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ABSTRACT

The genesis of Hurricane Hernan (1996) in the eastern Pacific was investigated using gridded analyses from
the European Centre for Medium-Range Weather Forecasts and gridded outgoing longwave radiation. Hernan
developed in association with a wave in the easterlies that could be tracked back to Africa in longitude–time
plots of the filtered y component of the wind (2–6-day period) at 700 mb. The wave crossed Central America
near Lake Nicaragua with little change in its southwest–northeast tilt, but the most intense convection shifted
from near the wave axis in the Caribbean to west of the wave axis in the Pacific. The wave intensified as it
moved through a barotropically unstable background state (defined by a low-pass filter with a 20-day cutoff )
in the western Caribbean and eastern Pacific. A surge in the southwesterly monsoons and enhanced convection
along 108N occurred to the west of the 700-mb wave in the Pacific and traveled with the wave. This had the
effect of enhancing low-level vorticity over a wide region ahead of the 700-mb wave. Available evidence suggests
that additional low-level vorticity was produced by enhanced flow from the north through the Isthmus of
Tehuantepec as the 700-mb wave approached. Depression formation did not occur until 6–12 h after the 700-
mb wave reached this region of large low-level vorticity in the Gulf of Tehuantepec.

Eastern Pacific SST and vertical wind shear magnitude are typically favorable for tropical cyclone development
in Northern Hemisphere summer and early fall. Because the favorable mountain interaction and the surge in the
low-level monsoons appear to relate directly to the wave in the easterlies, it is argued that the strength of such
waves reaching Central America from the east is the single most important factor in whether subsequent eastern
Pacific cyclogenesis occurs. Possible parallels with western Pacific cyclogenesis are discussed.

1. Introduction

Tropical cyclogenesis remains poorly understood.
Riehl (1954) stated ‘‘we observe universally that trop-
ical storms form only within preexisting disturbances.’’
In a review of the topic, McBride (1995) noted that such
disturbances can be seen via satellite as ‘‘cloud clus-
ters,’’ convectively active disturbances of a scale com-
parable to that of the outer envelope of a mature tropical
cyclone, but much larger in scale than the tropical cy-
clone core. The cloud clusters develop within synoptic-
scale cyclonic disturbances such as a monsoon trough
or a wave in the easterlies. In turn the synoptic-scale
disturbances, and possibly the cloud clusters as well,
appear to be influenced by even larger scales (Liebmann
et al. 1994; Molinari et al. 1997) such as the Madden–
Julian oscillation (MJO; Madden and Julian 1994). Ob-
servational studies repeatedly show the enormous con-
trol that various larger-scale circulations have on wheth-
er tropical cyclones will form.
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Much debate has occurred of late (e.g., Smith 1997)
over the merits and interpretations of the two formal
theories of tropical cyclogenesis, conditional instability
of the second kind (CISK; Charney and Eliassen 1964;
Ooyama 1964) and wind-induced surface heat exchange
(WISHE; Emanuel 1986; Emanuel et al. 1994). What-
ever the relative merits of these theories, including their
conceptual value at the mature stage (Ooyama 1982), it
can be said without ambiguity that neither includes any
realistic representation of the influence of synoptic and
planetary-scale circulations on tropical cyclogenesis.
Nor do they incorporate the azimuthally asymmetric
evolution of incipient tropical cyclones. Rather, they
appear most relevant once a nearly symmetric low-level
circulation has been established, at which time large-
scale controls may have less influence and axisymmetric
processes may dominate the inner-core evolution. Be-
cause such theories cannot address the earlier transition
from cloud cluster or wave to depression, observational
and numerical studies must be relied on at present.

In terms of genesis events per unit area and per unit
time, the eastern Pacific Ocean is the most active tropical
cyclone formation region on earth. As such it provides
a useful basin for investigating the role of larger-scale
influences on tropical cyclogenesis. In the current paper,
the genesis of a single eastern Pacific storm, Hurricane
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Hernan of 1996, will be examined. An attempt will be
made to put the results into an integrated framework for
understanding eastern Pacific tropical cyclogenesis.

2. Methodology

Merrill (1984) noted the confusion of terminology
when referring to formation and intensification of trop-
ical cyclones. For the purposes of this paper, genesis
will refer to the development of a tropical depression
from a preexisting disturbance, following Frank (1987).
Because the definition of a depression requires closed
isobars at the surface, the tightly coupled connection
between a tropical cyclone and the underlying ocean
may be said to begin at that time. In addition, large-
scale influences appear to have much greater impact on
whether a depression initially develops than whether an
existing depression intensifies further (Liebmann et al.
1994). As a result, evaluating the role of large-scale
circulations would seem most appropriate at the time
just before a tropical depression develops. Of course,
operational estimates of this time are only approximate,
but the error in timing is likely to be much less than
the 12-h separation of large-scale analyses used in this
study.

Molinari et al. (1997) used potential vorticity (here-
after PV) as a key variable in their analysis. In the
current study, the shallow monsoonal flow in the eastern
Pacific is a critical component. It is difficult to calculate
meaningful values of Ertel PV on isentropic surfaces
close to the surface owing to difficulties with the vertical
derivative ]p/]u. In addition, the presence of mountains
that are strongly heated creates diurnal fluctuations in
PV. Pressure-surface analyses and absolute vorticity will
substitute in this paper for the isentropic analyses and
PV of the previous paper.

Low-pass and bandpass time filters follow the meth-
ods described by Molinari et al. (1997). The low-pass
filter has a cutoff of 20 days, and will be interpreted as
the slowly varying background state. The 2–6-day band-
pass filter will be interpreted as the easterly wave scale.

Outgoing longwave radiation (OLR) data follow the
procedures of Gruber and Winston (1978), but using the
improved interpolation for missing data by Liebmann
and Smith (1996). These data are available on a 2.58 lat
3 2.58 long grid.

