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ABSTRACT

A series of nine experiments were conducted using a version of the Pennsylvania State University / National
Center for Atmospheric Research (PSU/NCAR ) mesoscale model. Objectives were: 1) to test the ability of a
high resolution limited-area model to simulate an extraordinary cyclogenesis that occurred in the eastern Pacific
in November 1981; 2) to examine the effects of various physical processes on the storm development and 3)
to determine the reasons for the failure of the operational Limited-area Fine-mesh Model (LFM) to forecast
the event. Six of the experiments employed a 40 km grid and three employed an 80 km grid. Initial data for

seven of the experiments consist of fields interpolated from the National Meteorological Center (NMC) operational .

analysis supplemented by subjective soundings created by Reed and Albright. The supplementary data were
withheld in two of the experiments. Principal findings are:

1) The control experiment, which utilized the supplementary dataset, a 40 km grid and an explicit moisture
scheme, simulated a major cyclone with a central pressure of 969 mb and a deepening rate of 31 mb per 24 h
(observed values were 950 mb and 48 mb per 24 h). The path of the cyclone was well predicted, as were several
features of the storm that could be verified by satellite and aircraft observations.

2) A vertical cross section taken immediately ahead of the storm center at the time of rapid deepening
revealed a symmetrically neutral or slightly unstable state in and near the warm frontal zone and a narrow,
sloping sheet of rapidly ascending air (w > 50 cm s~') at the frontal boundary. Low-level convergence exceeded
1.0 X 10™*s™! as the air approached the zone. Vorticity grew from near zero to 6-7 f'in only a few hours.

3) Moist processes were essential to the rapid development. Dry simulations produced deepenings of only
13-15 mb in the 24 hour period, implying that roughly half the intensification in the control experiment can
be ascribed to dry baroclinicity and half to latent heat release and its interactions with baroclinicity.

4) Surface energy fluxes had no significant impact on the development during the 24 hour period of rapid
deepening.

5) An experiment with parameterized convective and nonconvective precipitation yielded essentially the
same final pressure as the control experiment. However, the time of most rapid deepening was delayed in the
simulation with parameterized convection. The delay was related to differences in the vertical heating profile
in the two experiments.

6) Reduction of the grid size from 80 km to 40 km had only a minor effect on the central pressure, suggesting
that further reduction would not eliminate the 19 mb error in the predicted central pressure.

7) A considerably weaker cyclone (982 mb vs 971 mb central pressure) resuited when the supplementary
data were withheld in an experiment conducted on the 80 km grid.

8) An experiment designed to match most closely the conditions of the LFM forecast yielded the weakest
development of all. It is speculated that the absence of development in the LFM forecast stemmed from short-
comings of the initial analysis.

9) A possible cause of the failure of the present experiments to fully capture the storm intensity is the
deficiency of middie and upper-level observations, and the attendant uncertainties in the upper-level analyses,
in the prestorm period.
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1. Introduction

On 13 November 1981 an extreme case of explosive
cyclogenesis took place in a section of the Eastern Pa-
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cific where such events are climatologically rare
(Roebber 1984). During the 24 hour period from 0000
UTC 13 November to 0000 UTC 14 November, the
central pressure of the storm fell by approximately 50
mb to an estimated depth of 950 mb. In a single 6 hour
period, from 1200 to 1800 UTC 13 November, the
storm deepened more than 20 mb. Several ships caught
in the storm reported winds of 25 m s~! or greater and
two ships recorded speeds in excess of 45 m s~!.

The Limited-area Fine-mesh Model (LFM) 24 hour
forecast initialized at 0000 UTC 13 November com-
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pletely failed to predict the explosive development.
Only a weak trough was shown in the vicinity of the
storm center on the prognostic surface chart for 0000
UTC 14 November, and the predicted pressure at the
storm center was in error by 55 mb. Earlier studies
(Leary 1971; Sanders and Gyakum 1980) have indi-
cated that it is not uncommon for operational models
to fail to predict explosive cyclogenesis. A recent study
(Sanders 1987), however, shows a definite improve-
ment in predictive capability for the western Atlantic,
though not for the eastern Pacific. Two examples of
notable past failures were the Queen Elizabeth I (QE-
II) storm of September 1978 (Gyakum 1983a,b;
Anthes et al. 1983; Uccellini 1986 ) and the Presidents’
Day storm of February 1979 (Bosart 1981; Bosart and
Lin 1984; Uccellini et al. 1984, 1985). As a forecast
failure of equal or even greater magnitude, the No-
vember 1981 storm presents an unusual opportunity
for further study of the problem of simulating and pre-
dicting explosive cyclogenesis. '

A synoptic study of the event has already been con-
ducted by Reed and Albright (1986, hereafter referred
to as RA). Using surface and upper air analyses and
satellite imagery, they found that the explosive devel-
opment took place within a strong baroclinic zone as
a shallow frontal wave traveled from the relatively sta-
ble environment of a long-wave ridge to the unstable
environment of a long-wave trough. A manifestation
of the strong baroclinicity was the existence of winds
in excess of 90 m s™! at jet stream level upstream of
the low center shortly before the rapid deepening. At
the same time the frontal cloud band immediately
downstream of the low center exhibited near neutral
lapse rates and a symmetrically unstable state. The
Reed and Albright study suggests that the explosive
development was a consequence of strong, deep baro-
clinic forcing acting on an environment that was neu-
tral or slightly stable with respect to moist upright con-
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F1G. 1. Domain of model simulation. Locations of supplementary
soundings are indicated by solid dots.
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vection and unstable with respect to slantwise convec-
tion.

In view of the limited observations over the ocean,
RA did not attempt to describe the structure of the
storm in detail or-to assess quantitatively the various
forcing mechanisms responsible for the storm devel-
opment. In this sequel to their study, a numerical sim-
ulation is presented of the event using the Pennsylvania
State University/National Center for Atmospheric
Research (PSU/NCAR ) mesoscale model. The objec-

‘tives of this study are: 1) to test the ability of a high

resolution mesoscale model to simulate the explosive
development, 2) to examine the structure of the storm
using the dynamically consistent four-dimensional da-
taset provided by the model, 3) to compare, to the
extent possible, the predicted structure with observed
features, 4) to elucidate by means of a series of sensi-
tivity experiments the roles of various physical pro-
cesses and of grid resolution and initial conditions in
the storm development, and 5) to ascertain the cause
of the failure of the NMC operational predictions.

2. Model description and experiment design

a. Model description

The version of the PSU/NCAR mesoscale model
used here is that described by Anthes et al. (1987). The
vertical coordinate is ¢ = (p — p,)/(ps — p.), where p
is pressure, p, is surface pressure, and p, is the constant
pressure at the top of the model (100 mb). The number
of o levels is 16 (0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
0.78, 0.84, 0.89, 0.93, 0.96, 0.98, 0.99, 1.0), which
gives 15 layers of unequal thickness at which the tem-
perature, moisture and wind variables are defined. The
computational domain (Fig. 1) contains an array of
91 X 121 grid points, spaced approximately 40 km
apart for the first six of the nine experiments conducted.
Experiments 7-9 use an 80 km grid interval with a
horizontal mesh of 46 X 61 points. A subarea of the
forecast domain will be used in the subsequent dis-
cussion of the model results. .

The parameterization of the surface and planetary
boundary layer (PBL), described by Zhang and Anthes
(1982), was originally developed by Blackadar (1979).
In this scheme, vertical fluxes of heat, moisture and
momentum are calculated explicitly between layers.
Under stable conditions, the turbulent fluxes are pa-
rameterized by a local Richardson number. Under un-
stable regimes, vertical fluxes are modeled by mixing
convective eddies originating at the surface and envi-
ronmental air in the PBL. Over the ocean, the sea sur-
face temperature is held constant. The surface rough-
ness, z, is a function of frictional velocity u,, (Delsol
et al. 1971)

u2
Zo = 0.032 ?* + Zoc (1)

where g is gravity, and zo is a background value of
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0.01 cm. It is important to recognize that in this for-
mulation the surface sensible and latent heat fluxes are
functions of the surface wind speed.

Three different precipitation schemes are used in this
study. In the first, the cumulus parameterization and
treatment of nonconvective precipitation follow meth-
ods developed by Kuo (1974) and Anthes (1977). Ifa
stability check indicates the possibility of convection,
latent heat is released using the vertically integrated
moisture convergence in a column and an assumed
vertical distribution of convective heating based on the
diagnostic heat and moisture budget study of Kuo and
Anthes (1984 ) for midlatitude convection.

