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ABSTRACT

The changes to the motion and structure of the eastern Pacific Tropical Cyclone Nora (1997) during landfall
are investigated. Nora developed south of the Mexican coast, intensified into a hurricane, and made landfall
over northwestern Mexico and the southwestern United States. In this study, the authors document the evolution
of the structure of Nora from a variety of sources. Observations derived from satellite imagery show the approach
of the hurricane to the Baja California peninsula and the development of a localized area of mesoscale convection
that intensified while moving over the Gulf of California. The propagation of this convective system became
the dominant feature of the landfall and provided heavy precipitation over a region confined to western Arizona.

Numerical simulations with the Pennsylvania State University–National Center for Atmospheric Research
Mesoscale Model version 5 are used to examine the details of the evolution of the observed area of convection
over the gulf. Simulations at different spatial resolutions show that the model is able to provide a reasonable
prediction of the changes to the track, structure, and intensity of the hurricane at landfall. In addition, the model
fields show that orographic modification of the low-level flow is involved in the development of a secondary
circulation over the gulf. The simulated location and structure of this circulation are consistent with the obser-
vations derived from satellite imagery.

1. Introduction

The 1997 tropical cyclone season had a total of 19
named systems in the eastern Pacific Ocean. Most of
these systems remained at sea; however, four made land-
fall late in the season and produced a considerable
amount of damage along the coast of Mexico. The pre-
sent study is focused on the landfall of Hurricane Nora,
which originated south of Mexico, tracked parallel to
the western coast, and eventually moved over the con-
tinent. The hurricane made a first landfall by crossing
over the Baja California peninsula, and another landfall
occurred at the northern edge of the Gulf of California.
The remnants of Nora moved along the Colorado River
Valley, with accompanying strong winds and heavy
rainfall over the southwestern United States.

Our current understanding of the origin, intensifica-
tion, and dissipation of tropical cyclones in the eastern
Pacific has been increased during the last few decades.
For example, several studies have documented that the
climatology of tropical cyclone activity is such that the
majority of the systems develop from June through Oc-
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tober. These systems tend to originate in a region that
is located south of Mexico and west of Central America,
with a motion that is typically parallel to the Mexican
coast. At low latitudes, 108–158N, most cyclones move
westward toward the central Pacific, following the di-
rection of the large-scale flow throughout the lower and
middle portions of the troposphere. For storms that
move toward higher latitudes, the average motion is
northwestward. However, some of these storms may
move close to the coastline and experience some degree
of recurvature, as an eastward component of motion
may develop (e.g., Zehnder 1993).

In a study of the characteristics of motion associated
with tropical cyclones in the eastern Pacific, Allard and
Peterson (1987) found that most systems start to recurve
in a region that is located south of the Baja California
peninsula. They showed that the western coast of the
peninsula is a primary area of landfall and that this tends
to occur during the month of September. Another region
of frequent landfall is the eastern coast of the Gulf of
California. In fact, many of the storms that move into
the gulf have a large component of northward motion,
and eventually they make landfall over northwestern
Mexico.

Some of the storms that develop in the tropical and
subtropical portions of the eastern Pacific have a major
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effect on the weather of the southwestern United States.
For example, Smith (1986) states that nearly every year
the remnants of tropical cyclones move into such a po-
sition that the upper-level winds transport moisture and
then produce showers and thunderstorms in the South-
west. In this region, heavy rains have been the major
problem, and the states that are most frequently affected
are California, Arizona, New Mexico, and Texas.

The study documented by Smith (1986) also found
that the presence of intense tropical cyclones in the
southwestern United States is a rare event that tends to
affect primarily southern California and western Ari-
zona. Smith speculated that the region could experience
a hurricane if the sea surface temperatures along the
coast west of Baja California were to rise to at least
248C and the storm were to move fast enough to avoid
significant weakening while passing over land. In ad-
dition, it is stated that a hurricane could move over the
Colorado River Valley if it first were to pass through
the northern Gulf of California and not experience con-
siderable dissipation upon reaching the northern coast
of the gulf.

In general, the approach of a tropical cyclone to a
region with complex terrain brings associated changes
to the structure and motion, due to modification of the
circulation by the terrain. The behavior of tropical cy-
clones under the influence of mountains has been doc-
umented in several studies, most of which use obser-
vational data and model simulations. For example,
Brand and Blelloch (1974) and Chang (1982) examined
the behavior and effect of typhoons that approached
Taiwan. The mountain range that characterizes this is-
land has horizontal scale of the order of 300 km and
maximum elevations above 2000 m. Among the most
significant results derived from these studies is the doc-
umentation of intensity and track fluctuations that occur
with the approach of the storm circulations to the land-
mass. In general, there is weakening of the storm in-
tensity, acceleration of the translational motion, and a
track deflection that begins far upstream of the landfall
area. The deflection tends to occur toward the north and
to the right of the direction of storm motion. See Wu
and Kuo (1999) for an additional discussion of studies
associated with typhoons that have affected Taiwan.

An interesting result from these studies is related to
the formation of secondary circulations on the down-
stream side of the mountains. Chang (1982) used a prim-
itive equation model to reproduce the changes to the
structure and motion of a simulated tropical cyclone,
embedded in easterly flow, that passed a mountain ridge
representative of Taiwan. Chang showed that the de-
velopment of a downstream, cyclonic circulation oc-
curred in the model fields at low levels and that this
circulation intensified when the primary upper-level
vortex was in phase with the center of circulation at low
level. This sequence of events is in agreement with the
observed behavior of tropical cyclones that make land-
fall in Taiwan.

In a numerical study of the interaction of vortices
with idealized topography, Yeh and Elsberry (1993) dis-
cussed the distortion of the circulation associated with
an incident vortex that crosses over Taiwan. A low-level
circulation organized downstream of the topography as
the primary vortex dissipated on the upstream side, and
a new pressure center, separate from the primary vortex,
became the center around which a secondary circulation
organized. They suggest that this discontinuous dis-
placement of the system could be created by either a
downward extension of the upper-level circulation or by
the upward building of the vortex that is created at low
levels.