All results in this paper other than those showing OLR
come from calculations using 1.1258 lat 3 1.1258 long
gridded analyses from the European Centre for Medium-
Range Weather Forecasts (ECMWF). Many supporting
arguments for the value of ECMWF analyses in studying
the environment of hurricanes have been given in pre-
vious papers (Molinari and Vollaro 1990; Molinari et
al. 1992, 1995, 1997), and the results of those papers
provide further support. The value of such analyses will
be reexamined here because the eastern Pacific is es-
pecially data sparse, and because the genesis of a spe-
cific hurricane is being studied.

ECMWF gridded analyses have been used exten-
sively to study both synoptic- and planetary-scale trop-
ical waves (e.g., Nitta and Takayabu 1985; Reed et al.
1988a,b; Liebmann and Hendon 1990; Lau and Lau
1990). These studies have shown that the analyzed
waves have remarkable consistency with independently
derived fields such as OLR or other satellite-derived
products, even over tropical oceans where conventional
data are lacking (Liebmann and Hendon 1990; Reed et
al. 1988a,b). In general, where data exist, the ECMWF
analyses are successful in incorporating them. Where
data are absent, no ground truth exists to evaluate the
analyses. In such regions the four-dimensional analysis/
assimilation (Lorenc 1981) essentially fills in with a
‘‘full-physics’’ numerical simulation constrained by 6-
hourly injection of data from surrounding regions. This
appears to be the best alternative available at present.
Recently M. Wheeler (1998, personal communication)
noted that dynamical fields from the National Centers
for Environmental Prediction reanalysis contain tropical
waves whose spectral characteristics match reasonably
well those determined from OLR alone by Wheeler and
Kiladis (1999). A general circulation model, on the other
hand, did not contain a realistic representation of such
tropical waves (M. Wheeler 1998, personal communi-
cation). It appears that even sparse unevenly spaced data
contribute greatly to the realistic depiction of tropical
waves and disturbances in operational global analyses.

Nevertheless, the timing and location of tropical de-
pression formation in the eastern Pacific are often not
well represented by the ECMWF analyses. This reflects
the combination of a lack of data and the inability of
the global model (and thus the data assimilation cycle)
to spin up tropical depressionlike vortices where no data
support their existence. As a result, before pursuing a
particular case study the performance of the analysis
must be examined fully.

Hurricane Hernan (1996) in the eastern Pacific was
chosen for this study. Forecasters at the National Hur-
ricane Center (now known as the Tropical Prediction
Center; R. Pasch and L. Avila 1997, personal com-
munication) identified the pre-Hernan disturbance as
relatively easy to track from Africa to the eastern Pa-
cific, and identified September 1996 as having well-
defined waves. The veracity of the analyses was eval-
uated in three steps. First, sequences of 12-hourly an-
alyses in the days prior to the development of the trop-
ical depression that ultimately became Hurricane
Hernan were examined at several levels in the vertical
for ‘‘time continuity.’’ Although this is a subjective mea-
sure, it is tied to meaningful physical constraints such
as quasi-conservation of PV. It will be shown (Fig. 5)
that a well-defined, slowly varying disturbance in the
easterlies at 700 mb propagates westward over several
days.

Second, the observed position and timing (using
‘‘best-track’’ data) of the first appearance of the pre-
Hernan tropical depression were compared to the ana-
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lyzed fields. The tropical depression formed at 0600
UTC 30 September at 12.68N, 98.78W; Hernan was
named a tropical storm at 1800 UTC 30 September at
12.98N, 100.78W. The gridded analyses are at 0000 and
1200 UTC times. As will be seen in Fig. 6, a strong
surface vortex (15.7 m s21 maximum wind) first ap-
peared in the gridded analyses at 0000 UTC 30 August,
and reached tropical storm strength (21 m s21) at 0000
UTC 1 October. Figure 6, taking into account the 6-h
time differences, will show that the location of the pre-
Hernan disturbance was also well represented by the
analyses.

Finally, the evolution shown in the analyses was com-
pared to independent data. It will be seen that OLR fields
provide support for the structure and evolution of the
pre-Hernan disturbance in the ECMWF analyses.

Because the analyses meet the time continuity, trop-
ical depression timing and location, and OLR consis-
tency criteria, it has been assumed they are sufficiently
accurate for further study. Nevertheless, as noted by
Molinari et al. (1997), detailed quantitative calculations
of relatively high-frequency disturbances (i.e., periods
less than 6 days) must be approached with caution. In
this paper the more qualitative aspects of such distur-
bances (position and structure rather than, e.g., calcu-
lations of energy exchanges) will be examined. In ad-
dition, only the behavior of the preexisting synoptic-
scale disturbance up to the time of depression formation
will be examined. It is concluded that the ECMWF an-
alyses can be of considerable value, but must be treated
with appropriate caution and skepticism in regions with-
out extensive data.

3. Previous studies of tropical cyclogenesis

a. Role of monsoon troughs

Gray (1968) described a set of necessary conditions
for tropical cyclogenesis that likely apply in all regions.
In a review of the topic, McBride (1995) describes a
number of mechanisms that, although they were pro-
posed for the western Pacific or Australian region, could
be relevant to the eastern Pacific, because all three ba-
sins contain a monsoon trough. McBride and Zehr
(1981) found enhanced relative vorticity in the lower
troposphere on a 1000–2000-km scale in the environ-
ment of cloud clusters that developed into tropical cy-
clones, compared to nondeveloping clusters. Love
(1985) described ‘‘surges’’ in the westerly winds south
of the monsoon trough associated with cold outbreaks
from the winter hemisphere. This was hypothesized to
come about via accelerating flow into the monsoon
trough as a result of the increased magnitude of the
latitudinal pressure gradient at the surface. Often the
subtropical ridge poleward of the monsoon trough si-
multaneously intensified (the reasons are unclear), cre-
ating stronger easterlies to the north of the monsoon
trough as well. Davidson and Hendon (1989) found a

similar evolution in the Australian monsoon. The result
in both cases was much greater vorticity within the mon-
soon trough before genesis, consistent with the findings
of McBride and Zehr (1981).

