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ABSTRACT

Hurricane models have rarely been used to investigate the observational fact that tropical disturbances seldom
form, develop, or intensify over land. Furthermore, rather ad hoc assumptions have been made when modeling
landfall. The general consensus is that energy supplied primarily through surface fluxes is necessary for tropical
cyclone development and maintenance. In the past, rather a priori assumptions have been made such as the
elimination of surface sensible and latent heat fluxes over land or the reduction of surface land temperature.
By incorporating an improved version of the Geophysical Fluid Dynamics Laboratory (GFDL) tropical cyclone
model with diurnal radiation and a bulk subsurface layer with explicit prediction of land temperature, a series
of experiments was performed to test the sensitivity of surface boundary conditions to tropical cyclone development
and decay at landfall.

A triply nested version of the GFDL model was used in an idealized setting in which a tropical disturbance,
taken from the incipient stage of Gloria (1985), was superposed on a uniform easterly flow of S ms™'. A
control case was performed for ocean conditions of fixed 302-K SST in which the initial disturbance of about
998 hPa developed to a quasi-steady state of 955 hPa after one day of integration. Using identical atmospheric
conditions, a series of experiments was performed in which the underlying land surface was specified with
different values of thermal property, roughness, and wetness. By systematically changing the thermal property
(i.e., heat capacity and conductivity) of the subsurface from values typical of a mixed-layer ocean to those of
land, a progressively weaker tropical system was observed. It was found that the initial disturbance over land
failed to intensify below 985 hPa, even when evaporation was specified at the potential rate. The reduction of
evaporation over land, caused primarily by the reduction of surface land temperature near the storm core, was
responsible for the inability of the tropical disturbance to develop to any large extent. Under land conditions,
the known positive feedback between storm surface winds and surface evaporation was severely disrupted.

In sensitivity experiments analogous to the ali-land cases, a series of landfall simulations were performed in
which land conditions were specified for a region of the domain so that a strong mature tropical cyclone similar
to the ocean control case encountered land. Again as in the all-land case, the demise of the landfalling storm
takes place due to the suppression of the potential evaporation and the associated reduction of surface temperatures
beneath the landfalling cyclone. Even when evaporation was prescribed at the potential rate, a realistic rapid
filling (36 hPa in 12 h) ensued despite the idealized nature of the simulations. Although not critical for decay,
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it was found that surface roughness and reduced relative wetness do enhance decay at landfall.

1. Introduction

Hurricane modeling efforts have recently been con-
cerned with behavior of tropical cyclones over the open
ocean and the associated perplexing problems of con-
vective parameterization, track movement, and vortex—
flow interaction. Over the past decade, little has been
investigated about the observational fact that tropical
disturbances seldom form, develop, or intensify over
land. Early general circulation models were capable of
developing disturbances in the tropics over land and
sea (Manabe and Smagorinsky 1967; Manabe et al.
1970), but these and more recent studies (e.g., Bengts-
son et al. 1982; Krishnamurti et al. 1989; Broccoli and
Manabe 1990) have been handicapped by questions
of resolution and physical reality (McBride 1984; Evans
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1992). On the other hand, early hurricane modeling
efforts discovered the acute sensitivity of hurricane de-
velopment to surface energy fluxes mainly through al-
terations of the drag coeflicients of heat, moisture, and
momentum (e.g., Ooyama 1969; Rosenthal 1971).
These studies revealed that tropical cyclones failed to
develop when drag coefficients were reduced to rela-
tively small values. Subsequent studies of Tuleya and
Kurihara (1978) differentiated between the relative
roles of evaporation cutoff and increased friction at
least as far as landfall was concerned.

Through the aforementioned and subsequent mod-
eling studies, as well as the classic observational work
of Miller (1964 ), a general consensus of understanding
has developed that energy supply primarily through
surface fluxes is necessary for tropical cyclone devel-
opment and maintenance. The detailed scenario on
how this energy supply is retarded over land has not
been modeled or investigated. In the past, rather a priori
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assumptions have been made. For example, no surface
sensible nor latent heat fluxes over land are assumed
in the operational National Meteorological Center
(NMC) quasi-Langrangian model (Mathur 1991)
while fixed reduced surface temperature over land, 77,
was assumed in research studies of landfall ( Tuleya et
al. 1984). To accurately model the interactions of the
hurricane with any underlying surface, one must ac-
count for the energy fluxes at the surface, including
longwave and shortwave radiative effects. For the most
part, hurricane modeling has ignored this additional
complexity with radiational effects being disregarded.
This radiative assumption may be acceptable over
oceans but necessitates further simplifying assumptions
over land.

The impact of the underlying surface on a land-
falling tropical cyclone has drawn more attention.
Important observational studies have been performed
when hurricanes come ashore, including those of
Miller (1964), Powell (1987), and Bluestein and Ha-
zen (1989). In addition, the landfall question has been
addressed by modeling efforts (e.g., Tuleya and Ku-
rihara 1978). These studies reveal that the elimination
of surface evaporation is critical to landfall decay.
Also, decay was affected by downslope, topographi-
cally induced subsidence (Bender et al. 1985, 1987).
These studies were again subject to the aforemen-
tioned assumptions.