In the second option, prognostic equations are in-
cluded for water vapor, cloud water and rain water.
Evaporation in unsaturated layers is considered. This
scheme, called the explicit scheme, follows Hsie et al.
(1984) and produces precipitation only when a grid
point is saturated. This type of scheme was used suc-
cessfully by Rosenthal (1978) for hurricane simulation,
by Ross and Orlanski (1982) for cold front simulation,
and by Wang and Orlanski (1987) for simulation of
the Tibetan Plateau vortex. The grid sizes used in these
previous studies were 20, 61.5 and 96 km, respectively.

It might be argued that the explicit scheme is not
realistic, given that convection cannot be resolved with
a 40 km grid. However, the counter argument might
be made that if the grid size is small enough, this scheme
should be more realistic because it does not require
the arbitrary closure assumptions contained in most
convective parameterizations. As further justification
for use of the explicit scheme, we note that the present
study deals with an extratropical cyclone in which most
of the precipitation and associated latent heat release
occur on the subsynoptic scale or in mesoscale slantwise
frontal circulations that can be at least partially resolved
with a 40 km grid. In any event, we view the use of
this scheme as exploratory and aimed at elucidating
possible mesoscale mechanism (s) for explosive deep-
ening of extratropical cyclones rather than at faithfully
depicting the role of smali-scale convection in the storm
development.

In the third option, the latent heat of condensation
was set to zero with water vapor treated as a passive
variable. Consequently, the latent heat release asso-
ciated with precipitation had no dynamic feedback to
the model atmosphere.

b. Initial conditions

Two different sets of initial conditions were used in
this study. The first set involves an interpolation of the
National Meteorological Center’s (NMC) operational
global analysis to the model grid. The interpolated
analysis is enhanced by available rawinsonde data at
mandatory and significant levels through a Cressman-
type scheme based on successive scans (Benjamin and
Seaman 1985). Since no rawinsonde observations were
taken in the area of primary interest, our final analysis
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is essentially a reproduction of the NMC global anal-
ysis. For convenience, we will call it the NMC analysis.
As discussed in RA, there are significant deficiencies
in the NMC analysis. For example, the intensity of the
storm as portrayed in the height and wind fields is too
weak and moisture is deficient at the lower levels.

In the second set of initial conditions, the NMC
analyses are supplemented by subjective soundings
created at the grid points shown by solid dots in Fig.
1. Key elements in creating the subjective soundings
were a manual surface analysis based on archived ship
data, including reports received after the operational
cutoff times, and an analysis of the moisture field based
on empirical relationships applied to satellite cloud in-
formation. The reanalysis procedure, described in part
by RA, is now summarized in full.

1) Within the domain shown in Fig. 1, the subjective
surface pressure analysis was compared with the NMC
analysis. The change in mean surface to 400 mb tem-
perature, or 1000-400 mb thickness, needed to bring
the NMC pressures into agreement with the manual
analysis was then determined (assuming the NMC 400
mb height to be essentially correct).

2) The NMC temperature fields at 850, 700 and
500 mb were reanalyzed so that the weighted-mean of
the temperature changes at these levels approximately
equaled the needed changes in 1000-400 mb mean
temperature. Largest changes were made at the 850
mb level and smallest at 500 mb.

3) Virtual temperature profiles were computed at
the grid points, based on the revised temperature fields
and on estimated dewpoints. Surface dewpoints were
derived from an analysis of ship observations, and
dewpoints aloft were calculated from standard NMC
procedures used in estimating relative humidities from
satellite cloud images. Further minor adjustments were
made in temperatures in order to avoid superadiabatic
lapse rates and to assure that the 1000-400 mb thick-
nesses at the grid points were unaffected by the virtual
temperature correction.

4) A variety of procedures were used to derive winds
at the grid points. Surface wind speeds were determined
from direct analysis of ship data; surface wind direc-
tions from a graph (Brown 1986) that gives the angle
between isobar and wind as a function of air-sea tem-
perature difference. Winds at 925 mb were obtained
by adding 1000-925 mb thermal winds to the surface
wind field. Winds from 850 mb upward were deter-
mined from the gradient wind formula using an iter-
ative method. Trajectory curvatures needed in making
the gradient wind computations were estimated from
an extension of the formula appearing in Holton (1979,
p. 66). Streamline curvatures, storm motion and wind
changes in a coordinate system moving with the storm
were taken into account.

The subjective soundings were treated in the same
manner as conventional soundings and were analyzed
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to the model grid using the same procedure as that
employed in deriving the first set of initial conditions.
For each set of initial conditions, a vertical mode ini-
tialization procedure (Errico 1986) was used to balance
wind and mass fields and to remove inertia-gravity
wave oscillations. In this procedure only the first two
vertical modes were modified. The moisture field is
not changed by the initialization process.

¢. Experiment design

The experiment design is summarized in Table 1.
Nine experiments, including the control (Expt. 1) were
carried out. All forecasts or simulations were initialized
at 0000 UTC 13 November and were run for 24 hours.
The simulations were based on the enhanced analysis
provided by RA, except for experiments 8 and 9. The
first six experiments used a 40 km grid, while the last
three used an 80 km grid. The lateral boundary con-
ditions were obtained from linear interpolation of the
NMC 12 hourly analyses.

The control experiment included surface fluxes,
friction and the explicit prediction of water vapor, cloud
water and rain water without cumulus parameteriza-
tion. This experiment produced the most realistic sim-
ulation of the storm. Experiment 2 was identical to the
control, except that the surface sensible and latent heat
fluxes were turned off. This experiment tests the impact
of surface energy fluxes on the storm development.
Experiment 3 was the same as the control experiment
except that a different precipitation scheme was em-
ployed. The scheme involved parameterizations of
convective and nonconvective precipitation without
explicit prediction of cloud water and rain water (de-
scribed as option 1 in section 2a). A comparison be-
tween the control and this experiment reveals the im-
pact of the chosen precipitation parameterization
scheme on the storm development.

In the next three experiments, the latent heat release
associated with condensation was set to zero. In essence
these experiments test the extent that the development
can be ascribed to dry baroclinicity. Experiment 4, the
full physics dry run, was the same as the control, except

that the latent heat release was not included. Experi-
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ment 5 was the same as Experiment 4, except that the
surface fluxes were removed. In Experiment 6, surface
friction and surface energy fluxes were turned off.

The last three experiments utilized an 80 km grid.
Experiment 7 used the same physical parameterizations
as the control. A comparison between this experiment
and the control will reveal the impact of grid resolution
on the model simulation. Both experiments 8 and 9
were initialized with the NMC analysis. Experiment 8,
like Experiment 7, employed the explicit scheme. A
comparison between experiments 7 and 8 will show.
the impact of the supplementary dataset on the pre-
diction of the storm. Experiment 9 used parameteriza-
tions of convective and nonconvective precipitation
instead of the explicit scheme. Since this experiment
employed the unenhanced NMC analysis and the sim-
ple Kuo-type convective parameterization, it resembled
most closely the conditions of the NMC operational
forecast. Of course, with 15 vertical levels and 80 km,
the experiment has higher vertical and horizontal res-
olution than does the LFM.

3. Results of the control experiment and comparisons
with results of a dry simulation

In this section, we compare the predicted path and
intensity of the storm in the control simulation with
the observed path and intensity and present a selection
of horizontal maps and vertical cross sections that de-
pict the structure of the simulated storm. Because of
the inadequate data network over the ocean, it is dif-
ficult to verify many of the simulated features, but
thanks to ship and aircraft observations and satellite
imagery, some of the selected charts can be used for
verification purposes.

a. Verification of the control simulation

Figure 2 compares the predicted path and intensity
of the storm during the 24 hour simulation period with
the observed path and intensity, which is taken from
Fig. 12 of RA. It is evident that the predicted track was
somewhat to the right of (south and east of) the. ob-

/
TABLE 1. Description of numerical experiments.

Surface Surface Grid size
Expt. fluxes friction Initial field (km) Moisture cycle

1 yes yes NMC + suppl. data 40 explicit scheme

2 no yes NMC + suppl. data 40 explicit scheme

3 yes yes NMC + suppl. data 40 cumulus para.

4 yes yes NMC + suppl. data 40 passive moisture (dry)
5 no yes NMC + suppl. data 40 passive moisture (dry)
6 no no NMC + suppl. data 40 passive moisture (dry)
7 yes : yes NMC + suppl. data 80 explicit scheme

8 . yes yes NMC analysis only . - 80 explicit scheme

9 yes yes NMC analysis only 80 cumulus para.
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FI1G. 2. Comparison of observed path (circles with crosses) and
central pressure of the low with the predicted path (solid dots) and
central pressure. Positions are every 3 hours for the predicted storm
and every 6 hours for the observed.

served track, but the discrepancy is small. Note that
the final position of the storm was in error by only 150
km despite a distance of travel of more than 1800 km.
The prediction of intensity was less successful. The
predicted central pressure after 24 hours was 969 mb;
the observed central pressure was estimated to be 950
mb. Although the predicted depth fell short of the ob-
served, the model simulation did succeed in producing
a major cyclone and a deepening rate (31 mb per 24
hours) that satisfies the criterion for explosive cyclo-
genesis (Sanders and Gyakum 1980).

