (3048 m maximum), located at the
northern part of the island. Still, mountain heights of
over 2500 m were located in a large area in the center
of the island in our model topography. The entire
length of the island stretches about 3° latitude with the
average width of the Central Mountain Range less than
100 km.

In this section three experiments will be discussed
which used this topographical distribution: Exp. TS
(Taiwan, 5 m s™'); the supplemental experiment Exp.
TZF (Taiwan, zonal flow only); and Exp. T10. The
length of the integrations for Exps. TS5 and T10 were
92 and 88 h, respectively.

a. Storm track and motion

Once again the island topography was inserted into
the model domain when the island was entirely con-
fined to the coarse mesh (44 h for Exp. T5 and 52 h
for Exp. T10). The storm track for the case of Exp. T5
is shown in Fig. 6. Well upstream of Taiwan the storm’s
forward motion decreased relative to the control.
However, as the storm approached to about 200 km
from the island it began to curve to the northwest and
accelerate. By 84 h the storm speed accelerated to about
12 m s7!, landfalling on the extreme northern tip of
Taiwan an hour later.

The storm motion agrees well with some observed
storms, as can be seen in Fig. 7. All of these storms
had a mean translational speed well upstream of the
island of 5 m s™! or less. Besides being cyclonically
deflected around the northern end of the island, all
three storms exhibited a noticeable acceleration in
speed as they approached the island. One hour before
landfall, the average translational speed of the three
storms was 11.6 m s~*. Our storm motion in Exp. TS
is also in general agreement to that which was obtained
by Chang (1982) in his numerical simulation of the
passage of a tropical cyclone that was embedded in a
5 m s! initial zonal flow over an island mountain
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range. However, in his case the northward deflection
was not as great as we found, and the storm traveled
over the northern part of the mountain range. The dif-
ferences may have been partly due to the coarser model
resolution as well as the distribution of topography he
used, which consisted of an idealized mountain range
with maximum height of 2000 m and width of about
240 km. Thus, his mountain range did not create as
much of a barrier to the flow as the more realistic to-
pography used in our experiment. ’

A supplemental experiment without the vortex (Exp.
TZF) was performed in order to help explain the
northward movement of the storm. The basic flow field
in the lower 4 km indeed curved to the northwest in
this simulation (Fig. 8) well upstream of the island,
with the maximum southerly wind component cen-
tered at about 2 km (Fig. 8, top). However, the storm’s
fast translational speed (e.g., a north-south component
of over 8 m s™! between 81 and 84 h) was too large to
be explained by the magnitude of the wind in Exp.
TZF. This can clearly be seen in Fig. 9. From this figure
we see that the computed low-level average wind speed
surrounding the storm in Exp. TS was very well cor-
related with the actual storm translational speed of Exp.
TS. The correlation with the mean wind at higher levels
was not as good, although significant increase of the
mean flow still existed to about 500 mb. This indicates
that the storm was apparently advected by the accel-
erated mean flow that primarily existed at the lower
levels. Thus, the deflection. of the storm to the north
with the subsequent acceleration in speed was partly
due to the influence of the mountain range on the basic
flow, with an additional interaction of the storm cir-
culation itself with the mountain range. As the storm
began to approach the island the winds southwest of .
the storm center acquired a more southerly component,
and the winds northwest of the storm turned more
northeasterly from northerly (see Fig. 12). It is specu-
lated that this type of topographical effect contributed
to the change in the environmental flow, leading to
the deflection and acceleration of the storm. Chang
(1982) in his simulation also observed that the inter-
action between the terrain and the tropical cyclone
caused strong easterlies to develop north of the island,
accelerating the storm in his case. He indicated that
movement of the tropical cyclone near the mountain
was a result of the low-level rather than the middie
tropospheric flow.

A comparison was also made between the all-ocean
control and an experiment in which the topography of
Taiwan was replaced by a cool flat land surface. In this
case there was no northward deflection of the storm,
with no significant change in the positions of the storms
in the two experiments. This confirms that the north-
ward deflection of the storm in Exp. TS5 was solely a
topographical effect. Also, in this supplemental exper-
iment there was no storm decay east of the island, al-
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FIG. 6. Storm tracks for Exp. T35 (solid line) and the ocean-only control case (dashed line). The

topographical distribution used in Exp. TS is also shown with the heights contoured at 1000 m
intervals. Storm positions are plotted at 4 h intervals. (See Fig. 2 for more details.)
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FIG. 7. Storm tracks for three observed tropical cyclones that landfalled on Taiwan, namely,
Dinah, Freda, and Opal, which exhibited a significant northward deflection (Wang, 1980). The