Using an idealized framework, this study will at-
tempt to examine and extend earlier research results
by relaxing some of the more pertinent assumptions
by using more realistic physical parameterizations
of land surface processes. By incorporating an im-
proved version of the Geophysical Fluid Dynamics
Laboratory (GFDL) tropical cyclone model with
diurnal radiation and a bulk subsurface layer with
explicit prediction of 7, a series of experiments was
performed to test the sensitivity of surface boundary
conditions to tropical cyclone development and
landfall. The question of why tropical disturbances
seldom form and inevitably decay upon landfall will
be answered from a more physically realistic basis.
The mechanism that causes the apparent cool pool
of air beneath the tropical circulations over land, es-
pecially during the day, will be revealed, including
the relative role of the cloud canopy in this cooling.
The relative roles of surface wetness, surface rough-
ness, subsurface thermal property, and diurnal vari-
ation in retarding growth of a tropical disturbance
over land will also be examined.

The modifications and improvements made to the
GFDL model together with the experimental design
will be described in section 2. The impact of the un-
derlying surface on the intensity of a developing and
a landfalling tropical disturbance will be discussed in
sections 3 and 4, respectively. A summary of the results
of these idealized experiments will be presented in sec-
tion 5.
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2. Experimental design

To increase the forecast skill of the GFDL multiply
nested movable mesh model (MMM), physical im-
provements have recently been incorporated ( Kurihara
etal. 1993). The more relevant improvements include
the Schwarzkopf and Fels (1991) infrared and Lacis
and Hansen (1974) solar radiation parameterizations
with diurnal variation and cloud specification; the use
of vegetation type to specify the surface roughness
length, evaporation efficiency, and surface albedo; and
the inclusion of a bulk subsurface layer with explicit
prediction of 77 . For the present idealized experiments,
the roughness length, evaporation efficiency, and sur-
face albedo were specified, not set according to vege-
tation type. These changes will be covered in more
detail in this section together with the design of exper-
iments.

a. Implementation of a bulk surface temperature
prediction scheme into the GFDL model

To provide physically realistic forecasts over land,
a bulk subsurface layer was added to the GFDL MMM.
Following Deardorff (1978), one can assume a surface
energy balance:

oTt+H+LE—(S+F)=G
H= pcpCeV( TL - Gva)
LE = (WET)pLCV[R(TL) — R.l,

(1.1)
(1.2)

where G is the net ground surface heat flux, A is the
surface sensible heat flux, LE is the surface evaporative
heat flux, 671 is the emission from the earth’s surface,
and (S + F{) is the net downward radiative surface
flux. In the preceding formulations the drag coefficient
of heat and moisture C, is calculated in the Monin~
Obukhov framework in a manner similar to Kurihara
and Tuleya (1974), where V is the low-level wind
speed; 8, is the virtual potential temperature of the
surface air; WET is the wetness coefficient; R, and R,
are the mixing ratios of the saturated surface land tem-
perature and of the low-level air, respectively; L is the
latent heat of condensation; p is the density of the low-
level air; and ¢, is the specific heat of air. One may
then obtain the ground surface temperature through
the tendency equation:

9T,  —oTi—H—LE+(S+F})
ot psCsd

= Ty = Tyrer), (1.3)

where p,c; is the soil heat capacity and d is the damping
depth (7A/p,car)'/? where \ is the thermal conductivity
of soil and 7 is the period of forcing (24 h) and ¢ = 2w/
7. The last term in (1.3) is used to “force-restore” the
surface temperature to some reference value (i.e., 302
K) and avoid spurious trends. Deardorf (1978) found
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that this method could adequately simulate the thermal
evolution of a more complicated multiple-level ground
model. The effects of the subsurface layer on the surface
temperature may be combined into one parameter, re-
ferred to by Sellers (1967 as the thermal property TP,
which may be defined as the square root of the product
of the heat capacity and the thermal conductivity. For
most experiments in the present study the thermal
property was specified as 0.05 cal cm™2 K ! s7!/2 cor-
responding to a soil heat capacity of 0.5 cal cm™3 K ™!
and a thermal conductivity of 0.005 cal cm™ K ™! s~
over land. For all but one experiment, ¢ was set to 0
for the relatively short two- to four-day integration time
with little detrimental effect.

b. Implementation of radiation

As mentioned, the Schwarzkopf and Fels (1991) in-
frared and Lacis and Hansen (1974) solar radiation
parameterizations were incorporated into the MMM
with a radiative calculation being performed every 10
min, while at intermediate times the net radiative fluxes
are held constant. The MMM includes interactive ra-
diational effects of clouds and was normally run in
diurnal varying mode but has the option to run for
diurnally averaged conditions. As in Tuleya (1988),
clouds are specified simply where model condensation
occurs, Additional options also exist to run with fixed,
climatological specified, seasonally averaged, zonally
fixed cloud distributions (London 1957). One exper-
iment was run under these special circumstances to
evaluate the effects of cloud interaction and diurnal
variability in the tropical cyclone development prob-
lem. The radiative properties of clouds were specified
in a similar manner to Kurihara and Tuleya (1981)
with a spectrum of cloud depths possible. In the present
idealized study the surface albedo was specified to be
0.20 over land and 0.06 over water.