The 12 hour and 24 hour predictions of surface
pressure (with superimposed 1000-500 mb thickness)
along with the verifying analyses, taken from Fig. 5 of
RA, are shown in Figs. 3 and 4. In view of the uncer-
tainty of the analysis at 1200 UTC 13 November (Fig.
3b), arising from the characteristic dearth of ship ob-
servations in the Pacific at 1200 UTC, the 12 hour
prediction can be described as quite successful. How-
ever, from GOES-W imagery (Fig. 6b of RA and Fig.
7b of this article ) it seems almost certain that the more
southerly path and faster movement of the simulated
low represent minor prediction errors.

The 24 hour prediction is less successful (Fig. 4),
especially as regards the shape and intensity of the
storm. The verifying analysis, based on ample surface
data (see Fig. 11b of RA), reveals the existence of a
950 mb center and tightly packed, nearly circular iso-
bars within the core of the storm. The simulated storm
is not as deep (969 mb) and is more oval-shaped with
a pronounced elongation toward the northeast. Clearly,
the simulation failed to reproduce the extreme vortex
development described in RA. No further growth in
the position error occurred between 1200 UTC 13 No-
vember and 0000 UTC 14 November, so the position
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at the latter time can be regarded as highly satisfactory
for a 24 hour forecast of a fast-moving storm.

A feature of the analysis in Fig. 4b, that also appeared
in Gyakum’s (1983a) analysis of the QF-II storm, is
the circular region of high thickness in the inner core
of the storm. There has been some debate whether such
a feature is a real characteristic of intense maritime
lows or whether it arises from the uncertainty of the
upper-level analyses over the ocean. In the present
simulation (Fig. 4a), the warm core is lacking despite
the indication of an abnormally low 1000 mb height
at the center of the low. An examination of the 500
mb simulation (Fig. 5a) shows the presence of a me-
soscale low center aloft displaced only slightly to the
west of the surface low. Thus, the 500 mb heights are
lower in the vicinity of the surface low than might be
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reproduced from Reed and Albright (1986 ). Line of later cross sections
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anticipated, and the thickness is correspondingly less.
The NMC final analysis for the same hour (Fig. 5b),
based on essentially no middle level data, gives little
evidence of the mesoscale feature. If the 1000 mb height
pattern of the simulated low were subtracted from the
NMC analysis, an artificial warm core would indeed
appear in the thickness pattern of the simulation.
Because of the lack of middle level data, it is of in-
terest to inquire whether there is evidence for the me-
soscale feature at higher levels where jet aircraft data
are available for verifying the prediction. The 300 mb
wind forecast for the control simulation (Fig. 6a) does
indeed indicate the presence of a sharp trough in the
region near and above the surface low that can be re-
garded as an upward extension of the 500 mb mesolow.
Moreover, the existence of this feature in the wind field
is substantiated in part by aircraft observations taken
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within one hour of the standard observation time.
Three of the pertinent winds and their respective near-
est standard pressure levels are plotted in Fig. 6a. These
winds are in remarkable agreement with the simulated
flow field, whereas they differ considerably from the
NMC analyzed flow field at 300 mb (Fig. 6b). The
inset to Fig. 6b shows a series of three aircraft winds
measured in the vicinity of the surface low center be-
tween 2107 UTC 13 November and 0427 UTC 14 No-
vember. Observation times are indicated next to the
corresponding positions of the surface center (solid
circle). Positions of the center are interpolated from
Fig. 12 of RA. Nearest standard pressure levels (mb)
are plotted to the left of the winds and thin lines connect
the observations with .the appropriate times. The de-
velopment by 0427 UTC of a closed low at 300 mb
centered only a short distance to the west of the surface
low is strongly suggested.
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FIG. 5. The 500 mb height (dm, solid) and temperature (°C,
dashed) for (a) 24 hour forecast for control experiment verifying at
0000 UTC 14 November, and (b) the NMC analysis at the same
time,
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The reason why the NMC analysis did not conform
more closely to aircraft winds is not known, but the
fact that the 24 hour prediction of the PSU/NCAR
model was more correct over the ocean than the NMC
analysis at the level in question seems incontestable.
However, the NMC analysis is more accurate near the
coast where a 60 m s~! wind maximum in the model
simulation is not supported by nearby land observa-
tions. It will be seen later that the successful prediction
of the upper-level flow over the ocean hinged critically
on latent heat release. On the basis of the foregoing
evidence we conclude that it is unwise to assume that
intense extratropical oceanic cyclones possess hurri-
canelike warm cores. In the present case, at least, there
is strong evidence that a more accurate upper-level
analysis would have eliminated, or much reduced, the
warm core seen in Fig. 4b. Admittedly, our conclusion
is based on the simulated storm, not on the actual
storm. The latter, it will be recalled, possessed a much
lower central pressure and therefore an added tendency
for a warm core.

Relative humidity forecasts at 400 mb for hour 15
(1500 UTC 13 November) and hour 24 (0000 UTC
14 November) are displayed in Figs. 7a and 8a. A
GOES-W water vapor channel image for 1215 UTC
and visible image for 2215 UTC 13 November are
shown in Figs. 7b and 8b, respectively. Regions with
relative humidity of less than 80 percent are shaded in
the moisture fields so that the white areas on the maps
should correspond to areas of large middle and upper
level relative humidity and/or middle and high clouds
in the satellite imagery. If allowance is made for the
small time differences between forecast fields and sat-
ellite pictures, the following features can be said to be
in good correspondence: 1) the dark region of low hu-
midity south of the storm center in the satellite picture
(Fig. 7b) and the small region of minimum relative
humidity (<10 percent) in Fig. 7a; 2) the dark corridor
in Fig. 7b and strip of low humidity in Fig. 7a, ex-
tending west-northwestward from the aforementioned
regions; 3) the region of strong humidity gradient in
Fig. 7a and the cloud edge in Fig. 7b (Fig. 6b of RA
indicates that the water vapor channel is sensing cloud,
not water vapor in the region in question) and 4) the
broad swath of high humidity (Fig. 7a) intruding be-
tween 30° and 40°N from an upstream storm system
and the associated swath of high humidity and/or up-
per level cloud in Fig. 7b. The only notable shortcoming
of the humidity forecast for hour 15 is the lack of a
sufficiently broad region of saturation to the southeast
of the low center where it appears from the satellite
observations that middle and high clouds were almost
certainly present.

At 0000 UTC 14 November (Fig. 8a) the afore-
mentioned dry corridor at 400 mb can be seen spiraling
into the low center from the west. Also evident in Fig.
8a is the region of strong humidity contrast curling
into the storm center from the north and west. The
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moist swath from the upstream low has merged with
the region of saturation in the main storm. The fore-
going features are in close agreement with the moisture
pattern suggested by the visible image from GOES-W
(Fig. 8b).

b. The vertical structure of the simulated storm

The cross sections in Figs. 9 and 10 illustrate various
features of the vertical structure of the storm at 1200
UTC 13 November and 0000 UTC 14 November. The
sections for the former time are taken along the line
AB in Fig. 3a, those for the latter time along the line
CD in Fig. 4a. Shown first (Fig. 9a) are the fields of
potential temperature 8 (dashed lines) and relative hu-
midity (solid lines). A well-marked frontal zone with
a sharp southern boundary (heavy solid line) appears
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F1G. 7. (a) The 400 mb relative humidity for 15 hour forecast for the control experiment
verifying at 1500 UTC 13 November. Areas with RH less than 80 percent are shaded. (b)
GOES-W water-vapor channel image for 1215 UTC 13 November 1981. Large dot indicates
position of low center.

in the potential temperature fiecld. Humidities indicate  to the south of the frontal zone, while a second moist
saturation in and above the frontal zone. A sliver of region is observed still farther south. Inspection of hor-
dry air appears between 700 and 400 mb immediately izontal wind and temperature analyses at several levels
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(10~%57Y), and (d) potential vorticity (10”7 K kg ™' m s). Heavy lines in (a) mark the frontal boundary. Heavy lines in (d) show the outline
of cloud boundary. The position of the cross section is indicated on Fig. 3a.

reveals that the dry region lies behind the cold front.
At the surface, the cold front is located just to the west
of the cross section (Fig. 3a), but in the vicinity of the
low center it slopes forward with height and enters the
plane of the section. We have not attempted to depict
the cold front boundary on the section.

