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ABSTRACT

A triply-nested, movable mesh model was used to study the effects of a mountain range on a landfalling
tropical cyclone embedded in an easterly flow of ~10 m s~'. The integration domain consisted of a 37°
wide and 45° long channel, with an innermost mesh resolution of 1/6°. An idealized mountain range with
maximum height of ~958 meters was placed parallel to the shoreline. The mountain range, which spanned
19° in the north-south direction and 5° in the east-west direction, was centered in the middle of the channel.
Results obtained were compared with a previous landfall simulation, performed without the effect of the
mountain range included. In particular, comparison was made of the total storm rainfall, maximum wind
distribution and storm decay rate. It was found that the storm filled much more rapidly in the simulation
run with the mountain included. The mountain range affected the decay rate through reduction in the supply
of latent and kinetic energy into the storm circulation during, as well as after, passage of the storm over the
mountain. It was found that a low-level, warm and dry region was produced where the storm winds
descended the mountain slope.

In order to better isolate the effect of the mountain on the basic easterly flow, a supplemental integration
was performed for the flow without the storm. It revealed that the mountain range caused a significant
change in the basic flow over the mountain as well as up to several hundred kilometers downstream and
extending considerably above the mountain top. A low-level southerly jet was observed to the west of the

mountain base.

1. Introduction

The earth’s topography, from a small hill to a
large-scale mountain range, influences all scales of
atmospheric motion. For the case of the landfalling
tropical cyclone, the topography of the particular
terrain being transversed has an important impact on
most aspects of the storm’s behavior such as the
storm’s movement, decay rate and rainfall distribu-
tion. Observationally, studies by Hamuro et al. (1969)
and Brunt (1968) have shown a strong relationship
between the total rainfall associated with landfalling
tropical cyclones and the local distribution of orog-
raphy. Hamuro et al. (1969) in their case study
showed that maximum hourly rainfall during the
landfall of Typhoon Vera in 1959 over Japan was
generally located in mountain upslope regions, with
the total rainfall amounts strongly related to station
elevation. The large amount of precipitation falling
in a mountainous region has sometimes resulted in
disastrous consequences. For example, torrential rains
in excess of 50 cm were directly responsible for
thousands of deaths as Hurricane Fifi in 1974 skirted
the Honduras coast and interacted with the region’s
mountainous terrain (Hope, 1975).

Usually the tropical cyclone rapidly weakens as it
interacts with the surface orography. As Hurricane
David transversed the mountains of Hispaniola in
1979, it abruptly decayed to tropical storm strength

before reintensifying on the other side of the island
(Hebert, 1980). Brand and Blelloch (1973, 1974)
observed significant orographic influences on intensity,
speed and direction of movement for typhoons passing
over the high mountain ranges of Taiwan and the
Philippines. Some of these observed orographic influ-
ences were successfully reproduced numerically by
Chang (1982) in a primitive equation model which
simulated the passage of a tropical cyclone over an
island mountain range similar to that of Taiwan,

So far, idealized numerical simulations of hurricane
landfall have also been performed by Tuleya and
Kurihara (1978), Moss and Jones (1978), and Tuleya,
Bender, and Kurihara (1984; hereafter referred to as
TBK). Although these experiments were run without
orographic effects, they revealed realistic results. For
example, in the study of TBK, general characteristics
similar to those observed with landfalling tropical
cyclones, such as an abrupt change in the low-level
winds at the coastline, were obtained. They also
showed that the primary cause for storm decay after
landfall is the suppression of latent energy. The
present study is a continuation of this earlier work.
In particular, a landfall simulation similar to the
landfall experiment of TBK will be performed with
an idealized mountain range placed adjacent to the
shoreline. Results obtained will be compared with
the previous landfall simulation to determine the
effect of this mountain on the decaying tropical
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cyclone. Since the enhancement of precipitation and
the increased storm decay are important observed
orographic influences, as mentioned before, a detailed
analysis of these parameters will be made. It is hoped
that an improved understanding of these important
mountain effects can be obtained by studying this
rather idealized and simplified case.

A description of the model, grid system and moun-
tain range will be presented in Section 2. In Section
3 comparison of the two landfall simulations per-
formed with and without the mountain effects will
be presented to help explain some additional decay
mechanisms associated with the mountain. In Section
4 mountain effects on the basic flow itself will be
discussed. Finally, a summary of results and conclud-
ing remarks will be presented in Section 5.

2. Experimental design
a. Model used

The triply-nested, movable grid system originally
described by Kurihara and Bender (1980) was used
for this study. Specific model details are outlined in
TBK, and only a brief description is given now. The
model is an eleven-level primitive equation model
formulated in latitude, longitude and sigma (o) co-
ordinates. The outermost integration domain spans
37° latitude (5.5-42.5°N) and 45° longitude. A sum-
mary of the grid system for each mesh is presented
in Table 1. The model physics include a Monin-
Obukhov formulation for the surface flux calculation,
the Mellor and Yamada (1974) scheme for the vertical
diffusion, and cumulus parameterization described
by Kurihara (1973). The ocean surface temperature
was set equal to 302 K. Land surface temperatures
(LST) were determined by the following equation:

LST = 298 — v,zx, 2.1

where v, was set equal to 6.7 K km™ and z4 was the
surface height. Over both the land and ocean, the
surface mixing ratio was equal to the saturated mixing
ratio at the surface temperature. Over land this
corresponds to a cool, wet surface. As mentioned in
TBK, a cool land surface was specified to simulate
conditions under the storm’s cloud canopy. Miller

TABLE [. Grid system of the triply-nested mesh model
used in the landfail experiments.