c¢. Initial conditions and experimental framework

The initial condition for the present experiments was
based on an idealized state of the early stages of Hur-
ricane Gloria on 22 September 1985. A specified vortex
was superposed on a uniform easterly current of 5
m s™" at 58°W in a domain spanning 10°S-45°N, 95°-
40°W. The model initial condition had low-level max-
imum winds of 28 m s~! with a central surface pressure
0f 996 hPa. A model control simulation was performed
for four days in which ocean only conditions (i.e., fixed
302-K SST) were specified. This control experiment
exhibited considerable cyclogenic behavior. Except for
the aforementioned radiation package, the control
simulation was identical to the control experiment of
Bender et al. (1994). In these experiments an eighteen-
level, triply nested version of the GFDL MMM was
used with mesh resolutions of 1/6°, 1/3°, and 1° with
corresponding mesh sizes of 81/3°, 142/3°, and 55°,
respectively.
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The model simulations of land conditions could be
categorized into two types: 1) all-land and 2) landfall.
For all sensitivity experiments described the initial at-
mospheric condition was identical with an initial time
at 0000 UTC (2000 LST). In the all-land type simu-
lation, values of albedo, roughness, thermal property,
and wetness were specified uniformly throughout the
55° X 55° domain. For most experiments the values
of albedo and thermal property were specified at 0.2
and 0.05 cal cm~2 K ™! s7!/2, respectively. The rough-
ness was set to 1 cm and the relative wetness was spec-
ified to allow evaporation at the potential rate; that is,
WET = 1.0. The integrations were performed for a
two-day period with cloud specification and diurnal
varying radiation. For a series of four experiments, all-
land conditions were specified except that the thermal
property was specified at different amounts to simulate
a transition from typical land conditions to those with
thermal property near that of a mixed-layer ocean. In
another series of experiments, the land wetness, rough-
ness, and temperature formulation were varied. For
one experiment the roughness coeflicient was increased
from 1 to 25 c¢m, probably a more realistic land value.
In another experiment the wetness was set to 0.3 to
test the sensitivity of the relative wetness. For all ex-
periments except one the surface temperature was pre-
dicted as described above. For another sensitivity ex-
periment, the surface temperature was specified at 302
K. In yet another experiment, the effects of cloud can-
opy and diurnal variation were tested by running a
land case with no diurnal variability and zonally pre-
scribed clouds. Table | (upper) summarizes the all-
land experiments.

Four landfall simulations were performed in which
land conditions were specified west of 73°W. The at-
mospheric conditions were identical to those before
and the model was integrated for four days. In these
experiments landfall occurred at about 72 h of the in-
tegration (2000 LST). As in the all-land cases, one
experiment was performed for potentially wet condi-
tions with a roughness length of 1 cm and land surface
temperature predicted. In a second experiment, the
relative wetness was specified as 0.3. In a third exper-
iment the roughness length was increased to 25 cm,
while in a fourth experiment land conditions were
specified, except that the land temperature was fixed
at 302 K. In all four of these simulations the surface
albedo was set at 0.20 and thermal property of
0.05 cal cm™ K™! s7!/2, As previously mentioned, a
control ocean simulation was performed for four
days. Table | (lower) summarizes the landfall experi-
ments.

3. Impact of surface conditions on a developing case

a. Effect of thermal property

A series of experiments were performed in which
land conditions were specified’ except the thermal
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property was varied from typical soil values of 0.05 to
6 cal cm 2 K~! s7!/2 which is considered to be an ap-
proximate mixed-layer ocean value (Sellers 1967).
These experiments were carried out for potentially wet,
relatively smooth surface roughness of 1 cm. Figure 1
displays the time history of minimum surface pressure
from these experiments as well as the ocean control
case. One sees a progression from intense development
(a central pressure of 950 hPa) for a thermal property
of 6 cal cm™2 K~ s7!/2_ similar to the ocean control
case, to little development (985 hPa) for the typical
soil case (TP = 0.05 cal cm™? K~! s~'/?). Little de-
velopment ensued despite the favorable conditions of
high vorticity and wet and relatively smooth surface
conditions. In addition, a systematic phase change of
the maximum domain-averaged precipitation (not
shown) took place from an early morning maximum
in the ocean control and high thermal property exper-
iments to afternoon and evening for the experiment
with a thermal property typical of soil. For soil con-
ditions, a much greater diurnal amplitude of evapo-
rative and sensible heat fluxes as well as surface and
low-level temperatures was observed. As long as the
thermal property was specified at high values (6
cal cm™2 K ! s7'/2) little impact was seen in such basic
quantities as storm intensity and domain-averaged
precipitation and evaporation when changing the al-
bedo from land values (0.20) to ocean values (0.06).

These experiments indicate that even for potentially
wet conditions, dynamically favorable atmospheric
conditions failed to develop a tropical storm to any
significant degree when subjected to a realistic soil sub-
surface. As the thermal property was allowed to increase
toward values more typical of a mixed-layer ocean, a
development not unlike that of the ocean control with
fixed surface temperatures ensued. These results are
consistent with the rather remarkable prototype GCM
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F1G. 1. Tropical storm evolution in a series of experiments with
different heat capacity and conductivity of a bulk subsurface layer
are contrasted with that of an ocean control case in which a fixed
surface temperature of 302 K (infinite heat capacity) was assumed.
The thermal property TP, defined as the square root of the product
of the heat capacity and the thermal conductivity, is gradually changed
from soil conditions (0.05 cal cm™2 K ™! s7'/2) to mixed-layer ocean
conditions (6 cal cm™2 K~ s71/2),

results of Manabe and Smagorinsky (1967) and Man-
abe et al. (1970), which indicated that tropical distur-
bances rarely developed low pressure centers for wet
land conditions with zero heat capacity.

b. Effect of roughness, wetness, and Ty formulation

In this series of experiments, surface roughness, wet-
ness, and surface temperature formulation were sep-
arately varied from the all-land case with TP = 0.05
calcm™ K™'s7'/2 from section 3a. The results are

TABLE [. List of experiments performed.