Taiwan island distribution used in the model simulations is shown. Storm positions at 4 h intervals
are indicated by open circles.
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FG. 8. East-west vertical cross section (upper figure) through
24.25°N at 82 h for Exp. TZF. The meridional component of the
flow is contoured (m s™!), with southerly flow shaded. The vertical
coordinate for this cross section is the square root of height in meters.
(See Fig. 11 of BTK for more details of this coordinate system.) The
actual height (km) is presented on the left side of the map. Horizontal
distribution of the wind vectors (bottom figure) for this same time
period is also shown at the 2 km height. The storm track for Exp.
TS5 is plotted here for comparison. The storm position at 82 h is also
indicated. The latitude through which the cross section was taken is
indicated by a dashed line.

though the storm weakened several millibars as it

transversed Taiwan. _ '
The storm track for Exp. T10 is presented in Fig.

10. In this case, the storm was not deflected to the
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" north before reaching Taiwan, and landfall occurred

on the central portion of the island. A secondary surface
pressure center eventually formed on the western side
of the mountain range and drifted slowly to the north-
west. Within the next hour a third low formed just off
the western coast, and moved away from the island.
The above sequence of the development of secondary
surface pressure centers will be looked at in detail in
subsection C.

When a supplemental experiment was run without
the storm, it was found that in the absence of the vortex,
the 10 m s™! easterly flow did not produce any southerly
wind component upstream of the island; this is in con-
trast to the simulation run with the 5 m s™! easterly
flow mentioned before.

Several examples of storm tracks without significant
deflection upstream of the island can be found, as
summarized by Wang (1980). The storms that moved
basically in an east-west direction in his study generally
exhibited a faster east-west translational speed well
upstream of the island than those that deflected to the
north or to the right of the storm track. This was in
agreement with the movement of our storm in Exp.
T10. Some examples of this type of storm track are
shown in Fig. 11. The three storms shown here had an
average east-west translational speed of 9.8 m s™* well
upstream of the island, in contrast to 4.5 m s™! for
those presented in Fig. 7.

From his numerical results Chang (1982) concluded
that storm intensity may also have a significant impact
on a storm’s motion and behavior. However, since both
Exps. TS and T10 were of comparable intensity well
upstream of Taiwan, we could not confirm the im-
portance of this effect.

b. Storm decay

For both Exp. T5 and Exp. T10 the storm began to
decay upstream of the island. For Exp. TS the decay
began about 10 h before landfall. During this time the
maximum low level winds decreased from about 50 to
33 m 5! at landfall, with a value of about 27 m s™! as
the storm left Taiwan. The minimum sea level pressure
at landfall was 988 mb with the storm’s central pressure
filling 33 mb during the 12 h before reaching the island.
Brand and Blelloch (1974) in their statistical study of
22 typhoons that eventually landfalled on the island
of Taiwan indicated that those storms, which exhibited
an average east-west translational speed of about 5 m
s™! well upstream of the island, began to show signif-
icant decay about 12 h before they reached the island.
In these cases the average maximum surface winds de-
creased from about 52 to 40 m s™! at landfall, with a
value of about 32 m s~} as the storms crossed the is-
land’s western coast. In contrast, in the numerical sim-
ulation by Chang (1982) the reduction of the maximum
surface winds ended before landfall, with the surface
winds increasing again during passage of the storm over
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FIG. 9. Time series of the storm’s translational speed (|C|) for Exp. TS, as well as
the average wind speed (J¥}) calculated for the entire inner mesh at model-level 7 (about
2 km above the surface over the ocean) for the simulations with the storm (Exp. TS,
long dashed line) and without the storm (Exp. TZF, short dashed line). In this figure
time increases to the left. For comparison, the average phase speed for the three observed
storms (long dashed, dotted line) shown in Fig. 7 is also plotted relative to the time of
landfall.
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FIG. 10. As in Fig. 6 but for Exp. T10 and the 10 m s™! ocean-only control experiment. Also,
storm positions are plotted every 2 h unless otherwise indicated. (See Fig. 2 and Fig. 6 for more

details.) When the track was not continuous, the storm’s surface positions were connected by a
dotted line.
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FIG. 11. The storm tracks of three observed storms (Harriet, Nora, and Agnes) (Wang, 1980)
that did not exhibit a significant northward deflection when they landfalled on Taiwan. Storm
positions plotted at 2 h intervals are indicated by open circles. When the track was not continuous,
the storm’s surface positions were connected by a dotted line.

the island. For Exp. T10 the storm did not begin to
significantly decay until about 3 h before the storm
reached the eastern shore of Taiwan. The minimum
sea level pressure at landfall for this case was 976 mb,
with the storm’s central pressure filling 22 mb during
the 6 h period centered at the landfall time.