Holland (1995) showed the results of a simulation of
monsoonal flow with a three-dimensional model. By
specifying a Gaussian distribution in x and y of diabatic
heating over a relatively small region, Holland (1995)
was able to simulate many aspects of the western Pacific
monsoon at 850 mb, including the subtropical ridge to
the north and the ridge just south of the equator. Holland
attributed the ridges to Rossby wave dispersion. Hol-
land’s result offers a plausible reason, enhanced con-
vective heating in the monsoon trough, for both the
stronger trough and the stronger ridge to the north found
by Love (1985). Holland speculated that middle latitude
interactions, such as the southward movement of a fron-
tal zone, could trigger the enhanced convection.

Holland (1995) speculated that easterly waves could
grow in the western Pacific where trade wind easterlies
met monsoon westerlies via Rossby wave accumulation,
essentially convergence of the group velocity. This re-
gion is known to be favored for development of de-
pressions (Briegel and Frank 1997). Sobel and Breth-
erton (1998) provided evidence that the easterly waves
behaved like nondivergent Rossby waves, and carried
out calculations that support the wave accumulation ar-
gument in the western Pacific.

Zehr (1992) presented a schematic diagram of tropical
cyclogenesis in the western Pacific that contained ele-
ments of more than one of the above hypotheses. Zehr’s
schematic showed a disturbance in the easterlies ap-
proaching the longitude of the monsoon westerlies. Also
part of the schematic was a surge in the monsoons about
one-half wavelength ahead (west) of the easterly wave.
Zehr’s schematic thus includes an easterly wave, the
monsoon trough, a surge in the monsoons, and cyclo-
genesis in the wave accumulation region.

Several researchers have noted that interactions of
preexisting disturbances with upper-tropospheric
troughs can lead to tropical cyclogenesis (Sadler 1976;
Pfeffer and Challa 1981; Bosart and Bartlo 1991; Mont-
gomery and Farrell 1993; Bracken and Bosart 2000.
Briegel and Frank (1997) composited the flow in the
western Pacific prior to genesis, and found that 85% of
cases contained either an upper-tropospheric trough
within 2500 km of the center or a lower-tropospheric
wind surge. The wind surge typically took the form of
an acceleration of the westerlies south of the monsoon
trough before genesis. They attributed cyclogenesis in
general to any forcing that can produce upward motion
through a deep layer.

A number of researchers have noted the importance
of interactions among mesoscale vortices during the cy-
clogenesis process (Ritchie and Holland 1993; Harr et
al. 1996; Simpson et al. 1997). This mechanism cannot
be addressed in the current paper because the ECMWF
analyses cannot resolve such disturbances. Neverthe-
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FIG. 1. Terrain height in the region of interest, averaged over 0.58
lat and long. Only two contours are shown: light shading is 500–
1500 m; dark shading .1500 m. The letters refer to geographic re-
gions discussed in the text: I, Isthmus of Tehuantepec; G, Gulf of
Tehuantepec; L, the pass extending across Lake Nicaragua. The out-
lined rectangular area will be used for calculation of the mean values
of 1000-mb wind speed (see section 4b).

less, Simpson et al. (1997) noted that interacting me-
soscale vortices are much more likely to lead to genesis
when they occur within a larger-scale, lower-tropo-
spheric, cyclonic circulation such as a monsoon trough.

Many of the above papers provide evidence for an
enhancement of vorticity in the monsoon trough prior
to tropical cyclogenesis in the western Pacific. It has
been argued that the vast majority of western Pacific
and Australian region tropical cyclones develop within
the monsoon trough (Gray 1968; Zehr 1992; McBride
and Keenan 1982). The role of easterly waves in these
regions is less certain. Zehr’s (1992) schematic and the
work of Briegel and Frank (1997) and Sobel and Breth-
erton (1998) suggest that the interaction of easterly
waves and the monsoon trough might represent an im-
portant cyclogenesis mechanism in the western Pacific.

b. Eastern Pacific cyclogenesis

The subtropical easterlies contain a diverse group of
disturbances (Simpson et al. 1968; Wallace 1971; Krish-
namurti et al. 1975; Wheeler and Kiladis 1999) that
include equatorial Kelvin– and Rossby–gravity modes,
surges in the trade winds, ITCZ or monsoon trough
disturbances, easterly waves, and mesoscale convective
complexes (Velasco and Fritsch 1987; Laing and Fritsch
1997). In addition, upper-tropospheric cold lows, both
subtropical and extending from middle latitudes, pro-
duce extensive precipitation and interact with lower-
tropospheric disturbances. The existence of this com-
plex background complicates the study of tropical cy-
clogenesis.

Many theories have been put forth on the nature of
tropical cyclogenesis in the eastern Pacific. Forecasters
at the Tropical Prediction Center, who carefully track
each wave and storm in real time, believe that virtually
all eastern Pacific tropical cyclones develop in associ-
ation with easterly waves that formed well upstream
over Africa and propagated across the Atlantic and Cen-
tral America and into the eastern Pacific (see, e.g., Avila
and Pasch 1992). Shapiro (1986) showed specific ex-
amples of such propagation. Some previous operational
forecasters (Simpson et al. 1968, 1969; Frank 1970) also
associated genesis with waves in the easterlies but be-
lieved that roughly half of these waves developed out-
side of Africa, typically in the Caribbean. Bister and
Emanuel (1997) studied the genesis of Hurricane Guil-
lermo (1991) and found that it developed within a me-
soscale convective system. They noted, however, that
the genesis occurred in the presence of an easterly wave
passing into the eastern Pacific. These papers place
much greater importance on the easterly wave as the
locus of tropical cyclone genesis than has been seen in
the western Pacific.

