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1. Introduction

The major sink of momentum and sources of heat and moisture
are at the earth-atmosphere's interface. The vertical fluxes of
momentum, heat and moisture are, therefore, usually largest in
the planetary boundary layer (PBL), and considerable effort has
been directed toward the understanding of this relatively thin
layer next to the earth's surface. Many PBL-models of varying
complexity have been developed with the purpose of studying the
details of the physical processes in this layer alone. However,
the treatment of the PBL is also an important part of numerical
models of mesoscale or large-scale atmospheric phenomena. In
such models, the behavior of the PBL itself is often of second-
ary interest; what is required is an adequate representation of
the coupling between the PBL and the atmospheric flow in the
rest of the model.

The degree of accuracy and the detail of the PBL to be re-
solved in a dynamic model depend mainly on the characteristics
of the phenomenon to be modeled. For example, the short-range
behavior of the quasi-geostrophic waves in the westerlies may
be modeled without any representation of the PBL at all. In
long-term integrations of the general circulation, or if the
behavior of individual cyclones-and smaller scale phenomena is
being investigated, the PBL becomes more important. In some of
these latter models, the detailed structure of the PBL is un-
important and only its gross effect needs to be considered., In
others, a more detailed representation of the PBL is necessary.

2. Approaches to the Boundary Layer Modeling Problem

In most models, the atmospheric boundary layer is divided
into a surface boundary-layer next to the ground or sea surface,
in which the fluxes of heat, momentum, and water vapor are con-
sidered approximately constant with height, and a deeper layer
in which these fluxes decrease with height. In general, two ap-
proaches are possible toward the incorporation of the effects of
the boundary layer into a large-scale model, as discussed by
Clarke (1970) and Deardorff (1972b). One is to resolve the struc-
ture of the boundary layer explicitly by including several com~
putational levels within the boundary layer. The second method
is to relate the gross effects of the PBL to a number of parame-
ters derived from the dynamic large-scale mcdel. As an example
of the second approach, Deardorff (1972b) proposes a relatively
sophisticated bulk parameterization of the PBL in which the sur~-
face stress and the surface fluxes of heat and moisture vary as
functions of a bulk Richardson number which is determined from
the large-:scale model. In this scheme, an important quantity is
a time-dependent height, h, of the PBL, which is predicted ex-
plicitly.

If the detailed structure of the PBL is important in the
dynamical model, the turbulent fluxes of momentum, heat and
moisture must be resolved at several levels within the PBL. The
difficulty lies in relating these fluxes to the large-scale mean
variables that are predicted by the model. Two types of closure
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have been attempted. Most investigators have utilized first-order
closure schemes, which relate the turbulent fluxes to gradients
of the mean quantities through eddy coefficients (e.qg., Estoque,
1973) . These schemes are economical but suffer from the absence
of an accepted formulation of the diffusivities that applies un-
der general conditions.,

Recently attempts have been made at the development of
higher-order closure schemes (Donaldson, 1973; Lumley and Khajeh-
Nouri, 1974; Wyngaard et al., 1974). The closure problem in these
schemes is the modeling of the third order moments. Although the
second-order closure schemes are intellectually appealing, they
do not yet appear to be ready for use in large-scale dynamical
models. At present, the second-order closure schemes are con-
troversial, and a large number of constants remain to be deter-
mined. A practical limitation at the present is the amount of
computer time and storage necessary for these schemes. For ex-
ample, the boundary layer model of Wyngaard et al. consists of
14 equations, twice as many as normally required in a dynamical
model. Thus, in spite of the long-range benefits which may be
derived from higher-order schemes, there remains a need in nu-
merical models for simple schemes that produce results consistent
with the known behavior of the PBL.

After establishing a need for relatively detailed represen-
tation of the boundary layers. in hurricane models, we present a
simple, time-dependent model of the PBL suitable for use in dy-
namical models. Preliminary results from this model are encour-
aging, and suggest that it be tested against real data and higher-
order closure schemes as they become available.