The known effects of the western Pacific islands on
the track and intensity of incident cyclones are not
unique to that region. For example, Bender et al. (1987)
performed numerical simulations to study the effect of
mountain ranges on islands located over the western
Atlantic Ocean. This included Cuba, Hispaniola, and
Puerto Rico. They found that these islands caused
changes to the track of the cyclones by deflecting them
toward the north before reaching the eastern coast of
the islands. In some cases, a surface low continued to
move with the upper-level vortex as it transversed the
mountain range. Then, as the storms moved away from
the island, they reintensified rapidly due to the energy
supplied by the warm sea surface.

The goal of this paper is to discuss the observed
changes that occurred during the landfall of Tropical
Cyclone Nora over northwestern Mexico. An aspect that
is the central focus in this study is the understanding of
the role played by topography in the structural changes
that Nora experienced during landfall over Baja Cali-
fornia. In this region, there is a mountain range that has
a cross-stream dimension comparable to those of the
western Pacific and Caribbean islands discussed above.
As Nora approached the Gulf of California, a secondary
circulation developed over the gulf, and this feature
moved into the United States, producing heavy rain over
a limited area in the Southwest.

This paper is divided into five sections. The sources
of observational and model data are discussed in section
2. A description of the initial stages of development,
intensification, and landfall of Nora is provided in sec-
tion 3. A discussion of the model simulations that is
focused on a study of the changes to the hurricane’s
track and structure upon landfall is presented in section
4. The fifth and final section summarizes our results and
suggests areas of future research.

2. Data

This study makes use of available observations to
document the structural evolution of Hurricane Nora
during landfall. The data used, from the regular network
of stations, include surface reports and upper-air sound-
ings collected in the region during the period 25–26
September 1997. In addition, we used precipitation re-
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FIG. 1. Best-track positions for Tropical Cyclone Nora, 17–26 Sep
1997. The positions are at 12-h intervals from 17 to 24 Sep and at
6-h intervals thereafter. The hurricane symbol indicates maximum
winds in excess of 32 m s21, and specific geographical locations
referenced throughout the paper are indicated.

ports for Mexico from the Servicio Meteorológico Na-
cional and for the United States from the National Oce-
anic and Atmospheric Administration (NOAA).

A documentation of the structure and intensity of con-
vection associated with Nora was obtained via satellite
imagery. We used infrared imagery from the Geosta-
tionary Operational Environmental Satellite–9 (GOES-
9). The images we used have spatial and temporal res-
olutions of 4 km and 1 h, respectively, and they cover
the tropical and subtropical portions of the eastern Pa-
cific Ocean. This imagery is useful for describing the
spatial distribution and intensity changes in convection
that occurred prior to and during the landfall of Nora
in the region.

The geographical area of interest covers a portion of
the eastern Pacific Ocean, western Mexico (which in-
cludes the Baja California peninsula and the Gulf of
California), and the southwestern United States. This
region is shown in Fig. 1, along with a representation
of the track followed by Hurricane Nora. The Baja Cal-
ifornia peninsula is oriented in a southeast–northwest
direction and has a length of about 1200 km and a
variable width that ranges from 50 to 200 km. A range
of mountains is located in the northern half of the pen-
insula and extends to southern California, from 308 to
348N. In this paper, we refer to this range as the Baja
California Mountains. Since the maximum elevation of
this range is above 1000 m, it may play an important
role in modifying the low-level structure of Nora, while
the hurricane is moving across the peninsula.

Our observational analysis is useful for examining
the behavior of Nora during landfall. However, there
are some limitations, due to the poor spatial and tem-
poral resolution of the regular network of stations avail-
able in the region. For example, there are few surface
stations in the northern half of the peninsula and no
upper-air sounding sites, which restricts our analysis of
the event to the information obtained from satellite im-
agery.

In addition to the lack of in situ observations, the
initial stages of the landfall occurred during the early
hours of 25 September. This fact limits the use of the
visible satellite imagery and makes it difficult to per-
form a detailed documentation of the low- and middle-
level convection. Therefore, we need to use an alternate
source of data that can provide a realistic representation
of the mesoscale processes occurring in the region dur-
ing the passage of Nora.

Further information that can be used to study the
evolution of Nora’s structure is derived from numerical
simulations using the Pennsylvania State University–
National Center for Atmospheric Research (PSU–
NCAR) Mesoscale Model. This model is used to make
an analysis of changes to track and structure of the
hurricane’s circulation during landfall over the penin-
sula. In these simulations, the model was initialized with
fields from a gridded analysis made by the National
Centers for Environmental Prediction (NCEP), and suit-
able physical parameterizations were applied in com-
puting the numerical integrations.

3. Observations

The track followed by Hurricane Nora is shown in
Fig. 1. This includes the best-track positions provided
by the National Hurricane Center (NHC), based on a
postseason assessment of all available data and a sub-
jectively smoothed path. Figure 1 shows the early stages
of development south of Mexico and then a movement
toward the northwest as the system intensified. Even-
tually Nora moved due north, across the northern portion
of the Baja California peninsula and along the Colorado
River Valley in the United States.

The disturbance that became Hurricane Nora formed
during the period 13–15 September off the southern
coast of Mexico. During this period, satellite imagery
showed the development of a large area of broad and
disorganized convection south of the Gulf of Tehuan-
tepec, over 948–978W. The first evidence of a closed
circulation occurred early on 16 September, and the
NHC upgraded the system into a tropical depression.
At this time, the center of circulation was located at
approximately 500 km south of Acapulco, Mexico. Late
on 16 September, the system became Tropical Storm
Nora, and further strengthening occurred during the fol-
lowing few days.