Ferreira and Schubert (1997) have described a process
whereby intertropical convergence zone (ITCZ) con-
vection creates a low-level PV maximum and a sign
reversal in the meridional PV gradient, followed by dis-

turbance growth via the Charney–Stern instability the-
orem. Molinari et al. (1997) have described a correlation
between the strength of such a PV gradient sign reversal
in the Caribbean Sea and subsequent downstream cy-
clogenesis in the Pacific. Molinari et al. (1997) argued
that African waves could be reinvigorated, or new waves
could develop, on this unstable basic state. These waves
would then be the locus of tropical cyclogenesis down-
stream. The low-pass PV gradient sign reversal variation
followed that of low-pass filtered OLR, suggesting that
the dynamically unstable basic state arose from the dia-
batic heating, as was proposed by Schubert et al. (1991)
and Ferreira and Schubert (1997). Molinari et al. (1997)
also noted the contribution of negative PV anomalies
in the northern Caribbean in creating the sign reversal.
These were attributed to the upward decrease of diabatic
heating associated with surface sensible heat flux, shal-
low convection, and radiative cooling above the trade
wind inversion. Molinari et al. (1997) argued that the
dynamically unstable basic state provided a mechanism
connecting the enhanced heating in the active phase of
the MJO (or any other convective forcing) to enhanced
tropical cyclogenesis.

The view of operational forecasters requires an east-
erly wave to enter the eastern Pacific from upstream,
apparently from Africa. Ferreira and Schubert (1997)
require no upstream wave but postulate the in situ break-
down of an unstable basic state forced by heating (the
origin of the heating is left unstated). Molinari et al.
(1997) observe an unstable basic state upstream and
require an upstream wave, but not necessarily from Af-
rica.

None of the above theories take any account of the
substantial terrain that exists in Central and South Amer-
ica, shown in Fig. 1. This terrain is generally tall enough
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FIG. 2. Longitude–time section along 12.3758N at 700 mb of the
bandpass-filtered (2–6 day) y component of the wind between 0000
UTC 10 Sep and 0000 UTC 10 Oct 1996. Positive values are shaded.
The hurricane symbols mark the longitude and time of formation of
tropical depressions within 4.58 lat of 12.3758N. The heavy dashed
lines trace the axes of the two waves that excited eastern Pacific
tropical cyclones during the period. Contour increment 1 m s21.

to block or otherwise deflect the easterly flow that exists
in the region in the lower troposphere (Mozer and Zehn-
der 1996; Farfan and Zehnder 1997). Mozer and Zehn-
der (1996) argued that broad easterly flow is blocked
and diverted through the Isthmus of Tehuantepec (‘‘I’’
in Fig. 1). This leads to a barotropically unstable jet
downstream and the continuous production of distur-
bances. No upstream wave was required for cyclogen-
esis in their hypothesis.

Farfan and Zehnder (1997) described and simulated
the events leading to the genesis of Hurricane Guillermo
in 1991. The circulation that became Guillermo first
developed in the eastern Pacific while an easterly wave
was in the Caribbean, upstream of the Central American
mountains. The location and timing of the low-level
prehurricane circulation were shaped by two low-level
jets, an easterly jet through the opening in the mountains
in the vicinity of Lake Nicaragua (‘‘L’’ in Fig. 1), and
a northerly jet through the Isthmus of Tehuantepec. The
latter flow occurred only in the moist simulation, for
which the upstream wave amplitude remained large.
Farfan and Zehnder (1997) thus required an upstream
wave as part of the cyclogenesis process. But the pre-
depression disturbance developed locally near the Gulf
of Tehuantepec (‘‘G’’ in Fig. 1) rather than being as-
sociated directly with the passage of the original easterly
wave into the eastern Pacific. The location and timing
of tropical cyclogenesis appeared to be determined by
mountain interactions, but in a more complex form than
envisioned originally by the theory of Zehnder (1991).

The current work will attempt to evaluate the various
ideas given above during the period before the formation
of the pre–Hurricane Hernan depression on 0600 UTC
30 September 1996. It remains to be seen whether the
conclusions of this study are valid for all or most eastern
Pacific tropical cyclones. The following questions will
be addressed for this cyclogenesis event:

1) Does the development of the pre–Hurricane Hernan
depression occur in association with a synoptic-scale
easterly wave? If so, does this wave come from up-
stream (east) of the Central American mountains, or
even all the way from Africa?

2) Alternatively, does the depression development oc-
cur in situ with the monsoon trough without contri-
bution from a preexisting disturbance from up-
stream?

3) What role do the Central American mountains play?
4) What role do local or upstream dynamical instabil-

ities play in the development?

4. Results

a. Disturbances from Africa

Figure 2 shows a longitude–time (Hovmöller) plot of
the bandpassed (2–6 day) y component of the wind at
700 mb. This is shown for 12.3758N during a 1-month
period in September and October of 1996. Hovmöller

diagrams at several adjacent latitudes, and for the 10.18–
14.68N mean, are remarkably similar (not shown). Com-
parable plots at 900 mb (also not shown) look similar
but with somewhat smaller amplitude. The hurricane
symbols in Fig. 2 show the time and longitude at which
tropical depressions within 4.58 lat of 12.3758N first
appeared.

The 2–6-day period chosen for Fig. 2 corresponds
well with the dominant mode found over Africa (Reed
et al. 1977; Nitta and Takayabu 1985; Burpee 1974;
Reed et al. 1988b; Lau and Lau 1990; Duvel 1990). The
contribution of the 2–6-day mode to the total variance
at each grid point at 700 mb was computed over the
period 10 September–10 October 1996 (the same period
as in the figure) using

N

2y*O
n51 , (1)N

2(y 2 y )O
n51

where N 5 61 (the number of 12-hourly analyses in the
period), y is the time averaged y over the same period,
and y*2 is the bandpass variance. It was found that the
2–6-day mode carried 40.9% of the total variance at
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FIG. 3. Low-pass filtered (20-day cutoff ) wind field for 0000 UTC
28 Sep 1996 at (a) 700 mb and (b) 1000 mb. These are interpreted
as the background fields through which synoptic-scale disturbances
pass. Light lines are streamlines; light and dark shading indicate wind
speed 5–10 m s21 and greater than 10 m s21, respectively.