The field of normal wind components (Fig. 9b) fea-
tures a tight packing of the isotachs in the vicinity of
the frontal boundary, especially at lower levels where
the velocity changes from nearly 50 m s™! westerly on
the warm side of the boundary to more than 15 m s™!
easterly. on the cool side. A region of weak westerlies
appears above the easterlies, dividing the westerly jet
stream -at 300 mb into two sections. The double jet

was not present in the early stages of the forecast, and
did not appear at any time in the dry simulations (not
shown). The intervening region of light winds in the
control simulation formed in proximity to the warm
frontal cloud mass. Visual comparison of vertical wind
shears and horizontal temperature gradients indicates
that the thermal wind relationship is not strongly
obeyed. This suggests that accelerations of considerable
magnitude were present during the period of rapid de-
velopment.

Figures 9¢ and 9d show the vorticity and potential
vorticity (PV), respectively, with the area of cloud wa-
ter depicted on the latter diagram. The potential vor-
ticity is here defined as
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PV = —(n+f)§z—, @)

where f'is Coriolis parameter and {, = dv/dx — du/dy
is the vorticity measured on an isentropic surface. From
Fig. 9c it is apparent that extremely large vorticity
(maximum of 81.3 X 107° s~!) exists at lower levels
within the frontal zone. The vorticity decreases rapidly
with height in the middle troposphere. The potential
vorticity (Fig. 9d) shows characteristically large values
in the stratosphere. A separate region of large PV with
values matching the stratospheric values is located
within the frontal cloud band. (For PV defined as

above, a value of 2 X 1077 K kg~! m s is commonly
chosen as the lower limit for stratospheric air). In view
of the saturation, it is obvious that the large PV in the
frontal zone is not the result of advection of strato-
spheric air but rather is the result of PV production in
tropospheric air by latent heat release, as found by
Gyakum (1983b) in his study of the QE-II storm and
by Boyle and Bosart (1986) in their study of a major
cyclone development in the Eastern United States.
However, examination of horizontal maps of PV (not
shown) reveals that values in excess of the above
threshold occurred at 500 mb, but not at 700 mb, in
dry subsiding air well upstream of the center. This air



2092

was presumably of stratospheric origin. Using the same
threshold, Boyle and Bosart (1986) observed true
stratospheric air at levels as low as 600 mb upstream
of the surface low. In the case of the Presidents’ Day
storm, Uccellini et al. (1985) identified marginally
stratospheric air of high potential vorticity (threshold
value of >1 X 1077 K kg~' m s) at low levels in the
region immediately upstream of the cyclone center at
a similar stage in the development. Downward pene-
tration of marginally stratospheric air to 800-700 mb
was found by Uccellini (1986) in the QFE-II storm.

A set of cross sections for 0000 UTC 14 November

along CD appears in Figs. 10a-d. The potential tem-
perature cross section (Fig. 10a) exhibits two promi-
nent thermal boundaries, marked by the heavy-solid
lines. Upper level charts (not shown) indicate that the
eastern line represents the forward edge of the region
of cold advection. Because a classical occlusion process
in which the cold front overtakes a preexisting warm
front did not occur, the boundary is perhaps best re-
garded as a forward-sloping cold front. The points sep-
arating the cold and occluded fronts in Figs. 4a and 4b
are admittedly arbitrarily placed. From a conventional
viewpoint, the second boundary can be regarded as the
extension of the same front around and to the rear of
the low center (Fig. 4a). However, the region of pro-
nounced thermal gradient that exists to its west is not
well related to the front but instead seems connected
to the region of the enhanced thickness gradient seen
in Fig. 4a well to the north of the front.

Troughs of warm air are centered on both thermal
boundaries. Examination of the horizontal charts re-
veals that the troughs are manifestations of a tongue
of warm air that extends northward from the warm air
source at lower latitudes. From the humidity analysis
(Fig. 10a) it is evident that the first trough contains
moist, cloudy air and that the second trough lies partly
in the cloudy air that encircles the storm from the east
and north and partly in the dry air that encircles the
storm from the south and west. The cross section pro-
vides additional evidence that the simulated cyclone
does not possess a warm, dry core similar to that of a
hurricane.

The normal wind component (Fig. 10b), as before,
exhibits a rapid change at lower levels in the vicinity
" of the low center. In this section the change is from
southerlies to the east of the storm to northerlies to the
west. An additional southerly maximum is apparent
near 500 mb to the west of the center, separated from
the main southerlies by an intervening region of weak
southerlies or light northerlies. These features are as-
sociated with the mesolow pointed out in the discussion
of Fig. 5a. ' .

The vorticity (Fig. 10¢) at 0000 UTC 14 November
is as strong as earlier (maximum 75 X 107°s™'), and
the maximum is located even closer to the surface. A
secondary maximum appears farther to the east at 400
mb. The extreme value of the near surface vorticity is
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not implausible. Reed and Albright (1986) commented
on a wind report of 28 m s~ from a ship located about
50 km from the low center. A circularly-symmetric
cyclone, which is admittedly not an exact representa-
tion of the situation, would imply a vorticity near the
center of 112 X 10~° 571,

The potential vorticity (Fig. 10d) shows a maximum
above the low center at 850 mb with values in excess
of 2 X 1077 K kg~' m s extending to about 500 mb.
This region again lies within the cloud area and hence
must have its origin in tropospheric latent heat release.
Downward extensions from the stratosphere of large
potential vorticities can be seen just to the east of the
low center and considerably to the west. These exten-
sions are associated with low humidities that are in-
dicative of air with stratospheric origin. An examina-
tion of horizontal maps of PV (not shown ) reveals that
air with stratospheric values descended only to 500 mb,
or slightly below, and that the stratospheric air formed
an arc about the low center. The stratospheric air was
not collocated with the vortex, as was inferred to be
the case for the Presidents’ Day storm (Uccellini et al.
1985).

¢. The role of symmetric instability

Reed and Albright (1986) presented a meridional
cross section (their Fig. 13b) that suggested the presence
of a statically neutral and symmetrically unstable state
within the frontal cloud band at 0000 UTC 13 Novem-
ber, the starting time of the forecast. Their cross section,
constructed from the subjective soundings, intersected
the warm front immediately ahead of the low center.
The neutral or unstable region, which examination
shows was preserved in the model initialization, ex-
tended from cloud base to the 500-400 mb levels. On
physical grounds a question might be raised regarding
the existence of a deep symmetrically unstable layer,
since the instability, if present, would be quickly neu-
tralized by slantwise convection (Bennetts and Hoskins
1979; Emanuel 1983) and therefore would not likely
be observed. However, one can imagine that condi-
tional symmetric instability (Emanuel 1983) existed
through a deep layer prior to and during the early stages
of cyclogenesis so that it is not unrealistic to pursue
the question of how the portrayed symmetric instability
affected the evolution of the simulated storm, even if
the instability was excessive in the initial analysis. In
particular, it is of interest to examine stability condi-
tions for both upright and slantwise convection in the
region near the storm center midway through the pe-

~ riod of rapid deepening. For this purpose, an additional

cross section (Fig. 11) has been prepared along the line
AB in Fig. 3a, showing fields of equivalent potential
temperature 6, and absolute momentum A at 1200
UTC 13 November. The absolute momentum, follow-
ing Eliassen (1962), is defined as fy — u, where f is the
Coriolis parameter, y the distance along AB (approx-
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and equivalent potential temperature (dashed) at 1200 UTC 13 November. Arrows give vertical
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imately northward ) and u the wind component normal
to the section, positive eastward. Stippling on the dia-
gram denotes the region of cloud, as determined from
the field of cloud water mixing ratio, and the vectors
depict the total two-dimensional flow in the plane of
the section. The scale of the horizontal and vertical
motions appears in the lower right hand corner of the
diagram.

The cross section shows that the air is weakly stati-
cally stable and symmetrically neutral (f,.-lines paral-
leling M-lines), or in places even slightly symmetrically
unstable (6,-lines more vertically inclined than the M-
lines) in the lower and middle portions of the frontal
cloud band. Near the frontal boundary (see Fig. 9a),
both within the frontal zone and the immediately ad-
Jjacent warm air, the velocity vectors indicate the ex-
istence of a narrow sloping sheet of rapidly ascending
air. Maximum upward motions are approximately 75
cm s~ (70 b s™!) within the region of upglide. The
picture is reminiscent of that presented by Thorpe and
Emanuel (1985) in their study of frontogenesis in the
presence of small stability to slantwise convection, ex-
cept that the upward motions are distinctly larger in
the present case where neutral or slightly unstable con-
ditions prevail. A two-dimensional model of baroclinic
instability in the presence of small stability to moist
slantwise convection by Emanuel et al. (1987) also
shows the narrow region of enhanced ascent.