The tropical storm was upgraded to hurricane on 18
September and reached its maximum intensity while
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FIG. 2. (a) Sea surface temperatures (8C) from the NCEP global
analysis at 0000 UTC 25 Sep 1997, and (b) anomalies with respect
to the climatology of Sep. Contour intervals are given at 18C, and
shaded areas represent positive anomalies.

located off the coast of Manzanillo, Mexico. During the
period 19–21 September, the hurricane remained almost
stationary, and its strength decreased. Rappaport (1997)
suggests that this weakening may be related to the pro-
longed stay of Nora over waters cooled by upwelling
beneath the hurricane circulation. In addition, the cooler
waters in this region may be related to the previous
passage of Hurricane Linda, estimated to be the stron-
gest eastern Pacific system on record while located
southeast of Socorro Island on 12 September (Beven
and Shashy 1998).

Hurricane Nora experienced a significant change in
direction on 24 September when its motion changed
from northwest to north, toward the Baja California Pen-
insula. Nora maintained hurricane intensity as it moved
over abnormally warm waters off the peninsula coast.
Figure 2a shows the sea surface temperatures in the
region, as derived from the NCEP global analysis. This
figure indicates that the temperatures along the western
coast of Baja California ranged from 228 to 308C, warm-
er than normal when compared with climatological val-

ues documented by Reynolds (1982) for the month of
September. Figure 2b shows anomalies of the sea surface
temperatures with respect to the climatology. Note that
the anomalies are positive over most of the eastern Pa-
cific and that there is a localized pool of warm water
west of central Baja California, which has temperature
anomalies that exceed 38C.

The warm sea waters observed during the fall of 1997
in the eastern Pacific are due to El Niño conditions.
During the initial development of this event, the sea
surface temperatures throughout the central and eastern
equatorial Pacific reached record levels for that time of
the year. According to Kousky (1998), these anomalies
were accompanied by major departures in intensity and
distribution of convection in the tropical and extratrop-
ical regions of North America.

General features of the track followed by Nora may
be explained by the structure of the synoptic-scale flow
that was present at middle levels. Upper-air observations
suggest that, prior to and during the landfall of Nora,
the environmental winds over the peninsula were from
the south and west. In order to illustrate this feature,
streamlines at the 500-mb level on 25 and 26 September
are shown in Fig. 3. These streamlines are derived from
the NCEP analyses and indicate the presence of a large
region of anticyclonic flow over northern Mexico. In
addition, there was a wave trough located off the Cal-
ifornia coast; the hurricane was located southeast of the
trough and west of the anticyclone. Therefore, the large-
scale flow is oriented along a southwest–northeast di-
rection over northern Baja California and from the south
in the southwestern United States. This pattern is in
agreement with the best track of the tropical cyclone
during the period 25–26 September, as shown in Fig. 1.

An overview of the convective activity that occurred
during the landfall of Hurricane Nora is presented in
Fig. 4. This figure covers the period 0000–1800 UTC
25 September, when the hurricane moved from the west-
ern coast of the peninsula toward the Gulf of California
and experienced a first landfall. Figure 4a shows the
GOES-9 infrared image at 0000 UTC 25 September,
when the center of the cyclone was located south of
Punta Eugenia. In this image, the azimuthal symmetry
of the convection and the presence of an eye, along with
spiral bands to the north and south of center, are evident.
The region of intense convection covered a diameter of
about 500 km, and at this time Nora was already af-
fecting the weather in the central portion of Baja Cal-
ifornia.

During the following few hours, Nora moved due
north and accelerated as it approached the northern pen-
insula. At 0600 UTC (Fig. 4b), the center of the hur-
ricane was located over Punta Eugenia, while the main
area of deep convection was concentrated over the Pa-
cific Ocean. As the storm approached land, a significant
decrease in the intensity of the convection was observed
from the satellite imagery, and this was more evident
over the northeastern quadrant of the circulation.
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FIG. 3. NCEP analyses streamlines at the 500-mb level valid at (a)
0000 UTC 25 Sep, (b) 1200 UTC 25 Sep, and (c) 0000 UTC 26 Sep
1997. Positions from the best-track and observed winds from upper-
air soundings are included. The winds from the 1200 UTC 25 Sep
soundings are missing.

At 1200 UTC (see Fig. 4c), the core of Nora was
located over the peninsula, the system had marginal
hurricane intensity, and bands of convection had moved
along the northern gulf coast. Animation of satellite
imagery suggests a weakening core of convection as-
sociated with Nora as it moved across the peninsula,
and this convective core dissipated before reaching the
Gulf of California. In addition, the development of an
intense and relatively isolated region of convection oc-
curred over the southern side of the Baja California
Mountains. In this region, the area of deep convection
had a diameter of at least 100 km, and very cold cloud
tops were detected. As the whole circulation moved
across the peninsula, this secondary region of mesoscale
convection was displaced rapidly, expanded its areal
coverage, and reached the Gulf of California by 1500
UTC, as shown in Fig. 4d. In this figure, the secondary
area of convection was located over the northern sector
of the gulf and became the dominant feature during the
remainder of the event.

The observed intensification of the secondary area of
convection is likely due to the warm waters of the Gulf
of California. Unfortunately, there are no reports with
direct measurements of the sea surface temperature in
the gulf, but it is known that the basin is relatively warm
and that the distribution of temperature tends to maintain
their climatological values. Ripa and Marinone (1989)
have estimated that sea surface temperature is about
308C for the second half of the month of September,
and they speculate that the temperature should be a few
degrees higher during the development of El Niño con-
ditions.

Nora weakened but was still of tropical storm strength
while moving into the southwestern United States. Late
on 25 September, a rapid weakening of the system was
observed in the satellite imagery, as most of the cir-
culation moved over land. For example, Fig. 4e shows
the convection associated with the storm at 1800 UTC
and this is located southeast of Yuma, Arizona. The
remnants of the storm moved northward, along the west-
ern boundary of Arizona, during the rest of the day and
the first hours on 26 September. Then the residual area
of cloudiness and showers became more diffuse, and
the system moved through portions of southern Utah
and east of Las Vegas, Nevada.