Thermal Surface T. Diurnal
Z (cm) WET property albedo formulation variability Clouds
Thermal property 1 1.0 0.05 0.20 predicted yes variable
experiments 1 1.0 0.32 0.20 predicted yes variable
| 1.0 1.0 0.20 predicted yes variable
1 1.0 6.0 0.20 predicted yes variable
1.0
Wetness, roughness, 1 0.3 0.05 0.20 predicted yes variable
fixed T, experiments 25 1.0 0.05 0.20 predicted yes variable
1 10 0.05 0.20 302 K yes variable
1 1.0 0.05 0.20 predicted no fixed zonal
Ocean control Charnock’s 1.0 1) 0.06 302 K yes variable
formulation
Landfall experiments 1 1.0 0.05 0.20 predicted yes variable
(land values) 1 0.3 0.05 0.20 predicted yes variable
25 1.0 0.05 0.20 predicted yes variable
1 1.0 0.05 0.20 302K yes variable
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FiG. 2. (a) Minimum surface pressure and (b) maximum surface
winds as a function of time for a series of experiments that are con-
trasted to an ocean control case. Surface wetness and roughness are
separately altered in two experiments. In a third experiment, land
conditions are specified except the surface land temperature is fixed
at 302 K.

summarized in Fig. 2. To investigate the role of surface
roughness, z, was increased from a relatively smooth
value of 1 cm to perhaps a more typical value of 25
cm in an experiment with land conditions. The results
indicate a rather small but systematic increase in the
central surface pressure (<5 hPa) compared to the case
of zo = | cm. The impact of the surface winds were,
of course, more noticeable ranging from 5to 10m s ™.
At 24 h, for example, the maximum low-level winds
are reduced from 28 to 20 m s™'. The total kinetic
energy is approximately the same, however, throughout
the two-day period of these two experiments, indicating
that this effect is rather shallow and confined primarily
to the boundary layer.

In another experiment the role of the relative surface
wetness was assessed by reducing the wetness from the
potential rate, WET = 1, to a value of 0.3. In both
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idealized and realistic real data experiments, the pre-
diction and verification of surface wetness is rather dif-
ficult with soil moisture not being a routinely observed
quantity. Therefore this experiment tests the effects of
the rather crude approximation of specifying relative
wetness, rather than predicting it, at least as far as trop-
ical development is concerned. One sees little apparent
difference observed in the simulation (Fig. 2) until after
sunrise more than 12 h after the initial time. It is then
that the evaporation rate and sensible heat flux are af-
fected and the case of WET = 0.3 becomes less intense
than the potentially wet case. An intensity difference
of about 5 m s™! and 4 hPa is observed in the second
day of integration between these two experiments.
Nevertheless, these three experiments demonstrate that
increased roughness and increased dryness are not
necessary to explain lack of development. Development
failed to occur even for the case of the rather smooth
surface, zo = 1, where surface evaporation was set to
the potential rate, WET = 1.

On the other hand, if 7} is fixed at the initial value
of 302 K in another experiment, significant develop-
ment ensues with central surface pressure lower and
low-level winds higher than the ocean control case ( Fig.
2). Even if roughness is increased with fixed 7, of 302 K
(not shown), a similar surface pressure development
ensues except the boundary-layer winds are somewhat
retarded. It will be shown that the primary mechanism
for land retardation of development is the reduction
of land surface temperature near the storm core and
the subsequent retardation of the surface evaporative
heat fluxes.

¢. Reduction of surface energy flux and surface
temperature

The surface latent evaporative flux from the ocean
is considered the primary energy source of a tropical
cyclone. This has been recently reemphasized by
Emanuel (1988). The 48-h accumulated sum of this
quantity indicates a clear distinction between the ocean
control case (Fig. 3, bottom) and the wetland case (Fig.
3, top) with z; = 1 cm. For the ocean control case there
is a strong correlation between the maximum accu-
mulated evaporative flux and the high winds along the
storm track. This is indicative of the positive feedback
process between surface evaporation and increased low-
level wind. There is no indication of a similar feature
in the land case, except perhaps an ill-defined broad-
ening of the region greater than 2 X 107 J m~? sur-
rounding the land-based disturbance. The maximum
evaporation rate in the ocean control is greater than
40 mm day ™' compared to a maximum in the land
case of 25 mm day~'. As will be seen later, the evap-
oration rate over land is strongly modulated by diurnal
forcing with maximum values being often less than 10
mm day ™' at night.

The cause of this reduced evaporation is the devel-
opment of a cool, relatively dry pool of air associated
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FI1G. 3. Total accumulated surface latent evaporative energy flux
for the experiment with evaporation set to the potential rate (i.e.,
WET = 1) and roughness length z, = 1 cm (top) and for the ocean
control case with specified SST = 302 K (bottom). Units are 107
J m~ for the 48-h integration period with storm track and 24-h po-