3. The Need for Simple, High Resolution PBL Models for Hurricane
Studies

One phenomenon which is strongly dependent not only on the
gross effects of the PBL, but probably also on the details of the
boundary layer structure is the hurricane. It is in the hurricane
boundary layer that friction destroys the gradient wind balance
and produces the inflow branch of the circulation. This inflow
produces the tangential circulation through conservation of the
angular momentum, and provides the convergence of water vapor
that supports the cumulus convection. Thus, in contrast to many
other atmospheric phenomena in which the boundary layer effects
are secondary in importance, the boundary layer is critical to
the development and maintenance of the hurricane.

Tropical cyclones havz been realistically simulated by nu-~
merical models (e.g., Ooyama, 1969; Rosenthal, 1970, Anthes,
1972) . The structure of these model storms agree remarkably well
with the structure of typical hurricanes, in spite of the crude
parameterizations of the PBL, including the vital sea-air inter-
actions. However, the intensities of these model hurricanes show
an unrealistically strong dependence upon the temperature of the
underlying ocean, which supplies crucial heat and water vapor to
the storm. This may be due to the greatly simplified treatment
of the PBL employed in the models. Both the surface and the
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boundary layers are contained in a single, approximately l-km
thick layer. The surface stresses are computed from the quadratic
stress law, and the surface fluxes of heat and moisture are cal-
culated from bulk aerodynamic formulas. Under the assumptions
that the fluxes of momentum, heat and moisture vanish at the top
of the layer, the frictional fcrce and tle rate of addition of
heat and moisture tc the model's lowest layer are obtained.

Although this simple approach apparently accounts for the
effects of the PBL to a sufficient degree to obtain fairly re-
alistic model hurricanes, a number of defects in the scheme
makes improved treatment of the PBL desirable in order to more
realistically model the interactions between the hurricane and
the ocean. One difficulty is the assumption of a boundary layer
of constant height, which is determined by the choice of the
lowest computational level in the model.

In reality, the depth of the boundary layer varies both in
time and space during the lifetime of the hurricane, although
the degree of variability is not well known. A second important
defect in the one-layer parameterization scheme is the crude
dependence of the turbulent surface-fluxes of heat, moisture and
momentum on static stability, wind shear, and state of the sea
surface. In reality,these fluxes will be significantly dependent
on the details of the PRI such as the stability of the surface
boundary layer (Deardorff, 1972h). This dependence may be very
significant for the modification of hurricanes which move over
water of varying temperature, or as the ocean temperatures change
in response to the hurricane.

Finally, even if the above formulation correctly predicts
the vertically averaged properties of the hurricane boundary
layer, the details of the structure are missing entirely. A bet-
ter resolution of the strong vertical gradients of temperature,
moisture and wind is becoming more important as cumulus parame-
terization schemes are improved.

The importance of vertical resolution may be illustrated
by the variation of mixing ratio, r, with height. In the mature
hurricane, r varies from about 18.7 gm kg=l at 1000 mb to 14.0
gm kg™l at 850 mb (Sheets, 1969). In addition, the vertical
shear cf the radial {(inflow) component of the wind is a maximum
~in the PBL. Thus an accurate representation of the horizontal
water vapor convergence, which is vital to the cumulus convec-
tion, requires improvement in the vertical resolution,

In the next section, a simple model of the PBL is proposed
which appears suitable for a more realistic simulation of the
detailed structure of the hurricane boundary layer. Although de-
signed with some of the hurricane problems in mind, the scheme
is general and should he suitable for use in a wide variety of
atmospheric models,

4. A Time-Dependent Model of thoe Planetary Boundary Layer

Fcr simplicaity, oniy once Jdimens=iorn 1s considered in this
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model; the extension to two or three dimensions is straightfor-
ward by the inclusion of horizontal advective effects, as long

as the small-scale, turbulent structure of the PBL can be consid-
ered horizontally quasi-homogenous at each grid-point. The equa-
tions of motion and the thermodynamic equation then are