Satellite imagery indicates that the precipitation as-
sociated with the passage of the core and bands of con-
vection from Nora occurred in localized areas over the
gulf and western Arizona. The distribution of accu-
mulated precipitation derived from the regular network
of surface stations in northwestern Mexico and the
southwestern United States is illustrated in Fig. 5. These
data are from 25 and 26 September and interpolated
onto a uniform grid using a Barnes scheme. Even though
the spatial distribution of the available stations is not
uniform, the reports from these sites are useful for a
visualization of the convective activity that was asso-
ciated with the passage of the tropical cyclone.
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FIG. 4. GOES-9 infrared imagery at (a) 0000, (b) 0600, (c) 1200,
(d) 1500, and (e) 1800 UTC 25 Sep 1997. The location of Punta
Eugenia (PTE), Mexico, and Yuma (YUM), AZ, are indicated.

Figure 5 indicates that, in general, the regions that
showed large amounts of precipitation are located to the
right of the track followed by Nora in Fig. 1 and east
of the Colorado River Valley. These observations in-
dicate that large amounts of rainfall (50–100 mm) oc-
curred over western and central Arizona. In contrast,
the eastern portion of the state did not receive much
precipitation. Most of the stations in this region had
only traces of rain or none at all, in agreement with the
lack of deep convection from satellite imagery in the
region (Fig. 4). This indicates that the region of active
convection was confined just to the east of the remnants
of the circulation associated with Nora.

4. Mesoscale model simulations

The observations discussed in section 3 suggest that
the Baja California peninsula plays a significant role in
the changes to the convective structure that occurred
during the landfall of Hurricane Nora. In this section,
we discuss the mechanism that is responsible for these
changes and this involves the presence of the peninsular
mountains. Due to the limited availability of observa-
tions in the region, we make use of output data derived
from numerical model simulations. These simulations
use computational grids that have small horizontal spac-
ing and provide high resolution of both the incident flow
and terrain.

An inspection of the operational forecasts from the
NCEP models (Aviation, Nested Grid Model, and Eta)
suggests that they provided a reasonable prediction of
the behavior of Hurricane Nora as it was approaching
Baja California. This includes the track, intensity chang-
es, and precipitation distribution derived from the fore-
casts that were initialized at 0000 UTC 25 September.
In general, these forecasts showed the center of circu-
lation associated with Nora making landfall over the
western coast of Baja California and then moving over
the northern portion of the peninsula and over southern
California. The distribution of precipitation was such
that large amounts were predicted over the northern gulf
and the region that surrounds the Colorado River.

Among the model forecasts performed at NCEP, the
one from the Eta Model has a relatively high spatial
resolution and can be useful in analyzing the details of
the landfall. The geographical area covered by the Eta
forecast includes Mexico, the contiguous United States,
Canada, and portions of the western Atlantic and eastern
Pacific Oceans. This model made use of a computational
grid that has a horizontal resolution of 48 km; therefore,
these data should have some ability to resolve the me-
soscale features of the flow associated with the hurri-
cane. However, it is important to note that there are
some limitations associated with the Eta Model reso-
lution.

The actual width of the Baja California Mountains is
of the order of 100 to 200 km; therefore, the simulation
of the interaction between the low-level flow and the
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FIG. 5. Rainfall observations from surface stations throughout the
landfall region from 25 to 26 Sep 1997. The rainfall is in units of
mm, and the contours are given at 10-mm intervals. Plus signs in-
dicate the location of stations used in this plot and hurricane symbols
represent the best track.

topography would not be resolved properly at 48 km.
A similar problem occurs with the inclusion of the Gulf
of California in the model grid; this is due to the hor-
izontal scale of the basin, which ranges from 100 to 150
km. These two facts suggest that the spatial resolution
of the Eta Model fields is not adequate to provide a
realistic simulation of mesoscale processes that occurred
during the landfall of Nora. However, these fields can
still be used to provide initial and lateral boundary con-
ditions for a simulation with a higher-resolution model.

In order to improve the horizontal resolution and
quality of the forecast fields, we make use of numerical
simulations performed with the PSU–NCAR Mesoscale
Model version 5 (MM5; Grell et al. 1994). The appli-
cation of the MM5 model has been successful for sim-
ulating the development of convective systems in trop-
ical and subtropical regions. In particular, it has been
used to reproduce the structure and changes in intensity
of tropical cyclones over the oceans. For example, Liu
et al. (1997) used MM5 to analyze the intensification
of Hurricane Andrew (1992) and its eventual approach
to the Florida peninsula. Liu et al. determined that, with
the application of adequate physical parameterizations
and realistic large-scale, initial conditions, it is possible
to provide a reasonable prediction of the structure, in-
tensity, and track of a mature tropical cyclone.

a. Description of the model configuration

In our MM5 simulations, the initial fields and lateral
boundary conditions are derived from the Eta Model.
In contrast to the original resolution of 48 km, we make
use of a modified version of the model output at 80 km;
this is due to the actual availability of the model fields.
The initial fields are interpolated into a computational
grid with a horizontal resolution of 63 km. The geo-
graphical coverage of this grid is bounded by 98N, 478N,
968W, and 1288W, and is shown in Fig. 6a. This figure
also shows the inclusion of additional, nested grids with
resolutions of 21 and 7 km. These grids are used to
improve the spatial resolution of the model fields be-
yond that available from the coarse-scale grid.

Figure 6b shows the actual grid points and terrain
elevations at 7 km, which provides a better represen-
tation of the mountains over the northern peninsula and
a delineation of its coastline. The model terrain indicates
the presence of relatively low and flat terrain over the
region north of the Gulf of California. In addition, the
Baja California Mountains are represented with eleva-
tions that are above the 500-m level and the highest
elevations are located north of 308N. A comparison be-
tween the model and actual terrain indicates that the
model provides a relatively smooth representation of the
actual structure of the mountains. In fact, real data show
that the mountain peaks have higher elevations and the
gradients of terrain contours are larger than those shown
in the model grid at 7 km.