smon indicated for both experlments Values greater than 2 X 107
Jm™2are shaded
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with cool ground temperatures near the disturbance
core. This is a persistent feature for all cases with soil
conditions although the case with WET =1 and 2z,
= | cm will be emphasized here. At 18 h (1400 LST)
T, is observed to be 298 K near the disturbance center
(Fig. 4a) with maximum values of about 308 K in the
surrounding regions. The large values in the surround-
ing relatively cloud-free regions were found to be near
their highest at this time of large solar heating. Asso-
ciated with this cool T} is a corresponding surface air
temperature mrmmum of 299 K and a dry region of
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less than 19 gkg™' (Fig. 4b). This value of mixing
ratio near the center compares with values greater than
23 g kg ™' in the ocean control case. The combination
of the aforementioned thermal and moisture fields leads
to a reduction of more than 12 K of low-level equiv-
alent potential temperature 6, of the land case com-
pared to the ocean control (Figs. 4¢,d). A minimum
of 8, of less than 348 K occurs nedr the disturbance
center over land in contrast to a maximum greater than
360 K in the ocean case. It has been shown that high
low-level 8, is well correlated to surface energy input
and therefore storm intensity. In the typical developing
tropical cyclone over water the moist enthalpy of the
incoming low-level air is increased by surface fluxes as
it approaches the storm core leading to increased values
of 8, near the center (Hawkins and Imbembo 1976).
As shown in Figs. 3 and 4, this energy input’ is highly
impeded over land.

‘One can look at the time evolution of the surface
temperatures and the tendency components of (1.3)
at a point near the disturbance center and for one in
the outer reaches, 640 km from the center (Fig. 5).
Notice that the maximum temperature difference is
for the daytime periods. A similar phenomenon was
observed for the landfalling case of Alicia (1983) in a
study by Bluestein and Hazen (1989). A look at the
components of the surface téemperature tendency in-
dicates more evaporative cooling at night in the central
storm region than in the surroundings. The relative
effect of evaporative cooling is not as obvious during
the day. On the other hand, the cloud canopy effect is
evident below the disturbance region in the reduced
values of net downward radiative flux (S + F{) relative
to the surroundings during the day. At night this effect
is reversed with more heating beneath the disturbance
region attributable to trapping of outgoing longwave
radiation. The impact of clouds is clearly shown by
the rapid changes in net downward flux and evaporative
cooling terms, especially during times of solar heating:
Also note the positive sensible heat contribution near
the disturbance center relative to the outer reaches.
The sensible heat flux is directed downward near the
center due to the presence of relatively warm air above
the surface. Although not shown here, the sensible heat
flux in the outer reaches in cloud-free areas and the
sensible heat flux domain average, as well, are net up-
ward during the period of solar heating, as one might
expect.

d. Impact of the diurnal cycle and variable clouds

It was noticed from the energy components that
clouds and the diurnal cycle have an obvious impact
on the energy budget. To investigate the overall sen-
sitivity of the disturbance intensity, as well as the hy-
drologic cycle, to cloud variation and the diurnal cycle,
an experiment was performed without the diurnal cycle
and for zonally fixed clouds. The same smooth, poten-
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FIG. 4. (a) Composite distribution near and surrounding the disturbance of land temperature, (b) low-level mixing
ratio, and (c¢) equivalent potential temperature for the case over land with evaporation at the potential rate at 18 h
(1400 LST). For this case the roughness is set to | cm. (d) The corresponding dlsmbutnon of equivalent potential
temperature of the ocean control experiment is also shown. The shaded areas indicate relatively cool and/or dry areas.

tially wet land surface condition was used as previously.
To ensure proper radiative balance, the force-restore
method of (1.3) with ¢ = 27 /7 was invoked. As indi-
cated in Fig. 6a, the overall intensity of the developing
system was the same as the diurnal and cloud-varying
case with little significant development relative to the
ocean control case. Notice that after an apparent one-
day adjustment time the state of development is rela-
tively constant. In contrast, this figure suggests a small
diurnal variability with minimum intensity during the
day and maximum intensity at night for the diurnally
varying case over land. As opposed to the diurnally
averaged, fixed clouds case, the maximum surface
evaporation (Fig. 6b) has a distinct diurnal variation
with maximum daytime values. But the maximum

value during the daytime over the land is still consid-
erably less than the maximum evaporation for the
ocean control. Figure 6¢ displays the domain average
precipitation for the diurnally averaged, fixed clouds
case compared to the ocean control and diurnally
varying, variable cloud land case. Within a few hours
the domain average precipitation becomes quasi-
steady, approximately, 3 mm day !, for the diurnally
averaged, fixed cloud case. Compared to this, the other
two cases display marked diurnal variability with the
land case displaying maximum average precipitation
during the midday and evening, at and after the time
of maximum surface heating and evaporation, whereas
the ocean control case indicates late evening and early
morning precipitation. It is interesting that for the land
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FIG. 5. (a) Surface energy flux components (W m™~2s™!) for the
first 24 h of the experiment with evaporation set to the potential rate
(i.e., WET = 1) and roughness length zy = 1 cm. The net downward
radiative flux, surface emission, sensible heat flux, and latent heat
flux are indicated by solid, dotted, dashed-dotted, and dashed lines,
respectively. The surface emission, sensible heat flux, and latent heat
flux terms are plotted such that negative values denote loss of heat
from the land surface or an upward flux. Thicker lines refer to a
location near the storm center, while thinner lines are for a repre-
sentative location in the outer reaches of the storm. (b) The surface
ground temperatures are also shown for the corresponding locations.
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case the afternoon and evening precipitation maximum
is highly correlated with the maximum value of con-
vective available potential energy (CAPE), which ex-
hibits a pronounced diurnal variability as well. On the
other hand, the diurnal variation of CAPE over the
ocean is small but out of phase with the precipitation
variation shown in Fig. 6¢. This seems consistent with
the work of Duvel (1989), who indicated that it is pri-
marily the diurnal warming of the surface and lower
troposphere that drives the diurnal cycle of convection
over a tropical landmass. For a region 8° X 8° sur-
rounding the disturbance, the average CAPE is roughly
the same (1100 J kg ') for the two days of integration
for both land and ocean experiments. It is only in the
inner 2° core region where CAPE is reduced to about
500 J kg~! for the land case. This is a result of the cold
pool beneath the disturbance. It is difficult to estimate
the role of this reduced CAPE in the lack of develop-
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FIG. 6. (a) Minimum surface pressure, (b) maximum surface
evaporation, and (c) domain average precipitation for a series of
three experiments. In one case the land conditions were for evapo-
ration set to the potentiai rate (i.e., WET = 1) and roughness length
zo = | cm (thick solid line). In the second experiment a diurnally
averaged solar flux was incorporated with zonaily fixed, noninteracting
clouds (dashed—dotted line) with otherwise identical land conditions.
The third experiment is the ocean control case with specified SST
= 302 K (thin solid line).
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ment. The topic of the diurnal variability of the tropical
convection in the ocean control case and its relation-
ship with observed variation of tropical convection is
left for further study. However, one may speculate that
the sometimes observed double precipitation maxi-
mum over oceans may be due to different mechanisms:
one responsible for an early morning maximum as
modeled here and observed by Gray and Jacobson
(1977), and another mechanism responsible for the
observed afternoon rainfall maximum (e.g., Duvel
1989) possibly associated with the maximum CAPE
occurring in the afternoon over the ocean in the present
model.