Domain size

Grid Time-
resolution step Longitude Latitude
Mesh (deg) (s) (points) (points)
1 1° 150 45° (45) 37° (37)
2 1B 50 [1°(33) 11° (33)
3 Ye® 25 3%° (22) 3%° (22)
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(1964) has shown that surface temperatures in Hur-
ricane Donna were 2-4 K lower over flat land than
over ocean. The value of vy, was the approximate
standard atmospheric lapse rate in the lowest km,
averaged for the summer months in the tropics. The
value also agreed well with the lapse rate calculated
from the model (~6.4 K km™) in the lower atmo-
sphere over the ocean. Finally, the roughness param-
eter zo was set to 25 cm at all land points.

b. The idealized mountain range

The topography used in the present model consisted
of an idealized mountain range, beginning at and
running parallel to the coastline. It was symmetric in
the east—west direction, with a width of 5° longitude

“and maximum height of about 958 m centered 2.5°

longitude west of the coast. The north-south extent
of the mountain range stretched 19° latitude and was
centered in the middle of the channel. Although this
distribution is not representative of the topography
of any specific tropical location, mountain ranges
paralleling the coast are found on many islands such
as Madagascar, the Philippines and parts of Japan. As
was mentioned before, it was hoped that the simplified
experimental framework used would enable some of
the important mountain effects to be isolated and
easily analyzed.

The distribution of z, in the present experiment
was first defined for the entire integration domain at
the resolution of the finest mesh (every 1/6 degree of
latitude and longitude). The values for the coarse
resolution were then determined by averaging the
heights of fine resolution points that were covered by
the area of each coarse-mesh grid box. Therefore, the
mountain shape resolved by each mesh was not the
same, as shown in Fig. 1. The maximum mountain
height for the finest mesh was approximately 958 m,
as was mentioned previously, with a corresponding
LST of 291.6 K. The mountain top defined by the
coarsest mesh was reduced by 83 meters compared
to its value resolved by the inner two meshes.

¢. Insertion of the orography and land conditions

The previous scheme of TBK was again used to
spin up an initially weak vortex over the ocean to a
storm of hurricane strength. The vortex was initially
centered at 22°N and embedded in an easterly zonal
flow of constant angular velocity with a wind mag-
nitude of about 10 m s~ at 20°N. At 52 h the land
surface conditions were implemented into the western
portion of the computational domain, in a manner
similar to TBK. At this time the mountain range was
also inserted. The vortex was positioned sufficiently
away from the shore at this time so that the wind
flow above the mountain range could adjust to the
influence of the mountain before the storm’s sirong
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FI1G. 1. East-west cross section through the center of the mountain
range, showing the mountain height resolved for each of the three
mesh resolutions. The large dots connected by the dashed line
indicate the height resolved by the coarsest mesh at each grid point.
The crosses, which are not connected, indicate the heights for the
medium mesh. The solid line shows the mountain shape resolved
by the finest mesh resolution.

winds reached the coastline. Insertion of the land
conditions into the model was four hours earlier than
for the simulation presented in TBK. Thus the present
experiment was not strictly a perfect counterpart to
TBK. However, we expected these differences would
presumably be insignificant, especially after landfall.
This was confirmed by a subsequent integration. At
the time of land insertion the storm was located
about nine degrees longitude east of the shoreline,
and the mountain area was confined to the Mesh 1
domain as shown in Fig. 2.

In order to reduce noise that will inevitably occur
from insertion of the mountain into the model and
the resulting height change of the sigma surfaces, the
mass and moisture fields at the new sigma surfaces
were obtained before the integration was resumed by
linearly interpolating between values at the old sigma
levels. This resulted in generation of only a small
amount of noise compared with the noise generated
by other schemes examined.

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 mountain during the
integration, values of z, and LST which were covered
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by the coarse resolution were replaced by their cor-
responding fine mesh values obtained from the table.
A similar procedure was followed as the resolution
changed from fine back to coarse.

d. Identification of experiments

For the remainder of the paper, three numerical
experiments will be described and analyzed in detail.
The landfall experiment performed with the mountain
range included will be referred to as Exp. M. Com-
parison will frequently be made to the previous
landfall simulation of TBK (Exp. L298 in their paper)
performed without the mountain included. In the
present paper this simulation will be identified as
Exp. C. A supplemental integration (hereafter referred
to as Exp. ZF) was also performed with the same
mountain distribution as Exp. M and identical easterly
flow initially, but excluding the vortex. For this
integration, the movement of the grids was reproduced
to correspond exactly with the grid movements made
during Exp. M. This enabled proper comparison to
be made between Exp. M and Exp. ZF and also
allowed an analysis to be made of the flow in the
vicinity of the mountain on the finest scale. These
three experiments can be summarized as follows,

Exp. M: landfall experiment with mountain range,

Exp. ZF: experiment with mountain and basic flow
only,

Exp. C: landfall experiment without mountain
effect (Exp. L298 in TBK).

Finally, in the analysis of Exp. M, the sea level
pressure over the mountain area was reduced hydro-
statically from the surface pressure (e.g., Manabe and

MESH 1 - a0°N
e— 57—
M
MESH 2 — 30°
e MESH 3
o~ 4 H-3 5 B 20°
NtV e

LAND | OCEAN

—-10°

COASTLINE
= 45"-—»-[

FIG. 2. Experimental domain including the horizontal distribution
of the mountain height z, (m). The positions of the inner meshes
and storm center are shown at 52 h, when the topography was first
inserted into the integration.
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Holloway, 1975), which yielded a smooth séa level
pressure field.