T
W oy oy - LT (1)
3t g D 3z
=T
W ofu -w - 22 (2)
ot Yy v p 3z
aT 19 T
B--paT 2

where the symbols have their usual meteorological meaning and
fluctuations in density have been neglected. We now consider the
eddy flux terms in the surface layer and in the PBL between the
top of the surface layer and the base of a capping inversion.

a. The Surface Layer

The structure of the surface layer is relatively well-known.
Here, the lowest 10 m of the PBL are assumed to be within the
surface layer, and the nondimensional gradients of wind and po-
tential temperature are solved from similarity theory:

— = {ln (z/z_) = ¥ (z/L) ] (4)

—— = [1n z/z - v (z/1)] (5)

where L is the Monin=Obukhov length, defined by

3
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with HO and puz being the surface fluxes of heat and momentum,
o

respectively. The functions y_ and ¢, are integrals of universal

functions ¢ and % as given by Businger (1973). Then the fluxes

of momentum and hth in the surface layer can be derived from
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The calculation marches forward in the following way. First, an
initial guess of L is estimated from the values of u, and 6'

o o
at time t_ - At, This value of L is used in (4) and (5) to esti-
mate u, and 8, at time tor which are then used to calculate an

(e} O

updated value of L. This iterative procedure continues until the
sclution converges.

b. The PBL Above the Surface Layer

Some preliminary efforts were directed toward quasi-station-
ary modeling of the PBL above the surface layer hy use of mixing
lengths which approach constant values with increasing heights
above the surface (e.g., Panofsky, 1973; p. 153). The efforts in-
cluded attempts at modification of the mixing lengths for adia-
batic cases, so that in the surface boundary layer, the behavior
of the wind and temperature profiles would be in accordance with
Businger et al. (1971).

A conceptual difficulty in this approach is that the turbu-
lent fluxes at great heights above the surface layer depend di-
rectlv and instantaneously on the surface layer characteristics,
mainly the surface heat flux. The approach failed to treat re-
alistically the effect of a capping inversion, and the behavior
of the atmosphere across and above such an inversion. Further-
more, the model predicted unlimited growth of the PBL. These re-
sults suggest that the mixing length above the surface layer
should explicitly depend on the local conditions and on the
height of the capping inversion.

We first define a mixing length, }», which is the scale of
the energy-containing eddies, by

N
ie)
<y

i

=
wl
N

’ (10)

where u, 1is the local friction velocity. We then propose a prog-
nostic equation for » based on simple intuitive ideas. In this
model, the rate of change of the mixing length is assumed to bhe
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proportional to (AS - A) where ) is the actual value of the mix-
ing length, and A _“is the value X would attain if the boundary
conditions (incluging the geostrophic wind) were kept constant
at any given time. Furthermore, the time scale for the change

of the size of the energy-containing eddies is assumed to be in-
versely proportional to the strength of the mixing characterized
by the local friction velocity u and the convective velocity,
w_, where ¢

w, = (& W hy /3 (11)
(@]

and h 1s the height of the PBL,
The prognostic equation for A is then

A= 2

A S
= . (12)
al/(uz + %f)%

Q2

ar
-+

In the work presented here, the constant a is arbitrarily set
equal to unity.

In general, ) _ will be a slowly varying function of time
and will depend on " the past history of the flow field. Here we
shall assume that

AS=.’£.?. (1 -¢ for z<h', (13)
m
)s = XB for z > h' ,

where h' (v h) is the height at which A _ equals A_, a residual
mixing length which accounts for the slfght mixi above the
PBL. When u,_or w %s relatively large, 0.25 ms ~ say, the time
scale, aA/(u% + wg)?, for eddies of a typical size of 500 m is
2000 s (for a = 1), This time scale is short compared to the
characteristic time scale of most dynamical models, and, there-
fore, it might be appropriate to simply utilize A_ rather than
» under these conditions, During the transition ffom an unstable
to stable PBL, however, when us and we may decrease by an order
of magnitude, the time scale becomes on the order of several
hours. In order to model realistically this transition period,
a time-dependent A may be necessary. Because of the minor in-
crease in computational complexity associated with the prognos-
tic equation for A, we tentatively retain it pending further
sensitivity tests.