In summary, it appears that although diurnal vari-
ations and cloud feedback have an obvious impact on
the hydrologic quantities of precipitation and evapo-
ration the overall development potential of tropical
disturbances over land is impeded even when diurnally
averaged, fixed cloud conditions are assumed.

4. Impact of surface conditions at landfall

To assess the role of surface conditions on the phe-
nomenon of landfall, a series of experiments similar
to those in the previous section was performed. As
mentioned in section 2, the experiments were designed
with the same experimental framework and initial
conditions as the all-land experiments except land
conditions were specified for the surface west of 72°W
with ocean conditions east of 72°W. For comparability
purposes, the all-ocean case described previously was
extended to 96 h. Experiments were designed in order
that landfall will be at about 72 h (2000 LST). The
land conditions were specified identically to those of
section 3b and are shown in Table 1 (lower).

a. Effect of wetness, roughness, and T, formulation

The relative importance of surface wetness, rough-
ness, and surface temperature formulation was found
to be similar in the landfall process as in the devel-
opment process described in section 3. One sees that
even for potentially wet (WET = 1) and smooth (z,
= 1 cm) conditions a rapid decrease of intensity occurs
at landfall. As indicated in Fig, 7, the low-level winds
decrease by 20 m s™! and surface pressure fills more
than 30 hPa in a 36-h period. When the relative wetness
is reduced by reducing WET to 0.3, a small further
reduction of the storm intensity occurs with central
surface pressures being 5 hPa higher. Little difference
is noted in the reduction of maximum low-level winds.
For the experiment with increased roughness, addi-
tional filling occurs, with a more dramatic further de-
crease in low-level winds (15 m s™'). The abrupt re-
duction in surface sustained winds has been observed
by Powell (1982) for landfalling storms. However, the
winds aloft can be sustained for a much longer time
and distance inland after landfall, which will be shown
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FIG. 7. (a) Minimum surface pressure and (b) maximum surface
winds for a series of four experiments involving landfall are contrasted
to an ocean control case (thin solid). In analogy to those experiments
of Fig. 2, surface wetness (dashed line) and roughness (dotted line)
are separately altered in two experiments from an experiment with
potential evaporation (WET = 1) and roughness of 1.0 cm (thick
solid). In a third experiment (dashed-dotted), land conditions are
specified except the surface land temperature is fixed at 302 K. In
the landfall experiments, land conditions including surface albedo,
subsurface thermal property, roughness, and relative wetness are
specified for all regions west of 73°W,

later. For the case with z; = 25 cm, the filling rate of
36 hPa (12 h)™! is consistent with observational and
previous modeling studies (Tuleya et al. 1984). Also
noteworthy is the small intensity increase in the late
afternoon and evening (i.e., in the last 6 h of the ex-
periments), which is analogous to a similar increase
in the all-land experiments and may be attributed to
increased afternoon convective activity and the delayed
effect of increased daytime surface energy fluxes over
the land. As will be shown in the next section, the land-
fall decay process is basically attributable to the effective
cutoff of surface energy fluxes brought about by the
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reduction of ground surface temperature as the hur-
ricane comes ashore.