In order to explain the reasons for the upstream de-
cay of the storm, moisture fields are shown in Figs. 12
and 13 for both experiments. For the weaker easterly
flow (Fig. 12) we notice that drier air originating from
the mountainous region of Taiwan began to interact
with the storm circulation about 12 h before landfall,
i.e., 73 h, when the storm was about 230 km from the
coast. Much of this air originated from near or above
the mountain top, and was transported down the
mountain as the storm circulation approached the is-
land. The transport of air to the surface from aloft was
aided locally by regions of very strong subsidence as-
~ sociated with the steep topography. Hence, the storm
began to rapidly decay, filling about 17 mb in the next
6 h.

Figure 12 also indicates that as the dry tongues spread
over the ocean, some moistening of the dry air occurred
as a result of the evaporation from the ocean surface.
It should be pointed out, however, that the effect of
evaporation of rain droplets which is not included in
our model may also modify the moistening rate.

For Exp. T10 (Fig. 13) we see that the advection of
drier air toward the storm circulation was retarded be-
cause of the stronger easterly component of the wind.
Also, since the storm in Exp. T10 was moving faster
there was less time for the dry air to reach the storm
region. Hence, significant storm decay did not begin
until the storm was about 110 km east of the coast
(about 3 h before landfall, i.e., 76 h).

As the storm in Exp. TS5 approached Taiwan, the
circulation centers became vertically tilted with height,
beginning at about 80 h. By landfall, the maximum
vertical tilt between 2 and 8.1 km heights was about
35 km. As mentioned in section 3, a similar feature
occurred in the storm in Exp. M of BTK, particularly
as it descended the mountain range. This added to the
disorganization of the entire storm system in both ex-
periments, and could also have contributed to the decay
of the storm in Exp. TS in the period beginning about

5 h before landfall. For the case of Exp. T10, no tilting

of the circulation centers with height was observed until
right before landfall (see Fig. 14).

¢. Formation of the secondary lows

One of the most interesting features of Exp. T10 was
the formation of secondary surface pressure centers on
the western side of the island as the storm encountered



JANUARY 1987 MORRIS A. BENDER, ROBERTE. TULEYA AND YOSHIO KURIHARA 143
Exp. TS
(955mb) 73 HOURS (959mb) 76 HOURS

79 HOURS

FG. 12. Distribution of the horizontal wind vectors, mixing ratio field (solid line) at model level 11 (o = 0.992) and topographical
heights (dashed line, 1000 m contour) in the finest mesh for Exp. T5. The maps are shown for four time periods at 3 h intervals
when the storm was east of Taiwan. (See Fig. 5 for more details.)

the mountain barrier. As our model storm encountered
the mountain range at 80 h (Fig. 14, system A), two
other surface lows subsequently formed (systems B and
C). A second circulation center in the lower atmosphere
(2 km) also formed on the western side of the mountain
and subsequently moved slowly north and then north-
west. It finally became coupled with surface system C
at 82 h. In contrast, the path of the circulation center
at the upper level remained continuous as it crossed

the island mountain range undergoing acceleration in
its translational speed without significant deflection.
Figure 15 shows an hourly sequence of surface fea-
tures during the period in which the secondary lows
formed. At 79 h, as the primary storm center (system
A) was nearing the coast, a second surface low, with
an associated increased low-level cyclonic vorticity, had
already-formed in the region where very strong adi-
abatic descent of winds down the mountain slope was
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FIG. 13. As in Fig. 12, except for Exp. T10. The longitudinal position of the storm at the upper left hand frame is the same as
the longitudinal position of the storm at the upper left hand frame of Fig. 12. The maps are shown at 2 h intervals.

occurring. By 80 h the minimum central surface pres-
sure of the secondary low (system B) had dropped to
below 990 mb, with an area of hurricane force winds
associated with it. By 81 h the primary center (system
A) had disappeared, and air from most sides of the
island was advected into system B. Note that the center
of system B had remained stationary during this time.
There were indications of a third system (system C)
beginning to form just off the coast near the location
of the circulation center at 2 km. During the next hour

system B moved slowly to the northwest and weakened,
while the circulation associated with system C in-
creased. By 82 h, hurricane force winds had jumped
entirely to system C located off the coast. As this system
continued to move away, system B continued to decay.

The actual sequence and details in the structural
change of the tropical cyclones encountering Taiwan’s
island barrier vary from storm to storm (e.g., Wang,
1980). Thus it is impossible to generalize this particular
sequence found in Exp. T10 to formation of secondary
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FIG. 14. Tracks and positions of the storm’s minimum sea level
pressure (solid line and tropical cyclone symbol), and the center of
circulation of the wind field at the 2 km (long dashed line and closed
circle) and 8.1 km (short dashed line and open circle) heights for
Exp. T10. The primary surface low is identified in the figure as system
A. The second surface low is identified as system B, with the third
surface center that formed off the coast identified as system C. When
the track was not continuous, the storm’s surface positions were con-
nected by a dotted line. The Taiwan coastline is indicated by a thick
solid line with the topographical heights contoured (dashed line).

lows in general, although it does appear to bear simi-
larity to some observed storms (e.g., Typhoon Louise,
1959).