The definition (10) of the mixing length is of course some-
what arbitrary and may (as pointed out by J.W. Deardorff in a
personal communication) lead to overestimation of the wind shear,
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especially in weak wind and strong heating conditions, Under
these conditions, it would be more satisfactory to define the
mixing length in terms of the turbulent energy, e

2 _ L oav, v
uw? = pre?|FY| = Kk |2V (14)

The expression for K_ would then be obtained from the tur-
bulent energy equation, which for horizontal homogeneity may be
written in the form

2

-+ K
Je X A _9_ _h3s _ e
=t = be’ 2 (l=]| R % Ay =7 ) (15)

where we have assumed that the dissipation rate ¢ may be approx-
imated by

e3/2
€=AT (16)
and that the divergence of the vertical flux of turbulent energy

is negligible compared to the other terms.

Neglecting the time-dependent term, %%, and using (14), we
obtain

> 2 K 5
= A"i,3/2,2 (2v " g _h 38
Kn = A 7b A (Iazl T, K, 3z ) . (17)

Under neutral cog?}ticns, K  should be given by (10), which im-
plies that b = A . For moderate wind conditions and weak heat-
ing, the shear term in (17) dominates the convective term and
the expression for K_ hecomes similar to that given by (10). In
the experiment repor%ed heie, which involves moderate wind speeds
(geostrophic wind = 10 ms™), K _ is calculated from (10). A com~-
parison experiment utilizing (17) instead of (1n) to compute Ko
showed sinilar momentum and potential temperature profiles.
Under the assumption that the stress is in the direction of
the shear, the vertical flux-terms are related to the mixing
length by



~305-

- oY = Ju
u'w Km 3z (18)
B s v
viw K. 35 (19)
aec
aec a8
where o 53 T Ve The inclusion of Ye in (20) allows an upward

heat flux in weakly stable conditions, and represents the counter-
gradient heat flux (Deardorff, 1966). Deardorff (19§6g suggests
from theoretical considerations that v_ ~ 0.7 x 107 Km ~. The
expression for Kh in (20) is derived f¥om the Kansas experiment

(Businger et al., 1971),

1.0 + 4.7 z/L , .
b T7r T 4.7 ZJT for z/L >0
) = (21)

1.35 (1 =9 z/L)
(1 - 15 z/1)L/4

for z/L < ©

The height, h, of the PBL might be chosen in a number of ways,
for example, a fraction of u,/f under stable conditions or as
the height of the capping inversion under unstable conditions.
In the present study we use the first height above the ground
at which the local Richardson number,

+ 2

_— 36 3v
Ri = 4 &= / 1Z] (22)

exceeds a critical value of 1/4,

¢. Initial and boundary conditions

The vertical temperature profile observed at 0835 CST,
August 25, 1953 at O'Neill, Nebraska, during the Great Plains
Experiment (Stull, 1973) is used to specify the initial condi-
tions for potential temperature. A nearly adiabatic layer is
capped with a strong inversion above 400 m (Fig. 6a)., The ori-
entation of the model 1is chosen such that its x-axis points to-
ward the east. The geostrophic wind components are assumed to
be u_= 10m s} and v_ = 0. The initial vertical wind profiles
of uJand v are obtained by integrating the model for four hours
keeping the height of the inversion fixed and without any sur-
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face heat flux until a quasi-steady state wind profile is reached.
The grid consists of 20 points in the vertical. The first level
is located at 0 m, the second at 10 m. Above 10 m, the levels are
located every 100 m (at 110, 210, 310 m, etc.). Since the formu-
lation of the heat and momentum fluxes in the PBL and in the sur-
face layer approach each other asymptotically, the choice of the
height of the surface layer (10 m in the present model) affects
the solution only slightly. The fluxes, mixing length, wind shear
and temperature gradients are defined at levels halfway between
the levels at which the velocity components and the temperature
are computed. At the topmost level, the wind is geostrophic and
the temperature is constant. The surface roughness parameter,

z2g, is 1 cm, and the mixing length, X, equals As initially, with
As given by (13) and A = 3 m,

The heat flux at the ground is specified by the function

0.25 sin (27 (t - t_)/24h)
W'TT = Max { (23)

-0.06 Kms .