3. Numerical simulation of landfall

Before proceeding with an analysis of the landfalling
tropical cyclone, we will first describe the flow that
existed above the mountain in the absence of the
storm. From Fig. 3 we can see the effects the mountain
range has on the basic flow at the 1.4 and 6.8 km
levels. A rather strong vertical shear in the wind exists
between these two heights. For example, on the east
side of the mountain range, a strong northerly wind
component exists at the upper level. Although a small
northerly component can be found over the west side
as well, the flow eventually changes direction far
downstream from the mountain, as would be expected
for mountain flow in a stratified atmosphere (e.g.,
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Smith, 1979). At 1.4 km the flow is basically zonal
on the east side of the mountain. However, below
this height the wind again exhibits a northerly com-
ponent. From Fig. 3 we see that the wind, which is
maximum above the mountain top, makes a sharp
turn to the right on the lee side of the mountain. We
will show later in Fig. 15 that this resulting southerly
flow extends well downstream from the mountain.
Upstream, the effect of the mountain on the flow
field appears to be relatively small. According to the
study on mountain flow by Pierrehumbert (1984), we
would not expect strong blocking of the flow to occur
for the mountain height and zonal flow prescribed in
Exp. ZF.

a. Comparison with the nonmountain simulation

After implementation of the topography and land
conditions at 52 h, Exp. M was continued with the
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FIG. 3. Horizontal distribution of the wind vectors for the zonal flow experiment
(Exp. ZF) at the 6.8 km height (upper) and the 1.4 km height (lower) for the region
above the mountain. Vectors are plotted for every other grid row in the latitudinal

direction.
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same lateral boundary conditions used in Exp. C.
Landfall of the hurricane occurred at 78.2 h, with
minimum surface pressure and maximum low-level
(¢ = 0.992) wind at landfall of 960.5 mb and 51 m
s7!, respectively. The storm reached maximum inten-
sity about one hour prior to landfall, similar to Exp.
C. The time series of minimum sea level pressure
and maximum low-level winds is presented in Fig. 4
for both experiments. After landfall, the storm began
to weaken rapidly, with the minimum sea level
pressure filling about 32 mb in the next 12 h. This
compared with a 20 mb fill rate in Exp. C. The rapid
fill rate compares with a 12-hour fill rate of ~50 mb
for Hurricane David in 1979 as it crossed the high
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FIG. 4. Time series of minimum sea level pressure (mb) and
maximum low-level (¢ = 0.992) wind (m s™!) for the two landfall
experiments, C and M.
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mountains of Hispaniola. During the same period
maximum low-level winds dropped from 53 m s™!
just prior to landfall to 24.0 m s™! 12 h later. While
the central surface pressure tended to eventually level
off at about 989 mb by 15 hours after landfall in
Exp. C, the weakening continued at a reduced rate
for Exp. M. By 20 h after landfall minimum pressure
exceeded 1000 mb and maximum surface winds fell
below 15 m s~!'. Statistical studies by Brand and
Blelloch (1973) have shown that the maximum surface
winds typically decreased just prior to landfall for
typhoons approaching the Philippines. For Taiwan
this decrease usually began about 12 h before the
typhoons reached the island (Brand and Blelloch,
1974). However, in both cases, reduction of the
maximum surface wind continued during the entire
time the storms were crossing the islands’ mountain-
ous terrain. In the numerical simulation by Chang
(1982) of the passage of a tropical cyclone over an
island mountain range, the reduction of the maximum
surface winds occurred entirely before landfall, with
the winds increasing again just prior to and during
passage of the storm over the island.

The spatial distribution of maximum low-level
winds and the storm tracks for Exp. M and Exp. C
are presented in Fig. 5. The inland extent of the
hurricane force winds (>33 m s™!) penetrated about
the same distance from the coast, (i.e., about 165
km) for both experiments. The maximum low-level
winds north of the storm track in Exp. M were
slightly stronger up to 150 km inland. However, as
the storm continued to move inland across the moun-
tain, the maximum winds in Exp. M eventually
dropped below 25 m s~! beyond 375 km from the
coast, while the 25 m s™! contour extended to the
western side of the figure in the case of Exp. C.

Comparison of the storm tracks (defined by the
storm’s center of mass) indicate that during the
period from landfall to 6.5 h later, when the storm
in Exp. M reached the mountain top, it moved about
50 km farther to the south than the storm in Exp. C.
On the lee side, the low-level southerly flow produced
about a 90 km northward movement of the storm,
which is slightly more than double the northward
displacement that occurred in Exp. C. Since the east—
west translational speed of the storm in both experi-
ments exhibited a natural fluctuation with time
(~10% in a period of several hours), comparison of
this quantity between the two experiments was difficult
unless a sufficiently long time interval was used. In
Chang’s (1982) study the storm’s translational speed
increased significantly prior to landfall, with the storm
center moving cyclonically around the northern end
of the island. However, in his study the storm move-
ment was largely influenced by the storm’s latent
heating and the limited latitudinal extent of the
mountain range, which was comparable to the size
of the storm circulation. In addition, a comparison
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FiG. 5. Horizontal distribution of maximum low-level (o
= 0.992) wind (m s') obtained at each grid point during the
passage of the tropical cyclone for Exp. C (upper) and Exp. M
(lower). The shading indicates wind speeds greater than 35 m s™'.
The land area is to the west of the indicated coastline. Height of
the mountain range at 200 m intervals as well as location of the
mountain ridge is also presented for Exp. M. Storm tracks are
shown for the two experiments with the position of the storm
center every six hours and number of hours after landfall shown.