Upward motion of the observed magnitude occur-
ring close to the surface produces strong vertical
stretching of the boundary layer and associated strong

spinup of low-level vorticity. It is apparent that, in the
simulation at least, it is the strong sheetlike ascent,
made possible by the neutral symmetric stability or
slight symmetric instability, that is responsible for the
rapid intensification of the vortex and the creation of
the extremely large vorticities seen in the cross section
presented earlier (Fig. 9¢).

The rapidity with which the vorticity spins up is il-
lustrated in Table 2, which gives hourly values of rel-
ative vorticity and divergence for air trajectories that
at 1500 UTC 13 November were located at the 925
mb level and at the geographical positions Ay, By and
Coin Fig. 12. Pressures at the beginning and end points
of the trajectories are appropriately labeled. The chosen

TABLE 2. Divergences and vorticities (107 s™")
along selected trajectories.

Ao B, Go
Hour Div VYor Div Vor Div Vor
06 008 -0.19 0.13 -0.10 0.50 0.00
07 0.06 -0.20 0.11 -0.09 0.10 -0.03
08 -0.01 -0.20 -0.01 -0.09 0.60 -—0.04
09 -0.08 -0.12 -0.07 -0.03 070 —0.08
10 -0.09 -0.05 -0.37 0.07 -0.70 —0.08
11 -0.32 0.00 —1.00 029 -0.35 0.07
12 —0.66 025 -0.70 0.59 -0.13 0.07
13 -1.70 170 -1.70 270 —-1.00 0.30
14 -2.50 520 —3.40 490 -3.10 2.10
15 ~0.59 760 —3.80 740 =270 6.30
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FIG. 12. Trajectories beginning at 0600 UTC 13 November and ending at 0000 UTC 14
November for air parcels that at 1500 UTC 13 November were located at points, Ag, By, Co
and 925 mb. Triangles enclosed by the points are hatched.

points, which bracket the low center, had all acquired
relative vorticities in excess of six times the Coriolis
parameter at 1500 UTC. From the table it is apparent
that the large vorticities were acquired in a brief time
span, much of the increase occurring in 3-4 hours.
Not surprisingly, the convergences were also extremely
large, attaining values in excess of 1 X 10™*s~! during
the period of rapid spinup.

d. Comparisons with the results of a dry simulation

To reveal the impact of latent heat release on the .

cyclone development we now present results from a
dry simulation (Expt. 4) for comparison with those
from the control experiment. Shown first (Fig. 13) are
the surface pressure and 1000-500 mb thickness sim-
ulations for the 12 and 24 hour forecasts, which may
be compared with Figs. 3a and 4a. It is evident that
the dry storm is considerably weaker than the wet storm
and that it moves slower. Noteworthy differences in
the thickness pattern also exist. At 1200 UTC 13 No-
vember the wet storm exhibits a much stronger thermal
gradient to the north and northeast of the low center.
Similarly, at 0000 UTC 14 November the wet case
possesses a belt of stronger temperature gradient from
the Oregon-Washington coast to the region just west
and south of the storm center. Some evidence of this’

feature can be seen in the surface thermal pattern pre-
sented in Fig. 11b of RA.

Next, we consider the 24 hour predictions of the 500
mb contour pattern (Fig. 14) and 300 mb flow field
(Fig. 15) for the dry simulation. It is apparent from
comparison of Fig. 14 with Fig. 5a that the mesolow
in Fig. 5a is a product of the moist physics. No evidence
of it can be seen in the dry simulation. At the 300 mb
level the wind minimum near the surface low center
in the wet simulation and the ridge of enhanced wind
speeds to the north of the minimum (see Fig. 6a) are
likewise products of the latent heat release. Similar fea-
tures do not appear in Fig. 15, which resembles more
closely the NMC 300 mb analysis for 0000 UTC 14
November. (We have already demonstrated that the
24 hour control simulation is in much better agreement
with the aircraft winds than the NMC analysis.)

The greater intensity of the wet storm than the dry
storm is also reflected in the vertical motion and vor-
ticity fields, as shown by the 12 h forecasts of these
fields (Figs. 16 and 17). The maximum upward motion
at 700 mb near the low center in the dry run for hour
12 (Fig. 16a) is about 6 ub s™'. In the wet run (Fig.
16b) it is nearly 47 ub s™!. It is evident that the moist
processes greatly enhance and concentrate the low-level
vorticity, as can be seen by comparing Figs. 17a and
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17b. The maximum vorticity in the boundary layer
(950 mb) at the same hour is 18.6 X 107° s™! in the
dry simulation (Fig. 17a). In the wet simulation (Fig.
17b) it is 2-3 times as large (47.7 X 1073 s7").

The above noted differences between the dry and
moist simulations are consistent with the results of
many previous studies (e.g. Aubert 1957; Danard 1966;
Chang et al. 1982; Chen et al. 1983; Chen and
Dell’Osso 1987).

4. The impact of model physics, horizontal resolution
and initial conditions

We discuss now the results of sensitivity experiments
aimed at elucidating the physical processes responsible
for the rapid deepening in the control experiment. Also
discussed are the impacts of different parameterizations
of the moisture cycle, of different grid size and of in-
cluding or excluding the supplementary dataset.
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F1G. 14, The 500 mb height (dm, solid) and temperature (°C,
dashed ) for Experiment 4 for 24 hour forecast verifying at 0000 UTC
14 November.

a. Sensitivity to variations in model physics

Figure 18a shows the central pressure of the storm
during the 24 hour period from 0000 UTC 13 Novem-
ber to 0000 UTC 14 November for each of the first six
experiments and for the observed storm based on the
analysis of RA. It should be realized that the “observed”
central pressures are subject to some uncertainty, es-
pecially the pressure at 1200 UTC 13 November when
few ship observations were available. These six exper-
iments were initialized with the supplementary dataset
provided by RA and were conducted with a grid res-
olution of 40 km. Clearly, none of the experiments
succeeded in simulating the extraordinary deepening
rate of 27 mb (6 h)™! estimated to have occurred be-
tween 1200 UTC and 1800 UTC 13 November or the

50°
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40°

30°

30°

150° 140° 13Q¢

FIG. 15. The 300 mb wind field for Experiment 4 for 24 hour
forecast verifying at 0000 UTC 14 November. Isotachs in m s~'.
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FIG. 16. The 700 mb vertical motion (ub s™*) for (a) Experiment
4 and (b) the control experiment for 12 hour forecast verifying at
1200 UTC 13 November 1981.

full depth of the storm at 0000 UTC 14 November
(950 mb). However, the three experiments incorpo-
rating latent heat release (Expts. 1-3) did produce ma-
jor cyclones with central pressures in the 969-970 mb
range and exhibited deepening rates [10-11 mb (6 h)™'
- and 30-31 mb (24 h)™!] that qualified them as rapidly
deepening storms. The dry simulations with friction
(Expts. 4 and 5) resulted in deepenings of only 13-15
mb in the 24 hour period. From this we conclude that
dry baroclinicity accounted for roughly half of the
model deepening, the rest being attributable to moist
processes and their interaction with baroclinicity.

A much smaller effect of latent heat release was
found by Nuss and Anthes (1987) in a numerical in-
vestigation of rapid cyclogenesis based on synthetic
data. The reason for the lesser effect in their study is
not clear, but we feel that our results are in better
agreement with those of other studies that have em-
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ployed real data (Anthes et al. 1983; Chen et al. 1983;
Chen and Dell’Osso 1987; Liou and Elsberry 1987).

The removal of friction (Expt. 6) produced an ad-
ditional 5-7 mb deepening in the dry simulations. This
was not sufficient however, to bring the 24 hour total
to the threshold value for rapid deepening.

The 925 mb vorticity maximum (Fig. 18b) showed
an even larger effect of the moist physics on the storm
intensity. The dry viscid cases displayed vorticity in-
creases from 10 X 107> s™! to about 25 X 107> s~}

" during the 24 hour interval, In the moist simulations

the vorticity increased to 60-65 (X107° s™1).
Removal of the surface fluxes of sensible and latent
heat had little effect on storm intensity in either the
moist or dry simulations. In the moist simulations
(Expts. 1 and 2), the fluxes caused a slight intensifi-
cation; in the dry simulations (Expts. 4 and 5) they
resulted in a slightly weaker storm. This contrary be-
havior can be explained as follows. In the dry simu-

FIG. 17. The 950 mb relative vorticity (107°s™") for (a) Experiment
4 and (b) the control experiment for 12 hour forecast verifying at
1200 UTC 13 November 1981.
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FIG. 18. (a) Central pressure, beginning at 0000 UTC 13 November,
for experiments 1-6. (b) As in (a) but for the 925 mb vorticity max-
imum.

lations, only the sensible heat flux was allowed to heat
the atmosphere. It is known from baroclinic theory
(e.g., Haltiner 1971) that the pattern of sensible heating
in an amplifying baroclinic wave is such as to coun-
teract the thermal advections and thereby diminish the
growth rate. In the moist simulations both sensible and
latent heat fluxes were operative, and the evaporated
moisture was allowed to heat the atmosphere when it
condensed and precipitated. Evidently the added latent
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heat release was sufficient to overcome the damping
effect of the sensible heating pattern.