The sinuscidal representation of the surface heat flux cycle is
limited by -0.06 K m s~l after about 12.9 h to simulate crudely
the nearly constant heat flux during the night. Sunrise (t = t,)
is set at 0635 CST. The maximum heat flux associated with this
function is about 18% of the solar constant. Amplitudes of 0.20
and 0.30 ©K m s~1 were also tested, but the value of 0.25 °%K m s
gave the closest agreement between the predicted and the observed
heights of the inversion. The value for the negative heat flux is
also arbitrary, and was chosen to test the model under stable
conditions.

-1

The model was integrated for 24 hours beginning at 0835 CST
using a forward-in-time, centered-in-space finite difference
scheme. The time step, At, was varied from 10 to 60 s, so that
Kut

Lzz

level during the entire integration. Here, K is the maximum of

or K. The 24 h integration requires about 45 s on an IBM
oyiee”

the computational criterion,

)< 0.25 was maintained at every

5. Results
a. Time-Height vVariation of Mixing Lengths

The time-height variation of the mixing length, A, is shown
in Fig. 1. After two hours of integration (1035 CST) the maximum
value of A has grown from 50 m to 200 m beneath the inversion,
The dotted lines show the "stationary" values. As more heat is
added, the inversion rises and A continues to increase helow the
inversion., In the vertical, > is proportional to kz near the sur-
face, reaches a minimum at a level which is slightly higher than
1/2 the height of the inversion, and decreases to nearly zero at
the inversion. This vertical variation is similar to Blackadar's
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Figure 1 The time variation of mixing length, A, under unstable
conditions. The dashed lines denote values of Asa
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(1962) and Shir's (1973) results for the neutral PBL. However,
because XA in this model depends on the upward heat flux through
(12), the magnitudes here are much larger than Blackadar's and
Shir's values, reaching about 1/3 of the height of the inversion.

The time scale of A in (12) is inversely proportional to the
local stress. Near the ground, where the stress is large, A ap-
proaches its stationary value rapidly. In the upper part of the
PBL, where the local stress is less, A responds more slowly. Al-
so, the stationary value of the mixing length, Agr 1s changing
at this level in response to the rising inversion height (eq. 13).

After 1835 CST the surface heat flux becomes negative and
the turbulence in the PBL begins to decay, as shown by the de-
crease of XA in Fig, 2. Because of the reduced values of stress,
the mixing length changes at a slower rate during the night than
during the day. Near the surface, X adjusts to the stationary
value in 1-2 hours, while in the upper portion of the PBL the
adjustment requires 3-4 hours. As shown in Fig. 1, the time-de-
pendent mixing length is very close to the stationary value un-
der unstable conditions, which indicates that the use of the
prognostic equation for X during these conditions is unnecessary.
However, under stable conditions (Fig. 2), the actual mixing
length differs by an order of magnitude from the stationary value,
indicating that a prognostic equation for the mixing length (Eq.
12) is important in this parameterization of the stable PBL..