For the purpose of this study, we make use of the

nonhydrostatic version of the MM5 model. In each of
the three grids there are 27 vertical sigma levels and
the top of the model atmosphere is at 100 mb. Since
six of these levels are located below the 850-mb level,
there is a well-resolved boundary layer. The represen-
tation of the physical processes in this layer is accom-
plished using the scheme by Hong and Pan (1996). This
scheme is selected due to its capability for simulating
the structure and diurnal variability of the boundary
layer over land and ocean.

In the computation of our simulations, there are pa-
rameterizations of the long- and shortwave radiative
transfer (Dudhia 1989), explicit prediction for rain water
and cloud water with simple ice physics (Dudhia 1989),
and cumulus convection. The application of specific
convective parameterization depends on the horizontal
resolution of the corresponding grid. The Betts–Miller
scheme (Betts and Miller 1986) is used in the 63-km
grid, while the scheme by Kain and Fritsch (Kain and
Fritsch 1993) is used in the 21-km grid. An explicit
moisture scheme is used in the 7-km grid. The sea sur-
face temperatures are derived from the Eta Model anal-
ysis and are consistent with the distribution shown in
Fig. 2a. However, climatological conditions are imposed
on the Gulf of California waters, which are set to 338C
and assumed to be uniform over the entire basin.

In order to assess the effect of using high-resolution
grids, we perform a total of three simulations with var-
ious combinations of the computational grids shown in
Fig. 6. The first simulation consists of the 63-km grid
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FIG. 6. MM5 grid configuration for the (a) 63-, 21-, and 7-km grids and (b) 7-km grid. Terrain elevations are
indicated at 500-m contour intervals, and individual grid points in the 7-km grid are shown in Fig. 6b.

(hereafter referred to as S63) and is used to illustrate
the behavior of the hurricane vortex in the presence of
poorly resolved flow and topography. A second simu-
lation considers both the 63- and 21-km grids (S21),
which shows the improvement derived from the inclu-
sion of better resolved topography over a smaller geo-
graphical area. Finally, all three grids are combined in
a single simulation (S07) that is focused on studying
the details of the influence of terrain on flow associated
with the cyclonic vortex. The high spatial resolution of
the fields provided by the 7-km grid helps to analyze
the structure and evolution of the vortex as it moves
across the peninsula and over the gulf.

A significant problem in the simulation of tropical
cyclones is related to the representation of initial cir-
culations in the fields from numerical models. For ex-
ample, Kurihara et al. (1993) state that the inaccurate
representation of the initial location, structure, and in-
tensity of tropical cyclones is associated with vortices
that are relatively large and weak. This may result in
large errors in the prediction of the intensity and motion
of the vortex throughout the forecast. In order to solve
this problem, Kurihara et al. propose a method in which
a poorly resolved vortex is replaced with a more realistic
feature. The study suggests that the improvement in the
specification of the initial vortex leads to a reduction of
errors in the simulation of the vortex evolution.

In order to improve the location, structure, and in-
tensity of the circulation representative of Hurricane
Nora, we apply the initialization scheme developed by
Chen et al. (1996). This is a simple scheme that removes
the original circulation and incorporates an idealized
vortex with specific intensity and structure. The param-
eters that define the position and structure of the new
vortex are selected to match the observed characteristics
of the hurricane. The application of this scheme in the
initialization and prediction of a western Pacific storm

is described by Low-Nam et al. (1996). This study
makes use of the MM5 model and shows that the scheme
provides a reasonable improvement in the simulation of
the storm track, structure, and intensity.

b. Results from the model simulations

Our model simulations were initialized at 0000 UTC
25 September and forecasts with a length of 36 h were
performed. The initial time of the runs corresponds to
the location of the hurricane west of central Baja Cal-
ifornia and the model vortex is in a position correspond-
ing to that shown in Fig. 4a, with maximum winds of
33 m s21 at a radius of 125 km away from the center
of circulation. The distribution of streamlines at the low-
est model level (s 5 0.995) is shown in Fig. 7 and the
model flow may be compared against wind observations
from ships and surface stations. An inspection of these
data suggests that, in a region that surrounds the hur-
ricane center of circulation, the model flow tends to be
in agreement with the direction of the observed winds.

Figure 8 shows the tracks followed by the model
circulation in the three simulations listed above, along
with the positions from the best track included for com-
parison. In this figure, the model positions were com-
puted by finding the location of the center of circulation
of the streamlines at the lowest model level. In general,
the model circulation moved northward in a direction
that is parallel to the peninsula. However, in those cases
that included higher-resolution grids, there was a de-
flection of the track toward the east and a subsequent
displacement over the Gulf of California and east of the
Colorado River Valley.

In the S63 model simulation the vortex starts moving
over the eastern Pacific during most of the first 12 h of
the run and, eventually, reaches the western coast of the
peninsula. Then it moves over the higher elevations of
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FIG. 7. Lowest-level streamlines used to initialize the MM5 sim-
ulations at 0000 UTC 25 Sep 1997. Observed winds (knots) are from
surface stations over land and ships in the Pacific Ocean. The hur-
ricane symbol indicates the corresponding best-track position.

FIG. 8. Model tracks of tropical cyclone Nora from MM5 simu-
lations initialized at 0000 UTC 25 Sep 1997. The positions are shown
at 6-h intervals, and the hurricane symbol represents the best track.

the peninsular mountains and over southern Nevada by
the end of the simulation period. This simulation shows
that the relatively coarse resolution of the grid is able
to represent the northward displacement of the vortex,
but it fails to reproduce the deflection of the track toward
the gulf that was observed from satellite imagery. In-
stead, the center of circulation moves over the northern
portion of the Baja California peninsula. The results
from this run suggest that, in the presence of a poorly
resolved topography, the hurricane moves in the direc-
tion of the large-scale flow and is not deflected by the
terrain.