between the two numerical results is further compli-
cated by the differences in mountain height, width,
magnitude of the basic flow, the land-sea distribution,
and the model’s horizontal and vertical resolution.
Analysis of the wind fields for Exp. M revealed
that after landfall the storm’s circulation center be-
came vertically tilted with height. For example, when
the storm was just east of the mountain top, the
storm’s circulation center at the 8.1 km height had
become about 20 km displaced to the northeast of
the center at the 900 m level. For Exp. C no vertical
tilt in the circulation center was seen at any time
after landfall. By 8 h after landfall, the upper-level
center of circulation was located 35 km directly to
the east of the center at 900 m. Two hours later the
8.1 km center had also shifted about 20 km south as
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well as 45 km east of the low-level center. Finally, a
southeastward tilt of about 75 km was observed by
the time the storm approached the west edge of
the mountain, i.e., 12 h after landfall. Throughout
this entire period, the position of the lower-level
circulation center remained near to the center of
mass or location of minimum pressure. An example
of this will be shown in Fig. 12. A decoupling of the
circulation centers with height was noted by Chang
(1982) in his model study.

It is interesting to note from both Figs. 4 and 5
that a noticeable difference in the storm intensity
between the two experiments occurred well before
landfali. The observations by Brand and Blelloch
(1973, 1974) have also indicated that typhoons making
landfall on Taiwan and the Philippines often have
undergone noticeable increases in intensity during
the period between 48 and 20 h prior to landfall.
Although it is not certain whether this is a direct
result of the islands’ topography, which reaches over
2000 m height at some locations, the effect of moun-
tains on atmospheric flow is certainly observed often
well upstream (e.g., Smith, 1979). Also, Suda (1972)
indicated that high mountains over Indochina induce
mountain waves which possibly influence typhoon
formation and movement over a vast area far from
the mountain. Although no strong blocking of the
flow occurred in our experiment, as mentioned pre-
viously, the mountain range did alter the upstream
zonal flow slightly with generation of a small northerly
component in the flow field as well as a slight
reduction (30 cm s~! at some locations) in the zonal
flow observed hundreds of kilometers upstream. The
storm center in Exp. M began to deviate to the
southeast relative to the position of the storm center
in Exp. C about 16 h before landfall. At landfall the
storm center in Exp. M was about 35 km to the
south of the landfall position in Exp. C. Also, the
boundary layer moisture field was slightly more moist
in Exp. M from the coastline up to about 400 km
upstream, with an average increase in the mixing
ratio of about 0.1 gm kg~!. This increase may have
resulted from a convergence of moisture east of the
mountain range as the zonal flow was decelerated at
the lower levels.

b. Mountain effect on the precipitation

The effect of the mountain range on the precipi-
tation is discussed in this subsection. We can see
from Fig. 6 that both experiments exhibit an enhance-
ment of heavy precipitation (i.e., >10 cm, shaded
area) to the right of the storm track immediately after
landfall, probably related to the increased coastal
convergence. In Exp. M, the orographically-forced
ascent of the winds north of the track resulted in an
extension of the 10 cm contour for most of the
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FiG. 6. Distribution of the storm total rainfall (cm).‘Total rainfall
greater than 10 cm is shaded. See Fig. 5 for further information.

distance up the mountain. Note the immediate dropoff
of the 5 cm contour north of the track at the
mountain ridge with a broadening of the 5 and 1 cm
contours south of the track just west of the mountain
top. As mentioned in Section 1, high correlations
have been frequently observed with rain maxima
assoctated with landfalling tropical cyclones and the
orography of the region (e.g., Brunt, 1968; Hamuro
et al., 1969). However, when comparison of Fig. 6 is
made with their observed rainfall maps, we find that
the more complex topography greatly complicates the
rainfall distribution. Another interesting feature in
Fig. 6 is the increase both before and after landfall in
the area covered by the 0.5 and 1.0 cm contours,
respectively, in comparison to Exp. C. We can also
notice an increase in the total amount of precipitation
before landfall in Exp. M, apparently associated with
the increased storm intensity.

The precipitation rates, calculated during one model
time step, were also analyzed and are presented in
Fig. 7. Before landfall, the areas of heaviest rain
(greater than 7.2 cm h™') were found in convective
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regions that tended to rotate cyclonically around the
storm center. A similar behavior was also observed
in Exp. C during the entire simulation. In the presence
of the mountain range the region of heaviest rainfall
tended to shift to the north of the storm center just
prior to landfall, where its position relative to the
storm center remained for the next several hours as
the storm climbed the mountain slope. At 82 h the
maximum rainfall rate was 8.4 cm h™!, located 37
km directly north of the storm center. The arca of
light precipitation was considerably broadened as
compared with Exp. C (see Fig. 4 of TBK). After 82
h, the entire precipitation region began to shift slowly
to the east of the storm center. Also, by 84 h the area
of heaviest rainfall rate was greatly reduced. At 87 h
we see that the precipitation was most intense south-
east of the storm where the low-level wind was
upslope, and it was very light to the north and west.
Finally, by 92 h the storm became quite disorganized
with the regions of significant rainfall intensity much
reduced in area.