As system A approached the coast, hurricane force
winds were forced up Taiwan’s steep eastern slope (Fig.
15). This caused a large enhancement of storm precip-
itation north of the storm center (Fig. 16), with values
of total storm rainfall exceeding 25 cm (27.6 cm max-
imum). As system B formed on the west side of the
mountain range, strong upslope flow began to occur
in the area south of this system. Thus, an enhancement
of precipitation occurred in this region as well. This
seemed in good agreement with results obtained in the
previous study (see Fig. 6 of BTK) and agrees in general
with observed precipitation distributions for landfalling
tropical cyclones in mountainous regions (e.g., Brunt,
1968; Hamuro et al., 1969).

S. Luzon

The northernmost island of the Philippine Island
chain, called Luzon, has a very mountainous topo-
graphical distribution, especially on the northern half
of the island in which our model tropical cyclones
crossed. Two distinct north-south mountain ranges
span this section of Luzon: the first located near the
eastern coast (Sierra Madre), and the second and
steeper range (Cardillera Mountains) spanning the
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western part of the island. Many of the peaks in this
mountain range tower over 2000 m high, with maxi-
mum heights resolved by the models of 2134 and 2042
m located in the north and central parts of the moun-
tain range, respectively. Between these two ranges is a
broad valley. The average width of northern Luzon is
over 210 km, making it considerably wider than the
island of Taiwan.

The two experiments to be discussed are Exp. L5
(Luzon, 5 m s~ ') and Exp. L10, integrated to 92 and
62 h respectively.

a. Storm track and motion

The topography of Luzon and the land conditions
were inserted into the integration domain at 16 h for
Exp. LS and 12 h for Exp. L10. For Exp. L5, the tropical
cyclone reached the coast of Luzon at about 65 h (Fig.
17). Upstream of the island the storm was deflected
slightly to the left relative to the ocean control and
underwent a small deceleration. As the storm contin-
ued to approach the island its direction began to shift
to the northwest about 2V h before landfall and it rap-
idly weakened. By landfall the storm also began to
move with an accelerated speed (from Sm s 'at 62 h
to about 7.5 m s™! at 66 h), reaching the center of the
island at 68 h as a tropical storm. At this time the
surface pressure field became quite distorted. The sur-
face pressure center reformed on the western side of
Luzon, slowly moved toward the north, and eventually
moved out over the ocean in a northwest direction. As
the storm continued to move over the ocean west of
the island, its translational speed began to again ac-
celerate, reaching a maximum of about 8.2 m s™! at
80 h. The profile of the storm’s translational speed
seemed to compare fairly well qualitatively with Brand
and Blelloch’s (1973) statistical study of the behavior
of 30 typhoons crossing the Philippines. In their anal-
ysis, the average translational speed of storms crossing
the Philippines increased from about 5.5 m s™! in the
period before landfall, to over 6 m s™! at landfall, de-
creasing steadily until it reached the western coast, with
a secondary maximum noted about 6 h after leaving
the island. Their results also indicate a northward per-
turbation in the storm tracks as the tropical cyclones
passed through the islands. Results by Kintanar and
Amadore (1974) showed that over 50% of the typhoons
landfalling in this region of Luzon exhibited an increase
of at least 2.5 m s™! in speed of movement just before
landfall, with a similar decrease in speed as the storms
left the western coast.

When analysis was made of the supplemental ex-
periment performed without the vortex included, it was
found that southerlies existed over the island where the
storm was deflected to the north, spreading to the re-
gions over the ocean west and north of Luzon. The
maximum southerly wind component northwest of
Luzon was about 4 to 5 m s™! at about the 5 km level.
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FIG. 15. Distribution of horizontal wind vectors plotted at every other point at model level 11 (¢ = 0.992) in the finest mesh
at 79, 80, 81 and 82 h, for Exp. T10. The sea level pressure is contoured, with the areas of humcane force winds shaded. Systems

A, B, and C, shown in Fig. 14, are indicated.

When the storm transversed this region during the pe-
riod from 74 to 79 h, its average north-south transla-
tional speed was about 6.7 m s™! compared to a value
of 2.3 m s! during a 12 h time period when the storm
was well east of Luzon. Southerlies of 5 m s™! also
occurred in some areas over the northern part of the
island throughout much of the atmosphere. However,
it is difficult to determine whether the changes in the
storm’s track and translational speed were caused pri-
marily from this interaction of the basic flow with the

topography or by the additional interaction of the storm
with the island topography.