12.3758N, averaged over the longitudes shown in Fig.
2. It would appear, at least for this particular month,
that easterly waves are a major contributor in the At-
lantic basin.

The African coast at the latitude of Fig. 2 lies at 178W.
Waves in the easterlies in Fig. 2 can be tracked from
Africa across the Atlantic and Caribbean and into the
eastern Pacific. The axes of two such waves are marked
in heavy dashed lines; each was associated with eastern
Pacific depression formation: at 1800 UTC 27 Septem-
ber (which became Tropical Storm Genevieve); and at
0600 UTC 30 September (eventually Hurricane Her-
nan). The latter shows much more clearly than the for-
mer because Genevieve developed 450 km to the north
of the latitude in Fig. 2. Both storms quickly moved
northward and thus are seen only a short time in the
figure. No other eastern Pacific storms occurred between
10 September and 6 November (L. Avila 1998, personal
communication). Four other waves in Fig. 2 spawned
Atlantic storms: Isidore (shown), Josephine (in the
southwest Gulf of Mexico), and Kyle and Lilly (in the
week just after the period shown in the figure).

The speed of motion of the waves associated with
Genevieve and Hernan, calculated by connecting max-
ima in the time–longitude plot, was close to 11 m s21

over the Atlantic, and 5 m s21 in the Caribbean and
eastern Pacific. These values are comparable to those
determined by Reed et al. (1988a) for the two regions.

Figure 2 shows occasional large changes in the am-
plitude or phase speed of the disturbances. These arise
when disturbances move meridionally away from the
latitude of interest, and when upper-tropospheric
troughs move southward into the region and induce
southerlies over a wide area that are not directly asso-
ciated with wave passage. The y component often de-
creases in magnitude at about 858W, then increases again
downstream. This is attributed to interaction with the
higher terrain of Nicaragua at that latitude, as distur-
bances weaken by PV conservation reasoning as they
move upslope.

Discontinuities can also arise as a result of weak-
nesses in the analysis. For instance, much of the tropical
Atlantic contains only nonconventional data such as
cloud-track winds. When waves in the model reach more
data-rich regions in the Caribbean, there may be a mis-
match in wave position and/or amplitude. Conventional
rawinsonde data begin at about 608W. Close examina-
tion of several Hovmöller diagrams including Fig. 2
does not indicate persistent discontinuities at this lon-
gitude (e.g., note the waves leading to Genevieve and
Hernan). It is concluded that, although uncertainties ex-
ist in the analyses, the y component Hovmöller diagrams
offer considerable support for an African origin for
waves reaching the eastern Pacific Ocean during the
period shown.

b. Genesis in the eastern Pacific
Figures 3a,b show low-pass filtered fields (20-day

cutoff ) at 700 and 1000 mb on 0000 UTC 28 September.

The response function for this filter is shown by Mol-
inari et al. (1997). Because by definition the low-pass
filtered fields vary slowly, the time shown in Fig. 3 is
representative of the entire 5-day period before devel-
opment of the pre-Hernan depression. For the most part
the Mexican and Central American terrain lies below
700 mb. The background flow shows broad easterlies
with maximum speed at about 158N. No indication of
southwesterly monsoonal flow exists at 700 mb.

In land areas, much of the 1000-mb pressure surface
lies below ground. The sophisticated ECMWF proce-
dure for extrapolation to 1000 mb includes a planetary
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FIG. 4. Low-pass filtered meridional gradient of absolute vorticity
at 0000 UTC 28 Sep 1996 at (a) 700 mb and (b) 900 mb. Shading
indicates that ]za/]y , 0. Units: 10211 s21 m21.

boundary layer structure. Nevertheless, little meaning
should be attached to the flow shown in Fig. 3b over
high terrain; rather, the oceanic regions and the low-
elevation mountain passes are of primary interest. The
1000-mb background flow shows broad trade wind east-
erlies east of the Central American mountains, and broad
5–10 m s21 southwesterly monsoonal flow west of the
mountains. A monsoon trough is far north during this
time, essentially parallel to the south coast of Mexico.
Weak northerly flow occurs through the Isthmus of Te-
huantepec. Southwesterly monsoons exist at 925 mb as
well, but are much weaker at 850 mb (not shown).

Recently Sobel and Bretherton (1998) showed that
the region of confluence of the flow in the western Pa-
cific where trade easterlies meet monsoon westerlies
produces growth of Rossby waves of approximately
30% per day by a wave accumulation mechanism. In
principle, the same could occur across Central America
as easterly waves approach from the east, as is apparent
from Fig. 3. But the waves tend to have largest ampli-
tude at 700 mb, where the monsoon westerlies are ab-
sent. Only in the lower troposphere could such a mech-
anism occur, and even there it could be disrupted by
mountain effects and large dissipation. The overall im-
pact of the wave accumulation mechanism in the eastern
Pacific is uncertain.

Figure 4 shows the low-pass filtered meridional gra-
dient of absolute vorticity at 700 and 900 mb at 0000
UTC 28 September. Shaded regions in the figure indicate
a northward decrease in absolute vorticity. At 700 mb,
this background state satisfies the necessary condition
for barotropic instability (]za/]y changing sign) in part
of the Caribbean, and in an extended region near the
Mexican coast in the eastern Pacific. At 900 mb, the
sign reversal is even stronger and occurs over a wider
area, especially in the Caribbean. Westward propagating
waves at 108–158N during this period will thus be pass-
ing through a region in which the effective b is small
or even of opposite sign to that of the earth. The lack
of dispersion where ]za/]y is small and the potential for
barotropic instability each could contribute to mainte-
nance or intensification of a disturbance.