Most of the enhancement of precipitation north of
the storm center at 82 h was directly due to forced
lifting of moist air up the mountain. On the other
hand, it was observed in the analysis of Exp. C (see
Fig. 9 of TBK) that a stable layer over the cool land
surface contributed to the reduction of precipitation
intensity after landfall. This stabilizing effect due to
the cool land surface was retarded with the inclusion
of orography. For instance, when the storm center
was still 125 km to the east of the position at 82 h,
the lapse rate of the saturated equivalent potential
temperature in the upslope region, averaged over
several grid points and calculated for the lowest km
above the surface, decreased from 9.6 K km™' for
Exp. C, to 3.8 K km™! for Exp. M. This made the
region more favorable for convection when the storm
reached the area.

¢. Mechanisms to enhance decay

The primary decay mechanism of the tropical
cyclone after landfall has been shown by observational
studies to be the reduction of surface evaporation
over the land. Some of these observational results are
summarized by Anthes (1982) and by Simpson and
Riehl (1981). Numerical modeling studies (Tuleya
and Kurihara, 1978; Anthes and Chang, 1978) have
also confirmed the importance of the suppression of
evaporation for tropical cyclone decay. From the
comparison of Exps. M and C, it is clear that the
inclusion of topography can make an additional
significant impact on storm decay.

To investigate the possible causes of this enhanced
decay in Exp. M, moisture and kinetic energy budgets
were analyzed for the period 71-96 h for a 3.5
X 3.5° square domain centered on and moving with
the storm. This domain can be considered represen-
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FIG. 7. Rainfall intensity in the finest mesh area for Exp. M at 77, 82, 87 and 92 h. The shading legend
indicates intensity in cm h™}, with an additional contour of 2.9 cm h~! drawn within the lighter shading.
The dashed lines are the isobars (mb) of the surface pressure reduced to sea level. Land is to the west of
the indicated coastline. The height of the mountain range (m) is shown as a function of longitude at the

bottom of each figure.

tative of the immediate storm region. The equation
for the change of precipitable water can be written
as:

3 do de
B_t P*"“g_ = —f V-V — Opar] _:g—

+ EVAP — PREC + HDIF. (3.1)

The symbols are the same as defined by TBK; ie.,
the overbar denotes an area average, C the mean
storm movement vector, V the vector wind, EVAP
the evaporation rate, PREC the precipitation rate and
HDIF the convergence of water vapor into the storm
region through subgrid-scale horizontal diffusion. The
term on the left-hand side denotes the change of total
precipitable water, and the flux convergence of water
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FiG. 8. Moisture budget for Exp. M for the 3.5 X 3.5° domain
relative to the moving storm. The precipitation rate, expressed in
10~ m s7!, is plotted as positive for the purpose of comparison
and may be converted to cm h™' by multiplying by 0.36. The
horizontal diffusion term HDIF was too small to be plotted. All
quantities are calculated and plotted every hour, with the abscissa
indicating the number of hours before and after landfall. For
comparison, the precipitation rate and precipitable water for Exp.
C are indicated by the long dashed lines.

vapor into the storm is represented by the first term
on the right-hand side. The value of C was considered
constant and set to —10.8 m s~! westward and 1.75
m s~! northward. The time variation for all terms
except HDIF, which was too small to be plotted, is
presented in Fig. 8, with the precipitable water plotted
below. For comparison purposes, the precipitation
rate and precipitable water for Exp. C were also
presented. The precipitation rate sharply increased in
comparison to Exp. C from the period just prior to
landfall, when the storm’s strong winds northwest of
the center first reached the mountain slope, to about
6.5 h after landfall. During this period the precipitable
water began to decrease sharply, reaching a minimum
at about the time the storm transversed the mountain
top. As the storm ascended the mountain, the flux
convergence term was reduced partly because the air
fluxed into the storm region was drier. Another cause
for the reduction of the flux convergence of moisture
is related to the wind field in the planetary boundary
layer. The distribution of the wind field at model
level 10 (~200 m above the surface) at 82 h, or four
hours after landfall, is shown in Fig. 9. Note that a
strong easterly component existed at the upper left-
hand side of the figure especially in comparison to
Exp. C (see Fig. 2 of TBK). This resulted in strong
export of moisture out of the storm area. A similar
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effect was found at other model levels in the boundary
layer. Upon examination of the hourly synoptic wind
maps, the above feature in the boundary layer wind
first appeared around 80 h (two hours after landfall)
when the western boundary of the storm domain was
nearing the 800 m mountain contour. Thus, the
resulting reduction in the net flux convergence of
moisture combined with the sharp increase of precip-
itation north of the storm center caused a reduction
in precipitable water. The precipitable water increased
again as the storm descended the western side of the
mountain, although it recovered to a value that was
considerably less than before landfall.