A significant change occurred during the S21 simu-
lation. In this case, the center of low-level circulation
moved over the western coast of the peninsula by 1200
UTC. After this time, it is difficult to find the location
of the center of circulation in the lowest-level fields.
The streamlines (not shown) suggest the weakening of
the incident vortex while moving over the terrain; in
addition, the model shows the development of a cyclonic
circulation along the eastern coast of the peninsula. This
circulation becomes a dominant feature in the model
fields and is well defined within the first 3 km above
the surface. After 1500 UTC, the circulation reinten-
sifies and moves along the northwestern coast of the
gulf and over the Colorado River Valley.

Figure 8 shows that the model track derived from the
simulation with the highest resolution grid, S07, is sim-
ilar to that derived from S21. In order to illustrate the
spatial and temporal structure of the vortex at 900 mb,
the distribution of winds and relative vorticities at 9,
12, 15, and 18 h into the model simulation are shown

in Fig. 9. This figure shows the approach of the incident
vortex, the passage across the peninsula, and the sub-
sequent displacement along the northern portion of the
Gulf of California and, later, over southern Arizona.

In the S07 simulation, the center of circulation entered
into the high-resolution grid after the first 3 h from
initialization and at 0900 UTC it was located just off
the western coast of the central peninsula and north of
Punta Eugenia (Fig. 9a). At this time, the circulation
has a symmetric structure and a maximum of relative
vorticity around the core. The maximum wind speeds
at this level are of about 30 m s21 and are located in
the northeastern quadrant of the vortex.

At 1200 UTC, Fig. 9b, the vortex moves over land
with the center of low-level circulation crossing at a
latitude of about 29.58N, which is in agreement with the
data from the best-track (Fig. 8) and satellite imagery
(Fig. 4c). This region corresponds to the western side
of the terrain gap in the elevations at the 500-m level
and is located over the northern portion of the peninsula.
During the following few hours, the maximum of vor-
ticity continues moving over land, becomes distorted
along a northeast–southwest direction, and the horizon-
tal coverage of the maximum of vorticity is reduced.
An analysis of the hourly model fields (not shown) in-
dicates that, while moving over land, the core of max-
imum vorticity weakens and moves across the gap, to-
ward the eastern coast of the peninsula. However, the
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FIG. 9. Winds and vorticities at the 900-mb level valid at (a) 0900, (b) 1200, (c) 1500, and (d) 1800 UTC 25 Sep
1997. The fields are from the 7-km grid in the S07 model simulation. Full wind barb represents 5 m s21, positive relative
vorticity (1025 s21) is shaded, and terrain elevation (solid line) is shown at contour interval of 500 m.

center of circulation associated with the incident system
weakens and another, secondary center of circulation
develops over the eastern portion of the gap. The vor-
ticity associated with the secondary circulation covers
a significant portion of the gap and extends from the
lowest model level up to about 700 mb.

The center of secondary circulation reached the gulf
after 1400 UTC. The magnitude and horizontal extent
of the vorticity increased rapidly, and generated a well-
defined and strong system over the gulf. This system is
present in the fields shown in Fig. 9c, which corresponds
to 1500 UTC. It is interesting to note that the circulation
is in a location and has a scale that are in agreement
with the area of deep convection observed from satellite
imagery in Fig. 4d. The structure of the primary cir-
culation is located over land and southwest of the sec-
ondary vortex, also shown in Fig. 9c. At this time the
intensity of the primary circulation is decreasing and it

merges with the southern portion of the vorticity max-
imum associated with the secondary circulation.

In order to understand the changes to the circulation
structure associated with the formation of the secondary
vortex, we performed a study of the time evolution of
vorticity at low levels. The computation of vorticity
tendencies (not shown) indicates that while the center
of circulation moves over land, there is a strong increase
of cyclonic vorticity over the region that corresponds
to the terrain gap at the 500-m level. This increase is
produced by contributions from the divergence and ad-
vective terms of the vorticity equation. In particular, the
convergence term is important along the mountain
slopes and along the gulf coast. As the circulation moves
over the gulf waters, the tendency changes are confined
to occur close to the coast, and this is associated with
the vorticity production due to the convergence of the
winds in the northwestern quadrant of the model vortex.
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FIG. 10. Winds and vorticities valid at (a) s 5 0.995 (b) 950-mb, (c) 850-mb, and (d) 700-mb levels for 1500 UTC
25 Sep 1997. The fields are from the 7-km grid in the S07 model simulation. Full wind barb represents 5 m s21, positive
relative vorticity (1025 s21) is shaded, and terrain elevation (solid line) is shown at contour interval of 500 m.

As the circulation moves over the gulf, it is oriented
along a north–south axis with the maximum of vorticity
located close to the coast. This orientation may be re-
lated to the presence of the mountains, as the flow in
the western side of the vortex is blocked by the moun-
tains and follows the direction of the model topography.
In fact, the flow over the eastern portion of the moun-
tains, 308–338N, shows modifications at the lower and
middle elevations of the terrain. An inspection of the
lowest model winds (not shown) indicates, during the
period 0900–1500 UTC, the flow changes from easterly
to northerly. It is noticed that part of the flow moves
over the Baja California Mountains while another part
goes around the eastern side of the mountains, along
the gulf coast, and is directed toward the south.

During the remaining period of the simulation, the
secondary circulation intensifies and moves toward the
north. This intensification occurred at both low and mid-
dle levels, and this circulation eventually became the

dominant characteristic of the model flow in the 7-km
grid. The circulation maintained its intensity while mov-
ing northward over the Gulf of California and reaches
the relatively flat terrain over the Mexico–United States
border after the 18 h of model simulation. The location
of the vortex valid at 1800 UTC is shown in Fig. 9d,
when the circulation is approaching the northern gulf
coast, and its structure should be compared against the
satellite image in Fig. 4e. This comparison suggests that
the model run is able to generate a circulation that has
a structure and motion that resemble the area of active
convection observed in the satellite imagery discussed
in section 3.