In a second supplemental experiment, run with the
cool, flat, land surface condition, the storm showed a
small northward deflection in its path compared to the
ocean-only control, beginning about 5 h before landfall.
It reached the coast about 20 km north of the ocean
control. During the 10 h period that it transversed the
island, the storm underwent significant weakening and
the minimum sea level pressure rose 19 mb. When it
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FIG. 16. Distribution of the storm total rainfall (cm) for Exp. T10. Total rainfall greater than
15 cm is shaded. The mountain heights are contoured at 1000 m intervals with the shoreline
indicated with a thick solid line. The storm track of the minimum surface pressure is shown with
the position of the storm center indicated at 4 h intervals unless otherwise indicated.
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RG. 17.' Storm tl:ack for Exp. L5 (solid line) and the ocean-only control case (dashed line). The
topographical distribution of Luzon used in Exp. LS is shown. Storm positions are plotted every
6 h and indicated by a tropical cyclone symbol. (See Fig. 2 for more details.)
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left the island it was located about 17 km north-north-
west of the storm in the ocean control. In comparison,
the storm in Exp. L5 was located about 68 km north
of the ocean control when it reached Luzon’s western
coast.

The storm track for Exp. L10 is presented in Fig. 18.
Similar to the previous simulation, the storm began to
deviate to the left upstream of the island. By landfall,
the storm was located about 30 km to the south of the
position of the storm in the ocean control run. After
landfall the surface low eventually tracked to the
northwest, although it became hard to clearly identify
over the mountainous terrain until it reformed on the
western side of the mountain range, at a position about
50 km south of Exp. L5. After leaving Luzon the surface
pressure center continued to move in a direction similar
to the control case.

The storm tracks of three observed typhoons that
passed through northern Luzon are presented in Fig.
19. Only Louise exhibited a distinct northward deflec-
tion as the storm passed through the island, although
a small northward perturbation in the storm track of
Typhoon Ivy can be seen about 8 h before it reached
the island. In all three cases the storm’s minimum sea
level pressure began to fill upstream of the island. Upon
leaving the island, Typhoons Georgia and Ivy began
to reintensify when the storm centers were about 250
km west of the coast of Luzon. For Typhoon Louise
the deepening of the storm’s central pressure did not
begin until the storm was about 350 km to the west of
the island. These decay and redevelopment features
are in good agreement with both Exps. L5 and L10 as
discussed in subsection b.
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b. Storm decay and redevelopment

Significant differences in the minimum sea level
pressure between Exp. L5 and the ocean control run
began about 8 h before landfall (see Fig. 17), again as
drier air reached the storm circulation. Actually, slightly
drier air (20 to 21 g kg™") reached the storm as early
as 40 h of the simulation, as air from southern Luzon
was advected north into the storm region. However,
this drying appeared to have little effect in the storm’s
overall decay. The maximum low-level winds began
to significantly decrease about 4 h before landfall, from
a value of 47 to 40 m s™! at landfall. When the storm
left the western end of the island the maximum low
level wind was about 25 m s~!. Likewise, the minimum
sea level pressure at landfall was 986 mb, with a 6 h
filling rate of 26 mb centered at the landfall position.
The observations of Brand and Blelloch (1973) also
noted an average decrease in maximum surface winds -
from about 47 m s™' beginning about 4 h before the
typhoons reached the Philippines to approximately 45
m s~! at landfall, finally decreasing to 31 m s™! after
the storms left the islands.

For Exp. L10, the storm’s minimum sea level pres-
sure did not undergo significant filling until about 1%
h before landfall. The minimum sea level pressure when
the storm reached the coast was 978 mb. After landfall,
as the storm began to ascend the eastern mountain
range, very rapid decay occurred. For example, during
the time between 45 and 46 h, the storm’s minimum
sea level pressure rose about 13 mb, to 992 mb. During
this same time the storm’s warm core rapidly weak-
ened, with the average temperature difference at 8.1

18°

EXP. L10

— - —_0Ocean Control

FIG. 18. As in Fig. 17 but for Exp. L10 and the 10 m s™' ocean-only control case.
Also, storm positions are plotted every 4 hours.
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FIG. 19. Storm tracks for observed tropical cyclones that passed through northern Luzon,
namely Louise, Georgia, and Ivy. The topographical distribution of Luzon that was used in the
model simulations is shown. The storm positions were plotted at 6 h intervals, with the storm’s
minimum sea level pressure indicated. The storm tracks and data were obtained from the dataset
compiled at the Shanghai Typhoon Institute (1984).

km height measured between the storm center and a
50 km radius decreasing about 40%.