Molinari et al. (1997) showed that the ITCZ is char-
acterized by a localized PV (and also vorticity) maxi-
mum, with strong northward increase of absolute vor-
ticity to the south, and a much weaker increase or even
a decrease of absolute vorticity to the north. This struc-
ture is consistent with the idealized modeling of Schu-
bert et al. (1991), and with the monsoon trough structure
shown in Fig. 4b. The monsoon trough lies approxi-
mately along the equatorward edge of the shaded region
near the southern Mexican coast (where ]za/]y 5 0) at
1000 mb.

Figures 3–4 showed the low-pass filtered background
through which disturbances in the easterlies travel. Fig-
ure 5 shows the evolution of the unfiltered 700-mb wind
field once daily (at 0000 UTC) for 6 days, ending 18 h
after the pre-Hernan tropical depression was declared.

The asterisk shows the center of circulation at 700 mb,
and the 3 shows the center of circulation in the 2–6-
day bandpass-filtered 700-mb wind. The two centers
were virtually coincident throughout the period. Several
characteristics of the synoptic-scale disturbance that
eventually gave rise to Hurricane Hernan can be seen:

1) Although a closed circulation was present at 700 mb,
the maximum wind remained north of the distur-
bance throughout the period.

2) The wind speed maximum in the disturbance inten-
sified nearly 40% in 24 h (0000 UTC 26 September–
0000 UTC 27 September) while it crossed the region
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FIG. 5. Wind field at 700 mb every 24 h at 0000 UTC for (a) 26 Sep; (b) 27 Sep; (c) 28 Sep; (d) 29 Sep; (e) 30 Sep; (f ) 1 Oct 1996.
Streamlines and wind speed contours as in Fig. 3. The asterisk marks the center of circulation of the pre-Hernan disturbance in the easterlies.
The 3 marks the center of circulation of the pre-Hernan disturbance at the same level, but from a bandpass-filtered (2–6 day) wind field.

of meridional absolute vorticity gradient sign rever-
sal in the western Caribbean.

3) The center of circulation of the disturbance appeared
influenced by the changes in terrain height under-
neath, in that it turned northward (anticyclonically)
in the upslope region, then appeared at the original
latitude on the other side of the Central American
mountains. At 0000 UTC 27 September (Fig. 5b)
circulations appeared on both sides of Central Amer-
ica, but a single disturbance appeared thereafter at
the original latitude.

4) The disturbance progressed steadily westward
through 0000 UTC 28 September, as did the jet

north-northeast of the center. The strong northeast-
erly flow ahead of the wave axis reached the Isthmus
of Tehuantepec at 0000 UTC 29 September (Fig. 5d).

Figure 6 shows the unfiltered 1000-mb wind field at
the same times as Fig. 5. Also shown (asterisk) is the
center of circulation at the 700-mb level. The structure
varies quite dramatically from that at 700 mb:

1) When the 700-mb wave was east of the mountains
a 1000-mb easterly jet accompanied the 700-mb
wave, but about 200–300 km farther east. Once the
700-mb wave moved west of the mountains, no east-
erly wind maximum reappeared until the pre-Hernan
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FIG. 5. (Continued )

depression was about to develop at 0000 UTC 30
September. Apparently the low-level easterly jet was
blocked by the mountains. In the region of the wave
axis the easterly flow at 1000 mb was above that of
the background state (Fig. 3b).

2) Southwesterly monsoonal flow above that in the
background state occurred at 1000 mb ahead of the
700-mb wave axis, and shifted westward with the
wave. Unlike the case studied by Farfan and Zehnder
(1997), easterly flow did not extend into the Pacific
across the Lake Nicaragua latitude, apparently be-
cause the easterlies remained north of this latitude.

3) Northerly flow through the Isthmus of Tehuantepec
began at 0000 UTC 29 September (Fig. 6d) as the

700-mb disturbance center came within 500 km of
the Gulf of Tehuantepec.

4) After the 700-mb wave crossed the mountains and
moved over water, a weak 1000-mb circulation ap-
peared almost directly underneath it at 0000 UTC
28 September. This intensified into a strong circu-
lation by 0000 UTC 30 September, and a tropical
storm strength disturbance by 0000 UTC 1 October.

The time variation of 850–200-mb vertical wind shear
centered on the center of circulation of the 700-mb dis-
turbance was calculated following Molinari (1993). Val-
ues were remarkably similar whether 100, 300, or 500
km was chosen as the averaging radius. The vertical
shear remained below 10 m s21 until 28 September,
when it rose to 10–12 m s21 for 2 days, then fell back
to 7 m s21 on 0000 UTC 30 September. Examination
of 850-mb and 200-mb maps (not shown) indicates that
the lowered shear arose because cross-storm flow at 200
mb vanished on the 30 September as outflow from the
center became much more pronounced. The evidence
suggests that weaker shear followed development of the
surface vortex and of strong convection (see Fig. 8 for
the latter) rather than preceding it.

A possible key factor in development is given in Fig.
7, which shows relative vorticity at 1000 mb during a
time of rapid deepening at 1200 UTC 29 September
(halfway between the times of Figs. 6d and 6e). A well-
defined vorticity maximum is present at about 11.98N,
93.88W associated with the merging of the original dis-
turbance under the 700-mb wave (Fig. 5d) and the cy-
clonic half of a strong vorticity dipole associated with
flow through the Isthmus of Tehuantepec. These features
were separate 12 h earlier (not shown). In addition, en-
hanced vorticity occurs west of the 700-mb wave axis
along 108–128N, associated with the surge in the mon-
soons. This provides a more favorable environment for
development (e.g., McBride 1995) in the region toward
which the disturbance is moving.