The aforementioned strong easterly component
above the mountain ridge to the northwest of the
storm (Fig. 9) appears to be partly due to the influence
of the mountain on the basic flow, as observed in
Exp. ZF (Fig. 3). In addition, the interaction of the
tropical cyclone itself with the mountain could have
contributed to this effect. For example, comparison
between Exps. M and C of the boundary layer
divergence fields indicates that there was a tendency
in Exp. M for the divergence (convergence) to increase
{(decrease) in the region of upslope wind. This sug-
gested vortex compression existed in the boundary
layer, with the exception of the areas of enhanced
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FIG. 9. Distribution of the horizontal wind vectors and wind
speed (m s~') at model level 10 (¢ = 0.977) in the finest mesh at
82 h for Exp. M. The mountain height (m) is plotted at the bottom
of the figure. The center of the storm, defined by the sea level
pressure field, is indicated by a hurricane symbol.
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FiG. 10. Kinetic energy budget for Exp. M for the 3.5 X 3.5°
domain relative to the moving storm. The dissipation and flux
divergence, negative components in the budget, are plotted with
their signs reversed. All quantities are calculated and plotted every
hour, with the abscissa indicating the number of hours before and
after landfall. For comparison, generation and total kinetic energy
for Exp. C are indicated by long dashed lines.

precipitation where the convergence increased. It was
also found that the increase of the divergence accom-
panied an increase of anticyclonic vorticity northwest
of the storm as it ascended the mountain.

The kinetic energy budget computed for the same
storm region is presented in Fig. 10. The kinetic
energy equation can be expressed as follows:

9 (“2+_"f)£11
ad P\ 2 )%

Tl
)

do
—fmvwm;+fmwng

(3.2)

Once again, the overbar denotes the storm area
average, u and v the zonal and meridional wind
components, V,¢ the geopotential - gradient on a
pressure surface and F, the frictional force. The
quantity on the left is the time change of the vertical
integral of kinetic energy per unit area. The terms on
the right side are the relative flux convergence of
kinetic energy per unit area, the vertical integral of
the generation of kinetic energy per unit area, and
the vertically-integrated dissipation of kinetic energy
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per unit area, respectively. The generation of kinetic
energy for Exp. C is also plotted in Fig. 10 with the
kinetic energy for both Exps. M and C plotted at the
bottom. We clearly can see a sharp increase in the
flux divergence term during the period between two
and six hours after landfall. Apparently the strong
easterly component of the wind above the mountain
ridge caused a large export of kinetic energy away
from the storm. The dissipation and generation terms
both increased for the first several hours after landfall.
The net result from all three terms was a sharp
decrease of kinetic energy.

As we noted previously from Fig. 4, the storm
continued to weaken after crossing the west base of
the mountain range well after landfall. The moisture
fields at 12 h after landfall, presented in Fig. 11, were
analyzed in order to find the reasons for this continued
decay. In order to enhance the portion of the atmo-
sphere near the surface, the vertical coordinate in the
cross sections in Fig. 11 and all others presented in
the remainder of the paper is the square root of
height in meters. In this figure, vectors of moisture
flux were plotted. In Exp. C, the strong easterly flow
served to advect moist low-level air well inland from
the shore with values of mixing ratio exceeding 21 g
kg™! found in the lower boundary layer north of the
storm center. Much of this air was eventually brought
into the storm area. Indeed, as shown in the cross
section through the storm center, low-level air with
mixing ratios of 20 g kg™! or higher is fluxed into the
storm’s center region in Exp. C. In contrast, the
moisture content of the low-level air advected into
the storm in Exp. M was significantly reduced by the
mountain. Although evaporation from the land surface
tended to moisten this air somewhat as it descended
down the mountain, it was still considerably drier
than in Exp. C. Figure 11 also shows that the moisture
flux above the storm center in Exp. M was consid-
erably weaker by 90 h. It was already noted that by
this time the storm in Exp. M appeared much more
disorganized than in Exp. C. In particular, we can
see from Fig. 12 that the upper-level (8.1 km) circu-
lation center was displaced about 75 km to the
southeast of the center of circulation in the lower
levels. As was mentioned in Section 3a, the storm
circulation center in Exp. C remained vertical after
landfall. Since the vertical tilt of the wind field in
Exp. M became large as the storm approached the
western base of the mountain it may have contributed
to the continuing decay process.

To summarize, the increased decay of the storm
in Exp. M relative to Exp. C was primarily a result
of the reduction in the supply of latent and kinetic
energy into the storm region. As the storm ascended
the mountain, drier air over the mountain was fluxed
into the storm. The resulting reduction of the flux
convergence of moisture was enhanced by ancther
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FIG. 11. East-west vertical cross section of the mixing ratio through the storm center (lower) and about 100 km to the north (upper)
for both Exp. C (left side) and Exp. M (right side). All maps were obtained for the time period about 12 h after landfall. The vertical
coordinate for these cross sections and for all others presented hereafier is the square root of height in meters. Accordingly, the vertical
velocity component in this coordinate system is given by d\/;/dt; ie, w = dz/dt = ZV;(dVE/dt). Vector arrows show the moisture flux,
the components of which are r(dx/dr) and r(dVE/dt) where r is the mixing ratio. The actual height (km) is presented on the left side of

each map.

mountain effect; i.e., an export of moisture out of
the storm area in the boundary layer above the
mountain ridge, northwest of the storm. Since the
area-averaged precipitation increased sharply after
landfall, this resulted in a sharp decrease in the
precipitable water during the first six hours after

landfall. The outflow northwest of the storm center
enhanced the export of kinetic energy from the storm
domain, yielding a large net decrease in the storm’s
total kinetic energy. As the storm approached the
west base of the mountain 12 h after landfall, the
reduction in the supply of available latent energy
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F1G. 12. Distribution of the horizontal wind vectors for Exp. M
at the 8.1 km height (upper) and the 0.9 km height (lower) at 90
h. See Fig. 9 for further information.