, The vertical diffusivity for momentum, Kp, is plotted in
Fig. 3. The vertical profiles of resemble those proposed by
O'Brien (1970) and Agee et al. (197/3). Here, K, not only varies
with the height of the inversion but also changes with the wind
shear and stability in the PBL. The profiles show a nearly linear
increase of K; near the ground, a maximum value near 1/3 of the
height of PBL, and a rapid decrease near the inversion. The
maximum value of K varies by an order of magnitude as the PBL
changes from neutral to unstable.

b. Vertical Profiles of Stresses and Heat Flux

The profile of total stress is shown in Fig. 4. Both Dear-
dorff's (1974) three-dimensional simulations and Wyngaard and
Cote's (1974) results from a second-order closure scheme indi-
cate that the stresses in the boundary layer vary linearly with
height. The stress shown in Fig. 4 is nearly linear, but concave
slightly upward, in agreement with Shir's (1973) results for a
neutral boundary layer. ‘

The heat flux profiles shown in Fig. 5, are very close to
the idealized profile given by Stull (1973, p. 1093)., Below the
inversion, the heat flux is a linear function of height. A down-
ward heat flux occurs at the inversion. This heat flux profile
produces a rising inversion with time (Fig. 6b). The magnitude
of the downward heat flux is about 10% of the surface heat flux,
which is the correct order of magnitude (Lilly, 1968; Wyngaard
and Cote, 1974). The behavior of the downward heat flux in this
model represents an improvement over simpler K-theory models
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which produce a larger downward heat flux above the inversion
and an unrealistically large cooling above the inversion.

c¢. The Rise of the Inversion

The observed time variation of the inversion during the
Great Plains Experiment (Stull, 1973) is shown in Fig. 6a and
the variation predicted by the model is shown in Fig. 6b. The
model reproduces the rising inversion, a slightly stable lapse
rate below the inversion and a slightly superadiabatic lapse
rate near the ground. Minor differences in the predicted and
observed profile may be attributed to the arbitrarily specified
surface heat flux, the arbitrary initial conditions for A and
the neglect of other physical processes such as radiation,
horizontal advection, and synoptic-scale vertical motions.

d. Behavior of the Stable PBL

After 18:35 CST, the specified heating function becomes ne-=
gative. The magnitude of the downward heat flux and the associ-
ated low=level cooling may not be realistic because radiation
is neglected. It is mainly the long wave radiation, not the sen-=
sible heat flux divergence that is responsible for the nocturnal
cooling. However, the arbitrary specification of cooling should
be sufficient to illustrate the time-dependent behavior of the
PBL under stable conditions.

Figure 7 shows that potential temperature profile at 18:35,
20:35 and 22:35 CST. An inversion forms near the ground as the
height of the upper inversion decreases slowly. The heat flux is
downward below and weakly positive above the lower inversion.

During the day when the vertical mixing is strong, the di-
rectional wind shear is small, averaging only 2-3° over 400 m
(see Fig. 8). As the PBL hecomes stable, the winds adjust to the
pressure gradient force and the decreased frictional force. In
Fig. 8, the wind above 410 m veers toward the geostrophic wind
direction when the downward momentum transfer is reduced. The wind
below 410 m, deprived of downward momentum transfer from higher
levels, backs toward a larger cross-isobar flow angle. Figure 8
also shows a rapid change of wind direction at lower levels and
a more delayed response at higher levels.

Figure 9 shows the formation of a nocturnal low-level jet
in the stable PBL (Blackadar, 1957). The jet is mainly confined
below 400 m where the wind direction first backs due toc reduced
mixing then veers (after 2300 CST) due to Coriolis forcing. How-
ever, the wind in the surface layer decreases considerably during
the formation of the nocturnal jet. Figure 10 illustrates the
wind speeds at 10, 110 and 410 m. The wind at anemometer level
decreases by 4 m sl in the stable PBL, while the wind at 210 m
increases by 2-3 m s—1, Recently Goff and Duchon (1974) presented
results from over half a year's observation from a 444 m tower.
Although their results contain synoptic-scale variations, the
diurnal variation in wind predicted by this model is similar to
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Figure 6a Observed vertical profiles of potential temperature
during the Great Plains Experiment (Stull, 1973).
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Figure 6b Predicted vertical profiles of potential temperature
under unstable conditions,
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the observed diurnal variations of mean wind speed.