Support for this explanation is found in Figs. 19a
and 19b which compare the rainfall amounts during
the final 12 hours of the moist simulations for the flux
(Fig. 19a) and no flux (Fig. 19b) experiments. In the
simulation with fluxes, the maximum rainfall along
the storm path is 6.9 cm whereas in the no flux exper-
iment it is 5.1 cm. The hypothesized precipitation en-
hancement is confirmed. The fact that the no-flux ex-
periment produced a major cyclone with a central
pressure of 970 mb indicates that the precipitable water
present at the initial time was sufficient in this case to
supply the precipitation and associated latent heat re-
lease needed for rapid development.

The small impact of the surface fluxes during the
rapid deepening stage of the November 1981 storm is
of particular interest because of the recently proposed
theory of Emanuel (Emanuel 1986; Emanuel and Ro-

150° 140°
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T T —
I R e e

130°

F1G. 19. Twelve hour accumulated precipitation (cm) ending at
0000 UTC 14 November for (a) control experiment and (b) Exper-
iment 2 (without surface sensible and latent heat fluxes).
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TaBLE 3. Thermodynamic properties along trajectory,
Ay, shown in Fig. 12.

RH (%) ‘

Hour 0(K) 0.(K) Tsr(K) AT Age’
06 293.0 3232 294.1 0.72 3.6 83
07 293.0 3236 293.8 0.60 3.2 84
08 293.1 3239 293.6 0.42 29 85
09 2932 3240 293.3 0.19 27 85
10 2932 3243 293.0 0.27 24 87
11 292.8 3249 292.8 0.79 1.9 94
12 2929 3255 292.5 0.64 1.4 98
13 293.1 3259 2920 0.19 0.9 99
14 293.0 3247 291.0 0.02 0.5 100
15 293.7 3223 290.3 0.72 0.6 100

2 Defined as AT, = Tsst — To99s, Where Ty g5 is the temperature
at the lowest model level (¢ = 0.995). Unit in °C.

b Defined as Agy. = g{Tsst) — Go.sss, Where gooos is the mixing
ratio at the lowest model level (¢ = 0.995), and g,(Tss7) is the satu-
ration mixing ratio based on the sea surface temperature. Unit in g

kgl

tunno 1988) for tropical storm and polar low inten-
sification. In this theory, surface heat and moisture
fluxes play a key role in the intensification by strongly
raising the 6, of the inflow air. Such a mechanism also
appears attractive for explaining the small core of hur-
ricane force winds that characterizes many explosive
extratropical cyclones, including the present one.
Moreover, it has been demonstrated by Uccellini et al.
(1987) that, as earlier proposed by Bosart and Lin

(1984), surface fluxes were essential to the development -

of the Presidents® Day storm.

To better document the role of surface fluxes in the
present case, we present in Table 3 pertinent thermo-
dynamic data taken along trajectory Ao (Fig. 12), which
is a representative trajectory for an inflowing air parcel.
It is evident from the table that only a modest increase
of 8. occurred in the period from 0600 to 1300 UTC
as the parcel approached the storm center. As the parcel
traveled inward over increasingly cooler waters, the
fluxes, as inferred from the temperature and mixing
ratio differences, remained positive in agreement with
the results of RA (their Fig. 15). But evidently the
additional heat supplied by the fluxes was not enough
to exert a significant effect on 4,. Examination of 6
hourly analyses of temperature, pressure and dewpoint
used in the Reed and Albright (1986 ) study reveal that
the modeled 6, are in good agreement with the analyzed
values. We conclude that the mechanism postulated
by Emanuel and Rotunno, while possibly of impor-
tance in some cases, is not an essential feature in all
cases and therefore not a necessary condition for ex-
plosive deepening. The role of surface fluxes in explo-
sive cyclogenesis will be further discussed in the con-
cluding section.

A final noteworthy feature of Figs. 18a and 18b is
the delay of approximately 9-12 hours in the time of
most rapid pressure fall and vorticity rise in the ex-
periment with parameterized convection (Expt. 3) rel-
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ative to that in the control experiment. In both simu-
lations the overall intensification was nearly the same.
Insights regarding the reason for the earlier occurrence
of the deepening in the control experiment are afforded
by Figs. 20 and 21. These show, for both experiments,
the precipitation totals during the first 12 hours of the
experiments and vertical cross sections of the diabatic
heating, the apparent heat source of Yanai et al. (1973),
at 12 hours into the simulations (Fig. 21). The cross
sections in Fig. 21 are taken along the same line as the
previous cross sections (Fig. 9) for that hour (1200
UTC 13 November).

From the precipitation maps (Figs. 20a and 20b) it
is evident that the maximum 12 hour accumulation
in the vicinity of the storm was greater for the control
experiment than for the experiment with parameterized
convection. Thus, the enhanced latent heat release as-
sociated with the heavier precipitation is a possible fac-
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F1G. 20. Twelve hour accumulated precipitation (cm) ending at
1200 UTC 13 November for (a) control experiment and (b) Exper-
iment 3 (with parameterized of convective and nonconvective pre-
cipitation). Dashed lines depict path of low.



OCTOBER 1988

200

300

400

500

600

700

PRESSURE (mb)

800

900

1000
200

300
400
500
600

700 -

PRESSURE (mb)

800

0

900 — ’ -

1000 © m 0 )~ 0 | mb)
(o} 400 800 1200 1600
A km B

FIG. 21. Vertical cross section of apparent heat source (Q,, in °K
day™!, following Kuo and Anthes 1984) at 12 hour forecast verifying
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tor in the larger deepening rate. It is also seen from a
comparison of the two maps that the maximum pre-
cipitation occurred farther to the south in Experiment
3 than in the control experiment. The more southerly
location indicates that the cumulus parameterization
scheme tends to displace the maximum precipitation
towards the warmer, moister air.

The cross sections (Figs. 21a and 21b) show sub-
stantial differences in the heating patterns for the two
experiments. Of particular significance is the difference
near and just to the north of the storm center where
the heating is stronger in the control experiment and
the primary maximum is located at a relatively low
level (750 mb). As discussed by Sardie and Warner
(1985) and others, and as can be demonstrated from
the quasi-geostrophic omega equation, surface devel-
opment is stronger when the heating maximum is sit-
uated lower in the column. In the later stages of Ex-
periment 3 the proportion of grid point to parameter-
ized precipitation becomes larger and the deepening
rate increases accordingly.
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b. Sensitivity to horizontal resolution and initial con-
ditions

To test the sensitivity of the simulations to horizontal
resolution, an experiment (Expt. 7) was carried out
that employed an 80 km grid rather than the previous
40 km grid, but that was in every other way identical
to the control experiment (Expt. 1). Comparison of
the results of the two experiments reveals little impact
of grid size on the central pressure of the storm (Fig.
22a), which suggests that the failure of the control ex-
periment to achieve a sufficiently deep storm would
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FIG. 22. (a) Central pressure and (b) the 925 mb vorticity maxi-
mum, beginning at 0000 UTC 13 November, for experiments 7-9
and the control experiment.
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not be overcome simply by increasing the horizontal
resolution. This conclusion does not mean that a fine
grid is not required in order to properly simulate the
storm. Obviously, an even finer grid than the 40 km

grid is needed in order to resolve adequately the inner .

core shown in Fig. 4b.

The grid size did, however, have a substantial impact
on the 925 mb vorticity (Fig. 22b). The final intensity
of the vorticity maximum was roughly twice as great
in the higher resolution control experiment (Expt. 1)
than in Experiment 7. Clearly, the explicit convection
~ scheme that was used in both of these experiments
produces more intense vorticity features as the grid
size is reduced. The differences in the sensitivity of
central pressure and 925 mb maximum vorticity to
horizontal resolution is a consequence of the inherently
different scales of pressure -and vorticity variations
(Hoskins et al. 1985). ,

The sensitivity of the simulations to initial conditions
can be seen by comparing the results of Experiment 7
to those of Experiment 8, an experiment in which the
supplementary data were withheld but which was oth-
erwise identical to Experiment 7. Deficiencies of the

NMC analysis used in Experiment 8 were documented

in RA. They include a surface low that lacks sufficient
depth and an insufficiently warm and moist boundary
layer in the warm sector of the low. Another view of
the deficient strength of the low is afforded by Fig. 23
which contrasts the initial 925 mb vorticity field of the
NMC analysis (Fig. 23a) with that used in Experiment
7 (Fig. 23b). The latter analysis, which is strongly in-
fluenced by the delayed ship reports, shows a vorticity
maximum that is an order of magnitude larger than
that portrayed in the NMC analysis.