In order to explain this rapid deterioration of the
storm system, a heat budget was calculated for the
moving storm at the 8.1 km height which is near the
level of the maximum warm core. The equation for
the change of temperature for the system moving with
the storm can be written as

DT

-D—1=TA+TB+TC+TD (5.1)
where
TA the change due to the relative horizontal advec-

tion —(v — ¢)- VT,

TB the change due to vertical motion —w(87/dp —
afcy),

TC the change due to condensation,

TD the change due to diffusion.

In the above equation, D/ Dt denotes the change relative
to the moving system, c is the mean storm movement
vector, v the horizontal wind, w the vertical velocity in
pressure coordinates, V the horizontal gradient oper-
ator, ¢, the specific heat at constant pressure and « the
specific volume. The budget was calculated at 45 h
when the storm was located just south of a 1500 m
mountain peak and very rapid decay was beginning.
The values of the terms were compared to a budget
calculated for a storm of similar intensity from the

ocean control run (40 h). It was found that in the re-
gions near the storm center, the maximum cooling rate
due to the vertical motion, TB, increased from about
~14.0 X 1073 K s7! for the ocean case to —15.7 X 1073
K s7! for the storm moving over Luzon. At the same
time, as much drier air was being advected into the
storm center from the mountain peaks over the island,
the heating rate due to condensational heating, TC,
decreased from 15.0 X 107> K s™! for the ocean case
to 13.9 X 107> K s~! centered near the mountain peak.
A large area of negative temperature tendency thus re-
sulted in Exp. L10, and the intensity of the warm core
weakened rapidly during the next hour. This signifi-
cantly contributed to the deterioration of the entire
storm system.

For both Exp. L5 and L10, as the storm system en-
countered the western mountain range barrier the sur-
face low subsequently reformed on the western side.
In both cases, the storm circulation center became ver-
tically tilted with height. The lower (2 km) circulation
center reformed to the south of the surface low, then
drifted northwest. Figure 20 shows an example for Exp.
LS. In this figure, the circulation center at 6.8 km was
plotted, since the center became poorly defined west
of the island at the higher levels until 85 h. Similar to
the case of Taiwan, the path of the upper level circu-
lation center was continuous as it crossed Luzon, Its
center remained well south of the surface pressure cen-
ter until about 92 h. From Fig. 20 we also can see that
after the storm crossed the western coast, the upper-



150

MONTHLY WEATHER

REVIEW VOLUME 115

- Exp. L5
1002mb 1002mb SURFACE
8% 2 PRESSURE
19N e LUZON
() "\ crCulATION N
s, CENTER ~ Y
So [2.0km) Ny
CIRCULATION ™ FZAN N
~~0O-a. et
18° 4 CENTER a2 T e { 1506m 500m
16.8km) ~~ ~7 %_1000m)
AN N
TN L]
2 N eoems 34
76h, £ P
i 708 PSP H
‘\ \ |” [t { !
o . H [RIM i
17° 4 bt }
Se S o
R SRR N
‘||l \ ob‘v/\/ ]
" \\70 N
VAR
[N N
J \\_:‘\1’-\
N,
16° N5
500m
i 645,
. How
I 500m
\ Ay
. \ /
: !
15° 4 ) \
T T T T T T
o
118°E 120° 122°

FIG. 20. Tracks and positions of the storm’s sea level pressure (solid line and tropical cyclone
symbol), and the center of circulation of the wind field at the 2 km (long dashed line and closed
circle) and 6.8 km (short dashed line and open circle) heights for Exp. L5. Positions of the 8.1
km warm core (letter #) are given. The coastline of northern Luzon is indicated by a thick solid
line with the topographical heights contoured (thin dashed line). When the tracks were not con-
tinuous the positions were connected by a dotted line.

level warm core, which was associated with the area of
maximum precipitation, was displaced by a consid-
erable distance from the upper-level circulation center
and the surface pressure center. It should be noted that
although moist air was again advected into the storm
region after the storm moved well west of Luzon, the
storm did not undergo reintensification until 87 h,
when the entire system tended to again become ver-
tically coherent. ,

At 83 h the upper level warm core was located 90
km to the east of the surface pressure center. During
the next hour this warm core region weakened while
a new warm region developed to the south of the storm.
At 85 h the warm core was about 50 km directly to
the south of the surface pressure center (Fig. 21). This
new warm core at the 8.1 km level underwent continual
intensification from 84 h until the end of the integration
at 92 h. The mean temperature difference between the
warm core center and the region at a 150 km radius
surrounding it increased from about 2 K at 84 h to 4.5
K by 89 h. To analyze quantitatively this intensification
of the warm core, a heat budget (5.1) was computed
at 84 h (Fig. 22). At this time only a small sign of the
warm core observed at 83 h still remained. A strong
cooling tendency in the advective term TA (—0.6