It is interesting to note that in Fig. 9d, the center of
low-level circulation is located approximately 150 km
south of Yuma, Arizona, and almost in the northern
coast of the gulf. Since the convective structure of the
storm is not well defined, it is difficult to estimate the
exact location of the actual circulation from the satellite
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FIG. 11. Accumulated precipitation from the 7-km grid during 3-hourly intervals (a) 0600–0900, (b) 0900–1200, (c)
1200–1500, and (d) 1500–1800 UTC 25 Sep 1997. Amounts of precipitation are indicated in mm, and terrain elevations
are shown at contour intervals of 500 m.

imagery (Fig. 4e). However, the use of the data from
the WSR-88D radar at Yuma (not shown) indicates that
the core of the circulation is located approximately 125
km south of the station. The center of circulation is just
to the southwest of an area of maximum reflectivity
($40 dBZ) and the intense reflectivity is present in a
vertical layer from 2 through 6 km above the surface.
In addition, the radar helps to estimate that the maxi-
mum winds are at least 30 m s21. This fact suggests
that the model simulation is able to provide a reasonable
simulation of the storm position and this is more ac-
curate than the position extracted from the best-track
data, which has the storm to the west of the observed
location (see Fig. 8).

In the final portion of the S07 simulation, 24–36 h
into the run, the model vortex moves out of the northern
edge of the high-resolution grid and the center of cir-
culation is over western Arizona. As the circulation

moves over land, its intensity decreases and the hori-
zontal structure of the circulation is expanded. At the
end of the simulation, 1200 UTC 26 September, the
center of low-level circulation is located over south-
western Utah. At this time the intensity of the vortex is
weaker and the magnitude of the low-level winds has
decreased dramatically.

Further information on the vertical structure of the
secondary vortex is shown in Fig. 10. This figure shows
the winds and relative vorticities at levels at or below
700 mb. The time of the figure corresponds to that of
Fig. 9c, valid at 1500 UTC, when the circulation had
just moved from the peninsula and is located along the
western coast of the gulf. The structure of the circulation
is limited in areal extent at low levels (Figs. 10a,b) and
covers a more extensive area at upper levels (Figs.
10c,d).

A significant fact to note in Fig. 10 is the structure
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FIG. 12. Winds and vorticities at the 900-mb level valid at (a) 0900, (b) 1200, (c) 1500, and (d) 1800 UTC 25 Sep
1997. The fields are from the 7-km grid in the model simulation with no terrain. Full wind barb represents 5 m s21

and positive relative vorticity (1025 s21) is shaded.

of the flow close to the peninsular mountains. Blocking
of the flow occurs at low levels and this is located in
the western half of the secondary vortex. In the region
close to the mountains, the low-level winds tend to move
in a direction that is parallel to the topography and this
restricts the position and structure of the circulation. In
contrast, the flow above (850 and 700 mb) is across the
mountain and at these levels the vortex has a larger
horizontal extent, as the circulation is present over the
northern gulf and over the peninsula. Since the maxi-
mum elevations of the mountains are below these levels,
the topography has less influence in the behavior of the
flow.

The distribution of precipitation derived from the
fields in the S07 simulation is consistent with that im-
plied by the satellite observations. An overview of the
model precipitation is shown in Fig. 11, which shows
the accumulated precipitation during 3-h intervals and
is used to illustrate the spatial distribution and intensity

of rainfall predicted by the model. Moderate amounts
of precipitation occurred during the period 0600–0900
UTC (Fig. 11a) over the Pacific Ocean and Baja Cali-
fornia. However, during the next portion of the simu-
lation (Figs. 11b–d) more intense precipitation develops
over the northern gulf and eastern side of the peninsula.
The core of precipitation is associated with the structure
and motion of the strong area of convergence that oc-
curred at low levels (Fig. 10) and within the region
where the secondary circulation develops.

c. Effect of terrain in model simulation

In order to evaluate the sensitivity of the model with
respect to the structure of the topography in Baja Cal-
ifornia, we performed an additional simulation. This
simulation makes use of the same three-grid configu-
ration described in section 4a, the initial fields derived
from the Eta Model, and includes the application of the
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bogus vortex scheme developed by Chen et al. (1996).
The results from the new run are used to illustrate the
impact of peninsular mountains on the track of the cir-
culation that moved over the area of landfall. For the
purpose of the discussion in this section, we refer to the
original simulation, S07, as the control case.

In the new simulation we have modified the original
model topography, which changes the elevations of the
Baja California Mountains. The terrain elevations are
set to 1 m and the grid points over the ocean remain
unchanged; the Pacific Ocean and the Gulf of California
are still represented in the model. During the initial
period of the simulation, the track followed by the cir-
culation is, in general, identical to that obtained from
the simulation with the mountains (Fig. 8). The circu-
lation moves northward during the first 6 h and contin-
ued in this direction until landfall. However, in this case
the region of landfall is approximately 60 km northwest
of the location in the control case.

Figure 12 shows the low-level structure of the cir-
culation derived from the new simulation. At 0900 UTC
(Fig. 12a), the vortex is located west of the peninsula,
the center of circulation is north of Punta Eugenia, and
its structure is, basically, the same as that of the control
simulation (Fig. 9a). The flow that moves in northern
Baja California has a strong easterly component and this
is due to the removal of the peninsular mountains.

In agreement with the control run, Fig. 12b shows
that the time of model landfall occurs at about 1200
UTC and the circulation is better defined in this new
simulation. Figures 12c and 12d show that, while mov-
ing over land, the circulation has a larger horizontal
extent and the intensity is similar to that from the control
simulation. Finally, the vortex is south of the Mexico–
United States border at 1800 UTC. In contrast to the
sequence of events that occurred in the control simu-
lation, in this case the center of circulation does not
experience an eastward deflection of the track and the
horizontal structure of the vortex is not modified along
a north–south direction. In addition, there is no devel-
opment of a secondary circulation in this case.

The fields shown in Figs. 9 and 12 suggest that the
presence of the Baja California Mountains provides
eastward deflection of the incident vortex and that, dur-
ing the period 1200–1500 UTC, this deviation is di-
rected toward the Gulf of California. Another significant
result is the fact that the mountains do not alter the
northward motion of the vortex and the speed of motion
is consistent with that present during the control sim-
ulation.