Without the supplementary data, the start of the
deepening of the storm was delayed (Fig. 22a) and the
final central pressure was not as low (982 mb vs 971
mb). The starting pressure was higher by about 5 mb.
In the case of the 925 mb vorticity (Fig. 22b) a similar
retardation occurred, but the final vorticity was the
same in both experiments. The results of these exper-
iments indicate that the supplementary data had two
main impacts: they caused the rapid deepening to

commence earlier, in agreement with observations, and .

they produced a deeper storm.

As mentioned in the Introduction, the LFM forecast
failed completely to predict the storm development.
In contrast, a storm of moderate depth formed in Ex-
periment 8, which, like the LFM run, lacked the sup-
plementary data. In order to ascertain the cause(s) of
the discrepancy, an additional experiment (Expt. 9)
was conducted on the 80 km grid with the supplemen-
tary data withheld but with parameterized rather than
explicit convection. Both the LFM and the PSU/
NCAR mesoscale model used variations of the Kuo
scheme in the convective parameterization. Compar-
ison of the results of Experiments 8 and 9 indicates
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FIG. 23. The 925 mb relative vorticity (107° s~') at 0000 UTC 13
November for (a) the NMC analysis and (b) the enhanced analysis
based on the supplementary dataset of Reed and Albright (1986).
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(Fig. 22a) a much lesser deepening in the simulation
with parameterized convection (993 mb vs 982 mb)
and an even longer delay than before in the onset of
the deepening. Why the LFM forecast failed to deepen
at all is still not certain. Likely causes are the coarser
grid employed by the LFM and, particularly, differ-
ences between the LFM initial fields (no longer retriev-
able in digital form ) and the fields from the NMC final
analysis. The latter fields form the basis of the present
simulations. .

Finally, it should be noted that it would be incorrect
to conclude from the results of Experiments 8 and 9
that use of the explicit scheme generally leads to ex-
cessive deepening. In the previously described experi-
ments utilizing the supplementary data and the 40 km
grid (Expts. 1 and 3) the final pressure was essentially
the same for the explicit and parameterized schemes.
Corresponding simulations with an 80 km grid (not
shown) gave a similar resuit.
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5. Summary and discussion

A remarkable explosive cyclogenesis that occurred
in the eastern Pacific on 13 November 1981 has been
documented by Reed and Albright (1986). A deepening
rate of approximately 40 mb in 12 hours was observed
at one stage in the development. At the peak of the
storm the central pressure attained a depth of 950 mb
or below. Winds of well-above hurricane force were
reported from two ships caught in the storm. The LFM
operational model initialized at 0000 UTC on 13 No-
vember completely failed to predict the development.

In this paper we present the results of numerical
experiments aimed at 1) testing the ability of the latest
version of the PSU/NCAR mesoscale model to sim-
ulate the storm development, 2) elucidating the role
of various physical processes in the development and
3) understanding the cause of the failure of the NMC
operational forecasts. Six 24 hour experiments, ini-
tialized at 0000 UTC 13 November, were carried out
on a 40 km grid with use of the NMC operational anal-
ysis for that hour supplemented by a special dataset
prepared by Reed and Albright. The object of these
experiments was to examine the sensitivity of the sim-
ulations to various physical factors, including latent
heat release, surface energy fluxes, surface friction and
the parameterization of convection. Three additional
experiments were carried out on an 80 km grid to de-
termine 1) the impact of horizontal resolution, 2) the
impact of the supplementary dataset, and 3) the per-
formance of the model when run in a mode most
closely resembling that of the LFM model.

A control experiment that employed the 40 km grid,
the supplementary dataset and a full representation of
physical processes (but without parameterized con-
vection) best reproduced the actual storm. It formed
a major low with central pressure of 969 mb, and ex-
hibited a deepening rate of 31 mb in the 24 hour period.
This rate exceeds that required for explosive deepening.
However, the values for the central pressure and deep-
ening rate fell considerably short of the observed. The
motion of the storm was well predicted, as the simu-
lated position after 24 hours and 1800 km of travel
differed from the observed position by only 150 km.

Other verifiable features that were reproduced well
were 1) cloud and moisture patterns observed in sat-
ellite images, including a striking dark area with low
values of middle and upper tropospheric humidity seen
in the water vapor channel at the time of the most
rapid deepening, and 2) a sharp, narrow upper-level
trough that was missing from the NMC analysis but
the existence of which was well supported by aircraft
winds. Because of the presence of this upper-level fea-
ture, which was located immediately to the rear of the

‘surface low, the 1000-500 mb thickness field did not
possess the warm central core at 0000 UTC 14 No-
vember shown in the analysis of RA (Fig. 4b). It is
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possible that the warm core was a fictitious feature that
resulted from subtracting correctly analyzed 1000 mb
heights from incorrectly analyzed 500 mb heights in a
region where midtropospheric data were sparse or ab-
sent.

The upper-level trough is shown to be a product of
the moist physics, because this feature did not appear
in the dry simulations. It is also shown that the dry
simulations produced a weaker storm development in
terms of the depth of the central pressure, the thermal
gradient near and ahead of the storm center and the
magnitudes of the vertical motion and vorticity.

The vertical structure of the simulated storm was
examined by taking cross sections through the system
at 1200 UTC 13 November and 0000 UTC 14 No-
vember. Features 'of special interest shown by the sec-
tions are: 1) a leaning forward with height of the sim-
ulated cold front, or leading edge of the cold advection,
even prior to the occluded stage, 2) extremely large
wind gradients and vorticities in the lower troposphere
and 3) large values of potential vorticity in the lower
troposphere. The large potential vorticity appeared
mainly in cloudy air, suggesting that it was created by
condensation heating. Large values of potential vor-
ticity were also found in stratospheric air that de-
scended to 700-500 mb and approached the storm
from the rear. The stratospheric air tended to circle
the storm center rather than to become collocated
with it. .

For the purpose of examining the role of symmetric
instability in the development, an additional cross sec-
tion containing fields of equivalent potential temper-
ature, absolute momentum and vertical velocity was
constructed for 1200 UTC 13 November. This section
revealed that a symmetrically neutral, or even slightly
unstable, condition prevailed near the storm center at
that hour. A narrow, sloping region of strong ascent,
marked by upward velocities in excess of 50 cm s~ in
the middle and lower troposphere, was present near
the warm boundary of the zone of weak stability or
instability. Such strong upward motions occurring in
proximity to the surface represent a potent source of
low-level vorticity, as was verified from hourly mea-
surements of divergence and vorticity taken along three
trajectories that entered the interior of the storm. Be-
tween 0600 and 1200 UTC vorticities along the tra-
jectories increased from near zero to 6-8 f with most
of the increase taking place in the last few hours of
travel. Horizontal convergences in excess of 1 X 107*
s~! were simulated during the period of rapid spinup.

From these results we conclude that symmetric in-
stability (or neutrality) may be an important factor in
rapid cyclogenesis. Its role can be understood, at least
in part, from the Sawyer-Eliassen equation (Sawyer
1956; Eliassen 1962), which is commonly used to
measure the transverse ageostrophic circulation that
forms in response to frontogenetical forcing. In this
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equation, based on the geostrophic momentum or
semigeostrophic system of equations, the potential
vorticity plays the same role in determining the re-
sponse of the vertical motion to the baroclinic forcing
that the static stability does in the quasi-geostrophic
system. Given the same forcing, the smaller the poten-
tial vorticity, the larger the vertical motion. The rele-
vance of the potential vorticity in the present context
is that within the framework of the Sawyer-Eliassen
equation, it measures the degree of symmetric stability
(Hoskins 1974). When symmetric stability prevails, it
is positive. Under neutral conditions it is zero, and
when the atmosphere is symmetrically unstable, it is
negative. The effect of weak or neutral stability (small
or zero potential vorticity) in enhancing frontal cir-
culations has been well demonstrated by Emanuel
(1985) and Thorpe and Emanuel (1985).

Although the Sawyer—Eliassen equation yields valu-
able insights regarding the role of symmetric instability,
it is not fully suitable for the purpose. First, the equation
is only solvable for the stable case when the ellipticity
condition is satisfied and, second, it presupposes two-
dimensional flow. An even larger response to the forc-
ing can be visualized when moist or moist conditional
instability exists. However, the effect cannot be deter-
mined from the equation since it becomes hyperbeolic
in the unstable case. Also, the criterion for symmetric
instability of negative potential vorticity is based on
the assumption of straight, two-dimensional flow. It is
not clear that this is the correct criterion in curved,
three-dimensional flow. These issues require further
study.