X 1073 K s~! maximum) was found at this location 1
h earlier (83 h), partly contributing to the strong cooling
that was occurring there. By 84 h the net temperature
tendency in this area was still generally negative, and
the ventilation term (TA) was still importing cooler air
into the region. However, a very large net positive ten-
dency, with a maximum of over 1.9 X 107> K s7!, was
now located in the region of the new warm core as
significant convection began to occur in this area. The
value of the condensational heating term (TC) at this
point was 3.6 X 1072 K s™! with a corresponding cooling
tendency in the vertical motion term (TB) at the same
point of ~1.9 X 1073 K s, Since the ventilation term
at this point was 0.26 X 1073 K s™! and the diffusion
term was negligible compared to the other terms, the
net result was a very large positive tendency and rapid
strengthening of the warm core. As the warm core con-
tinued to intensify, its position became nearer to the
upper-level circulation center in the next several hours
as the latter slowly shifted toward the surface pressure
center. The sequence of these events appeared con-
current with the beginning of the deepening of the
storm center (87 h) about 14 h after the storm had
moved across the western coast of Luzon. This agrees
favorably with the statistical results of Brand and Blel-
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FIG. 21. Distribution for Exp. LS of the sea level pressure field (mb, dashed line) and the temperature
(K, solid line) at the 8.1 km height in the finest mesh at 83 and 85 h.

loch (1973), which showed that reintensification of
storms typically begins about 12 h after they leave the
western coast of the Philippines.

6. Comparison and summary of numerical results

The interaction of a tropical cyclone with different
distributions of island topography has been analyzed
for three separate regions: the islands of the Greater
Antilles in the northern Caribbean, the northern Phil-
ippines (Luzon), and Taiwan. In this section the results
will be compared with one another.

For all six cases in which the tropical cyclone ap-
proached islands with significantly high mountain
ranges, the storm’s translational speed increased before
or upon landfall and the storm was deflected to the
north. For the 5 m s~! basic flow over Taiwan, the
deflection to the north and acceleration in the trans-
lational speed began well upstream of the island. For
the other cases most of the storm acceleration began
just before landfall, and northward deflection of the
path occurred over the mountainous terrain in good
agreement with many observations and statistical
studies. The storms were deflected to the left upwind
of Hispaniola and Luzon compared to the positions of
the ocean control. For the case of Luzon this deflection
appeared to be similar to the upwind behavior of the
tropical cyclone numerically simulated in Exp. M of
BTK for a very long and wide mountain range.

The primary reason for the sharp deflection to the
north over Hispaniola was the presence of southerlies
that existed in this region throughout much of the at-
mosphere, generated by the interaction of the island

topography with the basic flow. The mountain range
of Taiwan caused the basic flow upwind of the island
to curve to the north in the lower atmosphere for the
5 m s~ case. As the storm approached the island, an

. additional interaction of the storm with the topography

occurred, causing a significant acceleration of the
translational speed, beginning about 6 h before landfall.
For the 10 m s™! easterly flow case, the basic flow was
not significantly affected by the island topography, and
the storm was deflected very little before landfall. This

. also was consistent with some observations. For Luzon,

the basic flow over and west of the island curved to the
north over much of the atmosphere. The storm was
deflected to the north in these regions. This is similar
to the northward deflection of the storm on the west
side of the mountain range in Exp. M of BTK. Caution
must be taken, however, in making comparisons with
Exp. M since the limited north-south extent of the
mountain ranges in these island experiments enabled
flow to occur around the mountain ranges. Also, the
much steeper vertical slope caused more significant
blocking, especially in the case with the weaker basic
flow (Pierrehumbert, 1984).

From Table 3 we see that the deflection of the storms
was generally larger with the weaker easterly flow. For
Hispaniola and Luzon, this possibly was due partly to
the longer time period that the slower moving storms
were influenced by the southerly flow found over the
islands. The total northward displacements are com-
parable to the mean forecast error for the National
Hurricane Center’s Atlantic tropical cyclone track
forecast. For example, during the period from 1970-
79, the 12 and 24 h mean forecast error was 94 km
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FIG. 22. Distribution for Exp. L5 of components and sum (1073 K s7Y) of the heat budget equation (5.1) at the 8.1 km height
in the finest mesh, computed relative to the moving storm at 84 h. Areas of negative values are shaded. The diffusion term (TD)
was much smaller than the other terms and was not plotted. Positions of the old (Hgs) and new (Hgs) warm core are indicated at
the bottom right figure, with their positions indicated by a closed circle in the other three figures.

and 202 km, respectively (Neumann and Pelissier,
1981). This indicates the importance that this effect
may have in track forecasts in some cases.