In an analogous manner to one of the experiments
of section 3b, a model tropical cyclone failed to decay
upon encountering a potentially wetland condition if
the land surface T, was fixed to 302 K. This has been
shown previously by Tuleya and Kurihara (1978). It
can be inferred from this series of experiments that
realistic landfall decay occurs for a wide range of rel-
ative surface wetnesses and that surface roughness
contributes but is not necessary in explaining the land-
fall decay process. To study the landfall process in more
detail, the experiment with z; = 25 cm and evaporation
prescribed at the potential rate will be examined in the
next two sections.

b. Reduction of surface energy flux and surface
temperature

As in section 3c, one can look at the surface energy
flux as an indicator of the cause of the decay. As stated
earlier, previous modeling studies have either a priori
eliminated evaporation over land or arbitrarily reduced
the surface temperature to a fixed value colder than
the ocean. In the present experiments where surface
temperature is explicitly predicted there is an abrupt
reduction of 96-h accumulated evaporation at the
coastline at the point of landfall with values of 6 X 10’
J m™? not penetrating over the land (Fig. 8). To first
approximation, this result supports previous assump-
tions of zero evaporation over land. On the other hand,
the evaporation in the environment surrounding the
storm actually increases as evidenced by the values of
2 X 107 J m™? expanding outward over land from the
coastline. This may be a combined effect of increased
daytime surface temperature together with increased
surface roughness over land. Because of the high surface
winds over the land near the coast and the reduction
of ground surface temperature at landfall, there is an
accompanying abrupt reversal of sensible heat flux
from upward over the ocean to downward over the
land. This effect, opposite to that of surface evapora-
tion, acts to warm the surface immediately below the
cyclone track. Over the ocean the latent energy flux is
about seven times that of the sensible heat flux, while
inland these two terms approximately balance as the
storm passes.

The reduction of energy fluxes can be attributed to
the lowering of ground temperature and the corre-
sponding cool pool of surface air temperature beneath
the landfalling storm. The lower surface temperature
has been well known since Miller’s (1964) work and
confirmed by the recent work of Powell (1987). This
was not well simulated in the modeling of tropical
storm landfall to date (e.g., Tuleya et al. 1984 ), because
of the physically unrealistic surface assumptions. Note
in Fig. 9a and Fig. 9b the abrupt reduction in surface
land temperature at the coast and a reduced 77 to below
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F1G. 8. (a) Total accumulated surface latent evaporative energy
flux and (b) sensible heat flux for the landfall experiment for evap-
oration set to the potential rate (i.e., WET = 1) and roughness length
2o = 25 cm. Units are 107 J m™2 for the 96-h integration period with
storm track and 24-h position indicated for both experiments. Values
greater than 2 X 107 and 4 X 107 J m™2 of evaporative energy flux
are lightly and darkly shaded, respectively. Significant negative values
less than —0.5 X 107 J m™2 of sensible heat flux are also shaded.

296 K and dry region of about 17 g kg ™! near the storm
center 12 h after landfall (about 0800 LST). The cor-
responding @4, distribution is shown in Fig. 9¢ and in-
dicates low values of 8, below 344 K near the landfalling
storm. There is good correspondence between this field
and observations of Powell (1987). This can be con-
trasted with values of greater than 360 K in the ocean
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F1G. 9. (a) Composite distribution near and surrounding the disturbance of land temperature, (b) low-level mixing
ratio, and (c¢) equivalent potential ternperature for the landfall case with evaporation at the potential rate and roughness
length set to 25 cm at 12 h after landfall (about 0800 LST). (d) The corresponding distribution of equivalent potential
temperature of the ocean control experiment is also shown. The shaded areas indicate relatively cool and/or dry areas.

The coastline for the landfall case is shown at 73°W.

control case, which is quite typical for observed tropical
cyclones. Miller (1964) was the first to contrast the
significant difference of low-level 8, before and after
hurricane landfall. In the present experiments, the sur-
face temperature difference between storm and sur-
roundings is more dramatic during daytime and con-
curs with observations by Bluestein ( 1989). This phe-
nomenon is caused by the moderating effect of the
cloudy canopy and is the result of the relative reduction
of the net downward radiative surface flux during the
day and its relative increase at night as discussed in
section 3c¢. In a supplementary experiment not de-
scribed in Table 1, a landfall case was performed with-

out the radiative effect of clouds. In this experiment
the cool surface temperature anomaly observed after
landfall beneath the storm at 1400 LST was reduced
2.5 K relative to the interactive clouds case. The small
diurnal variation in storm intensity after landfall as
described in section 4a (Fig. 7) is slightly enhanced in
magnitude and is more in phase with the solar heating
in the no-clouds case. Therefore, the landfalling storm
fills more rapidly at night (immediately after landfall)
and reintensifies earlier (closer to time of maximum
solar heating). To first approximation, however, the
difference in experiments with and without clouds is
rather minor with the maximum winds never being
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more than 5 m s™' different. For all landfall experi-
ments there is a gradual decrease in the precipitation
after landfall as shown in previous modeling studies,
although some regions exist with amounts greater than
20 cm 400 km inland. This can be compared to rainfall
maximum of about 30 cm before landfall and in the
ocean control case. Dastoor and Krishnamurti (1991)
have studied the sensitivity of various surface moisture
parameterizations on improving rainfall forecasts at
landfall using a specific case during the First GARP

(Global Atmospheric Research Program) Global Ex- .

periment year.

¢. Wind field

The discontinuity of low-level sustained wind speed
at the coastline has been well documented through ob-
servations (Powell 1982, 1987) and modeling ( Tuleya
et al. 1984). One may look at a swath of maximum
wind similar to that of Fujita (1980) for the idealized
landfalling experiment with WET = 1 and z; = 25 cm
and note this abrupt discontinuity (Fig. 10a). The low-
level model hurricane-force winds penetrate approxi-
mately 150 km inland, which can be compared to 132
and 230 km for Hurricanes Camille ( 1969) and Fredric
(1979). Model winds can be interpreted as analogous
to observations of sustained winds. One would antic-
ipate that surface gusts be significantly higher and may
be correlated with wind fields aloft (Powell 1982). In
this idealized experiment, hurricane-force winds at the
top of the boundary layer survive to the end of the
integration near the storm with only a gradual reduc-
tion occurring in the peak winds of 70 m s ™! at landfall
to below 50 m s ™! 500 km inland (Fig. 10b). In contrast
to simulations with topographical influences (e.g.,
Bender et al. 1987), little deflection occurs in track in
this simulation. Before landfall the storm position was
never more than 15 km from that of the ocean control
case. After landfall, the storm appears to speed up about
1 m s~ for the first 12-18 h and then decelerates. The
final 96-h position is within 40 km of that of the ocean
control case.