continued because the air advected into the storm
center was still considerably drier. Also, the storm
was significantly more disorganized by this time, with
the upper-level circulation center considerably dis-
placed to the southeast of the lower-level circulation
center. Thus, the storm continued to weaken well
after landfall in Exp. M, in contrast to Exp. C.
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d. Foehn effect

An interesting and important phenomenon asso-
ciated with flow over mountains is the occurrence of
foehn winds. A general definition of a foehn includes
any warm, dry wind descending the lee of a mountain
range (Brinkman, 1971). Foehn winds are not always
strong, although this is usually the case. The presence
of warm and dry winds descending the mountain
ranges of Japan during the passage of a typhoon has
been noted in the past (Okuda, 1976). In Exp. M we
observed a foehnlike feature as the storm passed the
top of the mountain range and the storm winds north
of the center began to descend the mountain slope.
Analysis of the temperature fields at 85 h, when the
storm was just crossing the mountain peak, indicated
anomalously warm temperatures northwest of the
storm. For example, along the 200 m mountain
contour, the temperature at model level 11 increased
over 4°C from the center latitude of the innermost
mesh to 100 km to the north. This warm region
slowly shifted westward as the storm continued its
descent down the mountain. By 90 h (about 12 h
after landfall) the warm area was centered near the
base of the mountain range, as is shown in Fig. 13.

27°N

26°

25°7

2%°
m
1000 -

500~J
0

FI1G. 13. Distribution of the relative humidity (dashed line) and
temperature (solid line) on the lowest model level (¢ = 0.992) at
90 h, or about 12 h after landfall. The area with temperatures
greater than 300 K are shaded. The storm center is indicated by a
tropical storm symbol. Mountain height (m) is plotted at the
bottom as a function of longitude.
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Air at the center of this warm region was also dry.
The relative humidity along the base of the mountain
varied from 92% with mixing ratios of 18.9 g kg™! at
the center latitude of the mesh domain to under 75%
and mixing ratios of 17.6 g kg™' 175 km to the north.
As the storm moved away from the mountain the
warm region continued to weaken, although some
sign of it still remained just west of the mountain
base at the end of the integration at 97 h.

The foehn effect did not seem to be significant in
Exp. ZF (i.e., without the storm). In Exp. M, the
descent of air down the mountain range was consid-
erably stronger compared with Exp. ZF. Also, in-
creased latent heating occurred on the windward side
of the mountain in Exp. M. In order to examine
what effects the ‘above differences had on the foehn
formation, the temperature difference between Exps.
M and ZF is presented in Fig. 14. We see that a
significantly greater warming did occur near the
mountain base north of the storm, when the storm
was descending the mountain. At the base of the
mountain a maximum temperature difference of about
2.9°C was observed near the surface. Experiment M
was also slightly drier at the surface near the base of
the mountain, with a maximum difference in the
mixing ratio of about 1 gm kg™'. Figure 14 also
indicates that in many places the air in Exp. M
appeared cooler between 0.5 and 1 km. These anom-

0

l*-——l deg——»l

FI1G. 14. East-west vertical cross section through 26.8°N (about
100 km north of the storm center for Exp. M) at 90 h for the
temperature deviation of Exp. M from Exp. ZF. Analysis is shown
for the lowest 3600 meters of the atmosphere. The shaded region
represents points with a temperature difference of one degree or
greater. The arrows plotted at every other grid point are wind
vectors for Exp. M. The vertical coordinate is defined in Fig. 11.
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alies appeared well correlated with upward motion
regions in Exp. M. Weak subsidence occurred in
most of the same regions in Exp. ZF.

4. Results of Exp. ZF

In order to understand the effect of the mountain
on the landfalling tropical cyclone, it is important to
understand changes that occurred in the basic zonal
flow itself with the introduction of topography into
the model. Experiment ZF, described in Section 2,
was performed for this purpose. We have already
shown in Fig. 3 that in both the lower and middle
atmosphere the mountain range caused a significant
change in the basic flow, which influenced the storm
movement. In this section results of Exp. ZF are
examined in more detail.

Figure 15 shows a vertical distribution of the
composite flow field for two time periods for which
the finest mesh was over each side of the mountain.
Since the flow was almost steady at this time, partic-
ularly on the upwind side, the wind fields for the two
time levels, separated by about nine hours, were
combined into one figure to obtain a complete view
of the flow field over the mountain region. Wind
fields presented here were meridionally averaged over
the entire extent of the finest mesh. The mountain
induced a low-level southerly component which was
strong on the lee side of the mountain and also
extended well downstream from the mountain range.
A distinct maximum in this southerly component of
about 16 ms™! occurred about 65 km from the
western edge of the mountain. The existence of a
low-level jet running parallel to a very long mountain
ridge agrees with other numerical results obtained by
Mason and Sykes (1978) and Hayes and Williams
(1977).