All six of the storm cases showed decay upwind of
the mountainous islands. The primary cause of the
weakening was the influx of dry air into the storm cir-
culation. The decay rate before landfall was less with
the 10 m s~! basic flow in all cases, as we see again in
Table 3. All six cases showed considerable decay over
the island mountain ranges. When the storms left the

islands, the maximum low-level winds associated with
the storm system were greater in' the experiments with
the stronger basic flow. After the storm landfall over
Cuba, which is flat in comparison to the other island
distributions, the storm’s minimum central pressure
weakened only about 4 mb (Exp. CS). This reduced
weakening appeared to be due to the influx of moist
air from the ocean area.

A large tilt in the storm’s circulation center was
found for both Exp. L5 and Exp. L10 as the storm
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system was leaving the western coast of Luzon. A
smaller tilt was found in Exp. T10 as the storm passed
over the island of Taiwan. In contrast, however, for
expt T5 the tilting of the circulation centers began when
the storm was still upstream of the island. This effect
probably resulted from the directional wind shear that
existed in this region east of Taiwan. For the island of
Hispaniola, no tilting of the circulation centers was
found at any time, as the storm crossed the island.

Reintensification of the storm system began im-
mediately after the storm passed over Hispaniola and
again moved over open water. In contrast, although
very moist air was eventually advected into the storm
system, the storm did not reintensify after leaving the
coast of Luzon until the upper and lower circulation
centers and the surface pressure center all became ver-
tically coupled again about Y. day later. For the case
of Taiwan the storm continued to weaken after passing
west of Taiwan as much drier air was still being ad-
vected into the storm system by the end of the exper-
iment.

7. Conclusion

The behavior of tropical cyclones in the presence of
mountainous island distributions was numerically
simulated using a triply nested, movable mesh model.
Although the experiments were all performed for an
idealized flow and experimental design, many of the
results obtained agreed well with statistical and ob-
served studies regarding important storm features such
as change in translational speed, deflection of the storm
path, storm decay, reintensification, and development
of secondary surface lows. The simplified experimental
design has enabled these effects of the island terrain to
be isolated and easily analyzed. Although we cannot
generalize the obtained numerical resuits for all ob-
served cases, especially those involving more compli-
cated flow fields, this research has led to improved un-
derstanding and explanation of some of the behavior
of tropical cyclones in regions of mountainous islands.

The following are what we confirmed or can spec-
ulate from the present numerical study:

e The island topography affects the basic flow field,
in some cases well upstream of the islands. It also di-
rectly influences the structure of the tropical cyclones
when they pass over or nearby the region. Combination
of the above two effects yields changes in the movement
and structure of the tropical cyclones.

e For the cases considered, the storm tracks show
northward deflection, sometimes after a small south-
ward deflection. The northward deflection is generally
larger and sometimes begins further upstream in the
case of the weaker zonal flow. The translational speed
of the storms also tends to increase along with the de-
flection. ,

e After making landfall and encountering the high
mountain ranges, the surface pressure minimum un-
dergoes rapid filling. The surface low may continue to
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move along with the upper-level vortex as it crosses
the mountain range (e.g., the Hispaniola case in this
study), or may become obscure before reforming on
the lee side slope (e.g., Luzon cases). Sometimes (e.g.,
one of the Taiwan cases) a secondary surface low or
lows form behind the mountain range. In this case, it
appears that the upper-level vortex becomes detached
from the original surface low and eventually couples
with the secondary one.

e The latent energy supply as well as the vertical
coherence of the storm system are important factors
in the determination of the intensity change of the
storms near and over the islands. When dry air is ad-
vected from the mountain region into the storm area,
the storm may exhibit a weakening tendency even well
before landfall. The weakening may be enhanced if the
vertical axis of the storm system is forced to tilt at the
same time. After leaving the island and moving over
open ocean, the storms generally reintensify if a ver-
tically coherent structure is present, or, otherwise, not
until it is reestablished several hours later.

As mentioned, the storm structure often became
disorganized over and after crossing the island terrain,
with the location of the warm core or area of intense
precipitation, upper and lower circulation centers and
the surface pressure center displaced from one another.
This implies that care must be taken to determine the
storm position from surface, upper air or satellite ob-
servations. For example, for the case of the experiment
for Luzon, we found that the area of heavy rainfall at
one time period was displaced over 120 km from the
surface pressure and circulation center.

Finally, we have shown that in the cases involving
significant mountain heights, detailed topography
should not be neglected in numerical models if accurate
forecasts of the storm track and behavior are to be
made. This point is suggestive for improvement of
storm prediction, since high mountain ranges are found
in many of the areas with significant tropical cyclone
activity.
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