Although it cannot be said with certainty due to the
12-h separation of the analyses, the evidence from Fig.
7 suggests that the 1000-mb spinup of vorticity during
29 September might relate in part to an acceleration of
flow through the opening in the mountains at the Gulf
of Tehuantepec. This process was noted by Farfan and
Zehnder (1997) to play an important role in the nu-
merical simulation of the genesis of Hurricane Guiller-
mo of 1991. In the current study it appears that 700-
mb wave moved over the quasi-stationary region of
large surface vorticity associated with flow through the
Isthmus, and the resultant vertical coupling acted to en-
hance the surface disturbance.

A considerable effort was made to confirm the strong
flow through the Isthmus of Tehuantepec shown in the
ECMWF analyses. Unfortunately, the surface stations
located in the Isthmus often did not report. Those that
did report were sheltered by higher terrain around the
Isthmus. This problem has been remedied, at least tem-
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FIG. 6. As in Fig. 5 but for the 1000-mb level. The asterisk indicates the location of the center of the 700-mb circulation.

porarily, by Pan American Climate Studies stations, but
these did not begin operating until 1997. The strong
flow through Tehuantepec, and its role in cyclogenesis,
must remain a hypothesis based on the gridded analyses
rather than a certainty.

Instead, gridded OLR data were used to provide an
independent evaluation of the evolution indicated by the
ECMWF analyses. The OLR data were filtered to keep
only 2-day and longer periods. This was done because
the enormous diurnal oscillation of convection in the
region (M. Douglas 1998, personal communication) can
mask the wave signature.

Figure 8 shows once daily OLR at five observation
times beginning on 26 September. Only OLR values
less than or equal to 180 W m22 are shown; this contour

corresponds best with the areal coverage of deep con-
vection on satellite images. The heavy dashed line in
Fig. 8 connects the center of circulation at 700 mb with
the point of maximum wind in the jet to the north at
each observation time (see Fig. 5). This gives a mea-
sure of the meridional tilt of the wave. Figure 8 shows
that the convective maximum associated with the wave
moves from along and east of the 700-mb wave axis
in the Caribbean to west of the wave axis in the Pacific.
Enhanced OLR, and thus enhanced convection, also
occurs along 108N well ahead of the 700-mb wave axis
except for one period (0000 UTC 27 September ; Fig.
8b) when the wave is interacting with the mountains.
At the final time (0000 UTC 30 August; Fig. 8e), a
strong localized maximum in OLR (101 W m22) has
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FIG. 6. (Continued )

FIG. 7. Unfiltered relative vorticity at 1000 mb at 1200 UTC 29
Sep as the pre-Hernan surface circulation intensified. The contour
increment is 2 3 1025 s21. Positive values are shaded.

developed near the center of the developing low-level
disturbance shown in Figs. 5e and 6e. This is inter-
preted as the beginning of the shift from wave char-
acteristics to depression characteristics in both the
wind and OLR fields. The areal coverage of deep con-
vection grew considerably at the same time, extending
northward along the vorticity dipole in the Isthmus of
Tehuantepec, again consistent with the gridded anal-
yses (Figs. 6d,e and 7). The tilt of the wave remained
southwest–northeast throughout, until the final time
when growth of the localized disturbance makes the
tilt less meaningful.

The increased convective activity along 108N ahead
of the 700-mb wave axis (Fig. 8) is consistent with the
stronger southwesterly monsoons at 1000 mb south of

the monsoon trough (Fig. 6). The stronger monsoonal
flow produces stronger vorticity in the monsoon trough
and thus the likelihood of stronger convection. As noted
earlier, Zehr (1992) produced a schematic diagram of
western Pacific cyclogenesis in which a surge in the
monsoons occurs west-southwest of a wave in the east-
erlies. The evolution shown in the ECMWF analyses,
and the corroboration of that evolution in the OLR data,
suggests that the development of the pre-Hernan de-
pression in the eastern Pacific has some aspects in com-
mon with cyclogenesis in the western Pacific. The surge
appears to be directly linked to the 700-mb wave rather
than being an independent phenomenon. A wind max-
imum from the northeast at 200 mb (not shown) also
tracks westward ahead of the 700-mb wave and almost
exactly opposes the low-level surge. The depth of this
divergent circulation supports the conclusion from the
OLR data that convection is playing a major role in the
surge.

Figure 9 provides an indication of the relationship
between synoptic-scale waves, OLR, and surges in the
monsoons over the 1-month period. The wind surge is
difficult to define in terms of the u or y components of
the wind separately. Rather, increase of the southerlies
at 1000 mb is often followed by increase in the west-
erlies (one-quarter of the inertial period is about 17.5 h
at 108N). The surge will be defined in terms of the mean
wind speed rather than either wind component. A region
is chosen (see the box in Fig. 1) that brackets the in-
crease in the southwest monsoons shown in Fig. 6. Fig-
ure 9 shows the mean wind speed over this box. In
addition, Fig. 9 shows mean 1000-mb vorticity and
mean OLR for a box with the same east–west bound-
aries, but shifted northward by approximately 58 lat from
the wind box. For consistency with the OLR data, both
winds and vorticity have also been filtered to remove
periods less than 2 days.

Figure 9 shows evidence in the 1000-mb vorticity
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FIG. 8. Outgoing longwave radiation (OLR), filtered to remove periods of less than 2 days. Only the contours less than or equal to 180
W m22 are shown, representing the locations of active deep convection. Contour increment: 30 W m22. The heavy dashed line connects the
center of circulation at 700 mb with the point of maximum wind speed in the jet north of the disturbance (see Fig. 5), and represents a
measure of the meridional tilt of the wave.

of five 700-mb wave passages, labeled W1–W5. Ac-
companying each wave, a maximum appears in sur-
face wind speed and in convective activity as mea-
sured by OLR. From middle to late September, an
apparent longer period oscillation occurs, as mean
vorticity remains cyclonic and both mean wind and
mean OLR increase for about 2 weeks, but the wave
scale still shows well on top of this longer period
oscillation. The latter may simply relate to the pres-
ence of tropical cyclones Genevieve and Hernan with-
in the box and the associated increases in mean wind
speed and convection.