5. Summary and conclusions

The question of why tropical cyclones do not develop
extensively over land has been studied through a series
of sensitivity experiments with identical atmospheric
but various land surface initial conditions. The mod-
eling basis for these simulations has been made more
physically realistic through the inclusion of a bulk sub-
surface layer and radiation parameterization into the
GFDL MMM where surface land temperatures are ex-
plicitly predicted. It was discovered that an otherwise
cyclogenic initial condition for ocean conditions failed
to develop to any significant intensity for typical land
conditions, even with evaporation specified at the po-
tential rate. It was found that evaporation, the prime
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FiG. 10. (a) Horizontal distribution of maximum low-level (o
=0.995) wind and (b) maximum wind at the boundary-layer top
(o = 0.9204) during tropical storm passage for the landfall case with
evaporation at the potential rate and roughness set to 25 cm. Storm
tracks are shown with 24-h positions indicated. Shading indicates
hurricane-force winds (>33 m s™'). Land is to the west of the in-
dicated coastline at 73°W.

source of energy of tropical cyclones, was significantly
retarded, without its explicit cutoff, as has typically been
assumed in previous model simulations. In this model
the evaporation was significantly reduced over land due
to the finite heat capacity and conductivity of the soil
subsurface allowing a reduction of the ground tem-
perature beneath the incipient storm. This has the dra-
matic impact of reversing the known positive feedback
between low-level winds and evaporation in increasing
the development rate of tropical cyclogenesis. Asso-
ciated with this reduced evaporation and minimum
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ground surface temperature is a relative low-level min-
imum in 6, near the disturbance center, opposite to
that which occurs in tropical cyclones over the ocean.
It was found that the cloud canopy reduces the net
downward radiation during the day beneath the dis-
turbance but increases the downward flux at night. This
leads to the model result that the cool pool of surface
air and ground temperature in the storm core region
is largest during the day.

It was found that the thermal property of the sub-
surface (i.e., the combined effect of soil heat capacity
and conductivity) had a dramatic influence on the de-
velopment or lack of development of the tropical cy-
clone. Experiments with characteristic values typical
of soil lead to a lack of significant development, but
an experiment with a value similar to that of a mixed
ocean layer leads to a development similar to that of
an ocean control case. It was also found that the hy-
drologic cycle was different over land and ocean, with
the diurnal cycle of precipitation and evaporation more
pronounced for experiments with land conditions.
There were no dramatic impacts of the diurnal cycle
and cloud variation on the overall intensity of the dis-
turbance over land, although the large-scale budgets of
moisture and heat were affected. An interesting ocean
precipitation maximum occurred in late evening and
early morning that was negatively related to the am-
bient CAPE. The precipitation over land occurred
during late afternoon ( 1400-2000 LST) and was pos-
itively related to surface heating and corresponding
large values of CAPE.

In sensitivity experiments analogous to the all-land
cases, similar mechanisms were found active in a series
of landfall simulations. Even when evaporation was
prescribed at the potential rate, rapid filling ensued
similar to observed scenarios. Results indicated a low-
level cooling, an abrupt discontinuity of surface model
winds, and a highly impeded evaporation rate beneath
the landfalling disturbance. Variations in surface albedo
and roughness do not significantly affect landfalling
storm intensity if the surface ground temperature re-
mains artificially high for potentially wet conditions.
However, surface roughness and reduced relative wet-
ness do contribute to enhanced decay. For landfalling
simulations, it was found that precipitation and upper-
level winds were both more gradually reduced as the
hurricane moves inland. Some regions of intense
boundary-layer winds and high rainfall occur well in-
land. These results are quite realistic considering the
idealized nature of the simulations that do not account
for topographical influences or extratropical interac-
tions.

This leads to the conclusion that the rapid filling of
a tropical cyclone at landfall is due to the reduction of
surface ground temperature beneath the storm, which
is due in turn to the finite heat capacity and conduc-
tivity of the soil subsurface layer. Again, as in the all-
land case, the demise of the landfalling storm takes
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place due to the suppression of the potential evapo-
ration and the associated reduction of surface air and
land temperatures beneath the landfalling cyclone. The
present landfalling experiments tend to support pre-
vious hurricane modeling assumptions that have a
priori eliminated surface energy fluxes over land.

The results of these simulations tend to support the
GFDL MMM regional model capabilities in forecasting
and simulating situations over land when a bulk
ground-level temperature formulation and radiation
scheme with interactive clouds are included in the
model physics. Recent research has reevaluated the role
of an interactive ocean in accurately forecasting storm
intensity and track. In the future, further improvements
in ocean interaction, cloud specification, and, perhaps,
surface hydrology will be considered. In addition, the
present model simulations have also uncovered inter-
esting diurnal and cloud interaction effects that may
be important for tropical simulations of both short and
long time scales. This demands further investigation.
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