It is interesting to note that the track followed by the
circulation in the simulation with no mountains is, in
some aspects, similar to that generated from the S63
simulation. This is the model run that was executed with
a relatively coarse resolution of the terrain. The main
point of agreement is the northward displacement of the
circulation and the relatively small deflection of the
storm track toward the Gulf of California. However, the

presence of the mountains in S63 is related to the slow
bias in the motion of the vortex (Fig. 8). This lack of
eastward deflection in the track was also present in the
large-scale forecasts performed at NCEP. This occurred
to the circulations derived from the Nested Grid and
Aviation Models, which have a grid resolution that is
larger than 63 km.

The distribution of precipitation derived from the sim-
ulation with no terrain (not shown) indicates the de-
velopment of rainfall around the core of the vortex. This
first occurred over the Pacific Ocean and, later, over the
northern portion of the peninsula during the passage of
the circulation over land. As should be expected, there
is no maximum of precipitation over the location that
corresponds to the higher elevations of the terrain. The
simulation generated less precipitation over the central
gulf and the maximum amounts occurred along the west-
ern side of the gulf coast.

5. Summary and conclusions

The observations described in section 3 and the model
simulations discussed in section 4 provide insight into
the evolution of Hurricane Nora (1997) upon landfall.
Nora intensified and reached hurricane intensity while
moving along a northwestward direction. Eventually,
the hurricane moved due north and made a first landfall
over the northern Baja California peninsula, Mexico. A
second landfall occurred over the Colorado River Valley
in the United States. Later, the storm weakened and
dissipated while moving over northern Arizona and
southern Utah.

Satellite imagery shows that, during the first landfall,
significant changes occurred to the convective structure
of the incident hurricane. While moving over the Pacific
Ocean, Nora maintained hurricane strength, and intense
convection was located around the core of the storm.
However, as the storm approached the Baja California
peninsula, the intensity and organization of the con-
vection decreased. In addition, a localized region of me-
soscale convection developed over the peninsular moun-
tains, and this convective region intensified over the
northern Gulf of California. As remnants of Nora moved
north, the secondary region of convection moved over
southwestern Arizona and provided localized, heavy
precipitation in a region located east of the Colorado
River.

In order to overcome the lack of in situ, observational
data in the region of landfall, we made use of the output
generated by a numerical model. We performed simu-
lations with the PSU–NCAR Mesoscale Model with var-
ious combinations of nested grids. The initial fields and
boundary conditions were derived from the Eta Model
and simulations with a total length of 36 h were per-
formed.

The simulation with the coarse-resolution grid (63
km) showed a model vortex that moved northward and
along the northern peninsula. In contrast, the high-res-
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olution (21 and 7 km) simulations generated a circu-
lation that had a motion and structure in agreement with
the information derived from satellite imagery. An anal-
ysis of the fields from the 7-km grid indicates that the
primary circulation approached the western coast of the
peninsula and it weakened while moving over the Baja
California Mountains. In addition, it is interesting to
note that a small-scale circulation developed along the
eastern coast of the peninsula and ahead of the primary
circulation. This improvement in the prediction is more
likely due to the relatively high resolution of the terrain
and the corresponding flow in the model fields.

The development of the secondary circulation oc-
curred at low levels, and accompanying deep convection
was embedded in the remnants of the primary circula-
tion. An analysis of the evolution of the low-level winds
indicates that blocking of the flow, by the relatively
steep and small-scale terrain, is associated with the for-
mation and intensification of the circulation over the
Gulf of California. The early stages of development of
the secondary component of the model vortex are, in
some aspects, similar to those discussed in studies of
the landfall of tropical cyclones over islands with moun-
tain ranges in the western Pacific.

An important result derived from the high-resolution
simulations is that the track of the vortex center is just
to the east of the NHC best track. The position of the
vortex in these simulations is in agreement with the
observed distribution of convection derived from sat-
ellite and radar imagery. This is also consistent with the
presence of a localized and intense area of convection
associated with the secondary circulation being embed-
ded in the residual upper-level circulation of the primary
vortex. The fact that the region of most intense con-
vection and heaviest precipitation is offset from the cen-
ter of the primary circulation is the most unique feature
of this landfall.

Another interesting result from our simulations is re-
lated to the role of the Baja California Mountains in the
model track. A simulation that considers the absence of
these mountains was performed. The track followed by
the vortex was due north and did not experience the
observed deflection toward the Gulf of California. This
fact suggests that the presence of the mountains is an
essential element in the realistic simulation of Hurricane
Nora’s landfall. If the topography is not included, or not
resolved properly, the model is not able to reproduce
the details of the storm track. We noticed that this prob-
lem occurred during the coarse-grid simulation (S63)
and, to some degree, in the large-scale, operational fore-
casts from the NCEP models.

Our study shows that the application of a mesoscale
model, with the available initial conditions and realistic
physical parameterizations, is able to provide a reason-
able prediction of the behavior of a tropical cyclone that
approaches Baja California. The use of high-resolution
grids allowed a detailed representation of the topogra-
phy and, therefore, provided a better prediction of the

changes to the track and structure of the incident storm.
This suggests that the application of the model can be
very valuable in providing real-time forecasts of poten-
tial tropical cyclone landfall in the area and give advance
warning to the population in western Mexico and the
southwestern United States.

Our conclusions are based on the analysis of a single
case study, and this is a limitation of our results. In
order to evaluate the performance of the mesoscale mod-
el in a broad group of situations, additional case studies
should be investigated in the region. A large range of
mountains forms the western coast of Mexico, and it is
also a frequent area of tropical cyclone landfall. How-
ever, there is a limited amount of observational data in
the region, and this suggests that the simulation of a
number of significant events of landfall would allow a
better identification of the strengths and deficiencies of
the model when applied as a regional forecasting tool.
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