5. Discussion

The four questions from the end of section 3 will be
addressed first. The pre-Hernan depression does indeed
occur in association with a synoptic-scale wave in the
easterlies, rather than having an in situ origin in the
eastern Pacific monsoon trough. The wave, identified
by the 2–6-day mode in the meridional component of
the wind, can be tracked back to Africa. Several other
waves during the month were of African origin, in-
cluding the wave associated with Tropical Storm Ge-
nevieve in the eastern Pacific.
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FIG. 8. (Continued )

FIG. 9. Evolution of mean 1000-mb wind speed (m s21; solid) over
the box shown in Fig. 1. Also shown are mean 1000-mb vorticity
(3105 s21; dotted) and mean OLR (W m22; dashed) for the same size
box, but shifted 58 lat northward. To be consistent with the OLR data,
both wind and vorticity are filtered to keep periods 2 days or greater.
The Ws represent the 1000-mb reflections of 700-mb wave passages
through the box.

FIG. 10. Longitudinal variation of the frequency of formation of
tropical depressions in the eastern Pacific from 1949 to 1996. All
such depressions south of 22.58N are included. The dashed line in-
dicates the longitude of the Gulf of Tehuantepec (source: National
Hurricane Center ‘‘best track’’ dataset).

The Central American mountains also played a role
in cyclogenesis. In Farfan and Zehnder’s (1997) study
the synoptic-scale wave apparently remained northeast
of the mountains, and the disturbance west of the moun-
tains grew initially at the surface as a result of flow
through passes, then built upward from the surface. In
the present study, the pre-Hernan depression developed
underneath the 700-mb wave after the latter moved
across the mountains and into the Pacific. Turk et al.
(1995) found two types of storm tracks in the region:
in the first, waves tracked north and east of the Central
American mountains, followed by a secondary devel-
opment south of the Gulf of Tehuantepec. In the second
storm track, waves crossed Central America near Lake
Nicaragua and continued westward across the eastern
Pacific, and genesis occurred directly with the primary
wave. It appears that the case of Farfan and Zehnder
(1997) resembles the first track, while the current case
resembles the second.

Enhanced low-level flow from the north through the
Isthmus of Tehuantepec ahead of the 700-mb wave axis
shows clearly in the analyses, but could not be con-
firmed or refuted by available data. It is hypothesized
that such flow creates cyclonic vorticity at the surface
that vertically couples with the 700-mb wave as the
latter moves westward. The enhanced northerly flow
may simply represent a response to falling surface pres-
sure south of the isthmus underneath the mobile 700-
mb wave. Once the 700-mb circulation extends to the
surface in this fashion, depression development is much
more likely as the system continues to move westward.
This speculation cannot be confirmed by the twice daily
analyses, but some indirect evidence exists to support
such a conclusion. First, Laing and Fritsch (1997) show
a maximum in mesoscale convective complex occur-
rence at and just west of the Gulf of Tehuantepec in
summer and fall. Second, Fig. 10 shows a plot of the
number of tropical depression formations from 1949 to
1996 as a function of longitude in the eastern Pacific.

By far the strongest increase in depression formation
occurs at the Gulf of Tehuantepec and points west.

Finally, the background state showed a sign reversal
in the meridional gradient of absolute vorticity in the
Caribbean and especially the eastern Pacific. In the study
by Molinari et al. (1997), it was the fluctuation of the
Caribbean and eastern Pacific sign reversals that cor-
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related with subsequent eastern Pacific cyclogenesis. In
this study the background state vorticity gradients did
not have large-amplitude fluctuations, but the sign re-
versal remained strong during the period of interest. The
wave clearly moved through an unstable basic state as
it intensified in the western Caribbean and eastern Pa-
cific.

The unstable background state cannot be proven to
be a key component without idealized numerical ex-
periments. But there are two ways in which it can con-
tribute to development. Most obviously, it encourages
growth of the disturbance. But there also exists a lengthy
region where ]za/]y is near zero in the Caribbean and
eastern Pacific. In this region a disturbance in the east-
erlies will avoid loss of amplitude by dispersion. Lau
and Lau (1990) calculated disturbance growth rates in
the region. Growth occurred primarily in locations of
sign reversal of the meridional gradient of PV (Molinari
et al. 1997) or absolute vorticity (Fig. 4 of this paper),
including 758–808W and 908–1108W. Those calculations
support the contribution of the sign reversal to wave
growth.

The development of the pre-Hernan depression de-
scribed above appears to contain components of several
theories of eastern Pacific cyclogenesis: a preexisting
easterly wave from Africa; mountain interaction; a dy-
namically unstable background state; and a surge in the
monsoons. But the evidence suggests that wave passages
control events, including surges in the monsoons. It is
proposed that if a strong wave crosses the mountains
and SSTs are favorable (almost always true in summer
and early fall) and vertical wind shear is small (which
it is climatologically; Gray 1979), that cyclogenesis is
likely. By this reasoning it is the strength of the waves
reaching Central America that determines the likelihood
of eastern Pacific cyclogenesis. This conclusion is based
on a single case study during a month that waves were
unusually active, and thus remains speculative. But it
is consistent with the results of Farfan and Zehnder
(1997), who showed that strong northerly flow through
the Isthmus of Tehuantepec associated with cyclogen-
esis occurred only when the upstream wave maintained
a large amplitude.

In the western Pacific some of the same factors are
present as in this case study, particularly the presence
of easterlies meeting monsoon westerlies and a monsoon
trough. It is proposed that to the extent easterly waves
are active upstream of the monsoon trough, such waves
might organize wind surges and cyclogenesis in the
western Pacific as well.
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