The wavelike distribution of the vertical velocity,
as shown by the wind vectors in Fig. 15, is in basic
agreement with the flow pattern obtained by Queney
(1948) for stratified rotating flow over a mountain
with approximately the same width, height, basic
wind and static stability. Actually, in Exp. ZF the
static stability parameter (gdlnd/dz)'?, calculated
from the tropopause level (14.4 km) to about 1.4 km,
varied from 0.98 X 1072 s™! over the mountain ridge
to 0.96 X 1072 57! over the ocean and 0.94 X 1072
s™! just west of the mountain. The vertical motion
at the lower levels, induced by the orography, pro-
duced a banded pattern in the accumulated rainfall
distribution (figure not shown) over the mountain
range. The maximum accumulation was about 1.5
cm in 12 hours, distributed along the 500 meter
height contour of the mountain on the lee side. Bands
of weaker rainfall (about 0.5 cm total) occurred
immediately above the mountain top, along the 400-
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Fi1G. 15. East-west vertical distribution of the flow field over the entire mountain region for
Exp. ZF. Wind fields presented are those averaged over the entire latitudinal extent of the
innermost mesh. The figure was prepared by compositing the results at 82 and 91 h. The
meridional component of the flow is contoured (m s™!), with the regions of southerly flow
shaded. The arrows indicate the zonal and vertical components. The vertical coordinate is

defined in Fig. 11.

meter contour on the upwind side, and about 65 km
west of the mountain base. Figure 16 clearly shows
that the mountain waves spread well downstream
and upward from the mountain slope. Analysis of
several other time levels indicate that Figs. 15 and 16
represent a quasi-stationary pattern of inertia—gravity
waves forced in Exp. ZF. Although the general posi-
tions of rising and sinking motion did not change
with time, the individual maxima and minima did
vary considerably. It is interesting to note that a
negative temperature anomaly can be seen above the
mountain surface in Fig. 16. This relatively low
temperature just above the surface resulted from the
strong heat flux into the ground as the descending
air was advected over the cooler mountain slope.

Finally, one of the most interesting features that

was observed in Exp. ZF was the existence of a low-
level southerly wind maximum found west of the
base of the mountain range. From Figs. 15 and 16
we see that this jet appeared to be associated with an
inertia-gravity wave. An analysis of the momentum
equation indicated that the sharp northward curving
of the flow field east of this jet axis caused the inertia
term to become very large negative there, which was
mainly balanced by the Coriolis force produced by
the southerly wind component. Within a very narrow
region near the center of the jet the wind direction
was nearly southerly and the inertia force became
small so that the flow approached geostrophic balance.

The mountain-induced flow patterns shown in this
section were altered when the tropical cyclone was
present., However, it is difficult to analyze the degree
of influence the mountain waves had on the storm
structure and decay.

5. Summary and remarks

The landfall of a tropical cyclone was numerically
simulated with the effect of a mountain range in-
cluded. The mountain range influenced the decay
rate and the precipitation distribution of the tropical
cyclone, which is basically consistent with observa-
tions. Also, a noticeable change in the storm track
was observed. The mountain, which paralleled the
shoreline, was approximately | km high, 500 km
wide and 2100 km long. When comparison of the
above simulation was made with a control landfall
simulation performed over flat terrain, it was found
that the fill rate of the sea level pressure during the
first 12 h after landfall increased from 20 to 32 mb.

To investigate the possible mechanisms that en-
hanced the decay rate of the storm, moisture and
kinetic energy budgets were calculated for the 3.5
X 3.5° region containing the storm. It was found
that relative to the control experiment the area-
averaged precipitation increased sharply just before
and for about seven hours after landfall. At the same
time, the net flux convergence of moisture into the
storm area decreased, resulting in a sharp decrease in
the precipitable water. Analysis of the kinetic energy
budget indicated that the net divergence of kinctic
energy away from the storm region increased relative
to the control case, yielding a net decrease in the
storm’s total kinetic energy after landfall. As the
tropical cyclone descended down the lee side of the
mountain range the low-level moisture fields were
significantly drier, causing a reduced supply of mois-
ture into the storm region. Also,” the storm was
significantly more disorganized, with the upper-level
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FI1G. 16. East-west vertical distribution of the zonal-vertical wind
vectors for Exp. ZF at 94 h (upper figure) averaged over the entire
latitudinal extent of the innermost mesh area. Upward motion (w
> 0) is shaded with w contoured (cm s™!). The deviation of the
temperature (K) from the horizontally averaged temperature for
the domain is also presented (bottom figure). Areas with positive
deviation are shaded. The vertical coordinate is defined in Fig. 11.

circulation center displaced well to the southeast of
the lower-level circulation center. Thus, the storm
continued to decay beyond 12 h after landfall.
Rainfall analyses showed that the heaviest precipi-
tation after landfall was located primarily to the north
of the storm track for most of the distance up the
mountain, where forced ascent of the wind occurred.
It was also shown that after 82 h (4 h after landfall),
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the area of heavier precipitation began to slowly shift
clockwise relative to the storm with most of the
significant precipitation falling to the southeast of the
storm center by 87 h.

Finally, from a supplemental experiment, we found
that the mountain range caused a significant change
in the basic flow over the mountain. When the
tropical cyclone was present this caused the storm to
veer to the south relative to the control as it ascended
the mountain range. As the storm descended the
other side, the basic flow produced a northward storm
movement which was slightly more than double the
northward displacement in the control case.

Although the present experiment was performed
for an idealized distribution of topography, some of
the important effects that mountain ranges may have
on landfalling tropical cyclones were reproduced. The
simplifications in the basic experimental design en-
abled these effects to be easily isolated and analyzed
in detail. It is believed that this has led to an
improved understanding of the mountain effects. It
is uncertain how these effects will vary with more
realistic topographic distributions, although we expect
that they will exhibit considerable variation with the
particular mountain scale and basic flow being con-
sidered. An additional factor to be considered that
influences a storm after landfall is the storm’s en-
counter with continental air masses or other weather
systems. These problems will be addressed in future
studies. :
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