Whatever the outcome of these issues, it is apparent
from the work of Hoskins and Draghici (1977) with
the semigeostrophic equations that, in three dimensions
as in two, it is the potential vorticity that determines
the strength of the vertical motions that form in re-
sponse to a given forcing, and hence the intensity of
the development. We may, therefore, identify the po-
tential vorticity as the basic factor in the rapid devel-
opment and leave in abeyance the question of its re-
lationship to symmetric instability in the three-dimen-
sional case.

Principal findings of the sensitivity experiments are:

1) Latent heat release had a major impact on the
storm development. All moist simulations produced
explosive deepening. None of the dry simulations at-
tained the required 24 mb (24 h)~! mark, including a
simulation conducted without surface friction. On the
basis of the relative deepenings of the dry and moist
simulations, it is concluded that about half the deep-
ening in the control run could be attributed to dry
baroclinicity and half to moist processes and their in-
teraction with baroclinicity. This finding is consistent
with the results of other studies that have compared
wet and dry simulations in real cases.
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2) Withdrawal of the surface fluxes of sensible and
latent heat had only a minor impact. The fluxes had a
small damping effect in the dry experiments and a slight
amplifying effect in the moist experiments. From these
results it is inferred that sensible heat flux inhibited the
storm development and latent heat flux enhanced it,
but only when the added water vapor was allowed to
enter the precipitation cycle. Although the fluxes were
of little consequence during the period of rapid devel-
opment, they were undoubtedly important in creating
the favorable initial state, as documented in RA.

Our finding that the concurrent fluxes had only a
slight effect (3 percent enhancement) on the rapid
deepening is only one of a wide range of findings on
the issue. Nuss and Anthes (1987) found that the fluxes
reduced the deepening by 29 percent in their idealized
case and Danard and Ellenton (1980) found a 10 per-
cent reduction in a real case off the east coast of North
America. On the other hand, moderate to large en-
hancements have been reported in some cases: 25 per-
cent in the QF-II storm by Anthes et al. (1983) and
127 percent by Uccellini et al. (1987) along the Carolina
coast immediately prior to the explosive stage of the
Presidents’ Day storm. It is possible that the enhance-
ment was much less at the time of most rapid deep-
ening.

The widely varying influence of the surface fluxes
can be understood in terms of the quasi-geostrophic
w-equation and geographical factors. According to the
w-equation, a positive diabatic heating anomaly con-
tributes to cyclonic development. Such an anomaly
occurs in regions of positive surface flux of sensible
heat and in regions where latent heat is released by
condensation and precipitation. Surface latent heat flux
does not enter directly into the equation. In a typical
oceanic storm that conforms to the Norwegian cyclone
model and/or is well removed from coastal influences,
the pattern of surface heating (Petterssen et al. 1962)
is not conducive to development, since the maximum
heating occurs far to the rear of the cyclone, not in and

. ahead of it. The negative effect can, however, be coun-

teracted by surface moisture fluxes to the degree that
the fluxes add moisture, as the storm is in progress that
increases the frontal precipitation in and ahead of it.
If the atmosphere is already sufficiently moistened by
antecedent fluxes, the effect of the concurrent fluxes
will be small. On the other hand, near the east coasts
of continents, where the air mass modification is rapid,
the effect of the concurrent fluxes can be large. More-
over, the sensible heat fluxes can also exert a positive
effect through coastal frontogenesis and secondary cy-
clogenesis induced by the juxtaposition of air heated
from below by the warm ocean currents and cold, un-
modified continental air trapped near the shore
(Uccellini et al. 1987).

An inescapable conclusion of the foregoing discus-
sion is that the mechanism of rapid deepening is not
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tied directly to surface fluxes. In some cases concurrent
fluxes are required for the mechanism to operate; in
other cases they are not.

3) The 24 hour simulations with and without con-
vective parameterization produced equally intense
storms, but the rapid deepening took place considerably
sooner in the simulation with explicit or grid resolvable
precipitation than in the simulation with parameter-
ization of subgrid scale precipitation. Further diagnosis
revealed that during the first 12 hours of the simulations
the experiment with the explicit scheme produced
heavier precipitation, and therefore greater conden-
sation heating than the experiment with parameterized
convection. Perhaps more significantly, the further di-
agnosis also revealed that the maximum diabatic heat-
ing at hour 12 (1200 UTC 13 November) occurred
lower in the atmosphere in the experiment without
parameterization than in the experiment with it. This
situation also favored more rapid deepening at earlier
stages.

4) Reduction of the grid size from 80 to 40 km,
with the model physics and initial conditions left un-
changed, had little effect on the central pressure of the
storm. From this, we conclude that it is unlikely that
a further reduction in grid size would in itself eliminate
the substantial difference between the observed and
simulated depths.

5) The experiment run without the supplementary
dataset revealed that poorer definition of the initial state
had two impacts: first, it delayed the onset of the deep-
ening; second, it produced a weaker storm. The ex-
periment with identical physics and horizontal reso-
lution but with the supplementary data included
yielded a storm that was more than 10 mb deeper.

6) The experiment designed to match most closely
the conditions under which the LFM operational fore-
cast was carried out (80 km grid, Kuo-type cumulus
parameterization, NMC analysis with no supplemen-
tary data) gave by far the weakest development of the
nine simulations. The reason why this experiment pro-
duced a weak storm when the LFM failed to produce
even a slight depression is not certain. One possible
reason is that, because of the difference in data cutoff
times, the NMC final or operational analysis used in
the present simulations better defined the initial state
than did the earlier analysis used by the LFM.

The question still remains why the experiments failed
to capture the full extremity of the development. In
this respect we note that current operational models,
such as the ECMWF T106 model, the UK. Meteo-
rological Office regional model and the NMC Nested
Grid Model (NGM), employ physics similar to the
PSU/NCAR model and have comparable horizontal
and vertical resolutions. Occasionally these models
have great success in predicting explosive cyclogenesis.
Thus, model physics, grid size and lateral boundary
conditions may not be the crucial elements in the fail-
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ure to simulate the observed depth of the November
1981 storm. We cannot overlook the fact that despite
the addition of supplementary data, which unques-
tionably led to a more accurate depiction of low-level
features, considerable uncertainties exist regarding the
initial analyses at middle and upper levels. Sharp fea-
tures can exist at these levels that are crucial to rapid
development, as shown by Bosart (1981) and Uccellini
et al. (1985) for the Presidents’ Day storm. From in-
spection of a series of 6 hourly ECMWF 500 and 250
mb charts, that display analyzed vorticity and isotach
fields, respectively, and contain plotted upper air
soundings and aircraft and satellite winds, we believe
that the upper level trough that formed in conjunction
with the storm cannot be directly associated with a
preexisting short-wave trough or jet streak of unusual
intensity that entered the region from far upstream,
i.e., from an arc extending from Alaska to Japan.
However, the ECMWEF charts reveal sharper vorticity
features in the neighborhood of the incipient low (and
in general ) than do the NMC analyses that formed the
basis of our initialization. It is quite possible that
sharper features existed aloft than shown in the NMC
analyses—and indeed even in the ECMWEF analyses.

In this respect, it should be commented that, through
the courtesy of ECMWEF, a special simulation of the
storm was run commencing from 0000 UTC 13 No-
vember 1981, with the version of the T106 system in
operation in 1986 and with reassimilation of the ar-
chived data. Since the ECMWF forecasts are made only
once daily at 1200 UTC, no operational forecasts were
available from 0000 UTC 13 November. The special
forecast for 0000 UTC 14 November yielded a surface
low with central pressure of 985 mb displaced about
350 km northeast of the true position. This forecast,
which did not have the advantage of the bogus data,
started with a surface low or trough that was inter-
mediate in intensity between that depicted on the NMC
operational analysis (Fig. 16a of RA) and that shown
in the manual analysis (Fig. 3d of RA). It is not known
how much of the deepening of the T106 simulated
storm in excess of the 993 mb figure obtained in Ex-
periment 9 is attributable to the sharper low-level fea-
tures and how much to the sharper features aloft. In
any event, we cannot rule out the possibility that a
substantial part of the forecast error in our control
simulation may have stemmed from deficiencies in the
upper-level analyses.

The final answer to the problem of explosive oceanic
cyclogenesis must await the acquisition of datasets that
fully sample all relevant aspects of the marine envi-
ronment and further development of numerical models
that better represent the physical processes associated
with latent heat release and the marine boundary layer.
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