e. Vertical Diffusion of a Passive Substance

In this section the model is utilized to predict the verti-
cal diffusion of a passive substance, g, which is governed by
the equation,

wig'
g_g =-L3p ° (24)
p 0z
where
W= - (o /8002 1Y) 24 (25)

Figure 11 shows the concentration of a passive substance, q,
when the flux of g is constant at the ground. This experiment
simulates the diffusion of a pollutant from a site with a constant
rate of emission. The concentration during the "day" stays nearly
constant below the inversion as the substance diffuses upward fol-
lowing the rising of the inversion. The upward flux is limited
by the height of the inversion, and a sharp vertical gradient of
g is maintained at the inversion level at all times. After "sun-
set", when the surface heat flux becomes negative, the low-level
concentration increases rapidly under the newly formed inversion,
while the concentration in the upper parts of PBL remains un-
changed. It is often observed in the early morning that the pol-
luted layer over the urban area is much thicker than the height
of the lowest inversion. This pollution had been mixed upward
during the previous day.

Of course, in order to predict urban pollution, horizontal
inhomogeneities are important and advection must be included in
the model. However, this simple vertical diffusion model appears
to calculate the vertical turbulent fluxes in a realistic way,
and hence to have the potential for incorporation into mesoscale
dynamic models,

6. Summary

Although second-order closure schemes have considerable the-
oretical appeal, they are time consuming. Therefore, when it is
necessary to describe the PBL in some detail for the purposes of
resolving impo>rtant interactions of the PBL with a coupled dynam-
ic model, simpler first-order closure schemes (K-theories) stil?
have an important role to play. In this paper a simple model of
the PBL is proposed. The surface layer is modeled according to
established similarity theory. Above the surface layer, a time-
dependent mixing length is utilized which is a function of the
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PBL characteristics, including the height of the capping inver-
sion as well as the surface heat flux. In a preliminary experi-
ment, the behavior of the PBL agrees well with the observations
of the Great Plains Experiment.
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APPLICATION OF A MULTI-LEVEL
PLANETARY BOUNDARY LAYER MODEL
TO A HURRICANE MODEL
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I. The Hurricane Model :

The planetary bhoundary layer (PBL) parameterization of Busch
et al. (1976) is incorporated into an axisymmetric hurricane
model. The basic equations are identical to those in Anthes (1971)
with the radius and sigma as the two spatial coordinates. Kuo's
(1974) modified cumulus parameterization, in which the latent
heat released by the convective cumulus clouds is parameterized
based on the boundary layer water vapor convergence and the en-
vironment conditional instability, is used. The horizontal res-
olution is 60 km from radius 0 to 1000 km; the grid size is then
stretched from radii 1000 km to 3000 km so that the influence of
the lateral boundary conditions is reduced to minimum. There are
9 layers in the vertical with 5 layers in the lowest 1 km. Since
the basic equations are written in momentum flux form, the mass
and momentum data points are staggered in the horizontal in or-
der that the finite differencing forms conserve momentum and
mass. The prognostic and the diagnostic quantities are also
staggered in the vertical to avoid loss of accuracy through in-
terpolations.

The model is initialized with a weak vortex and a weak warm
core. The initial momentum field is in gradient balance with the
mass field. Then, the model is integrated by center in time
scheme. Before the model storm reaches steady state at 96 h, it
experiences an initial filling stage due to friction and hori-
zontal diffusion in the first 24 h, and a fast deepening stage
owing to the organized convections between 48 ~ 72 h.

II1. The Steady-State Soluticn and the PBL Characteristics

Figs. 1 and 2 show the steady-state solution of the radial
and tangential velocities, respectively. The inflow, as well as
the subgradient tangential flow, is confined in the PBL. Very
large wind shear is found at the top of the PBL where the maximum
wind speed is reached. The vertical velocity field (Fig. 3) shows
a strong and rather concentrated "eye wall" convective region.
The downward motinn prevails in most of the model domain outside
the concentrated convection area.

The relative humidity field (Fig. 4) shows high relative
humidities in the PBL and the outflow skirt, a rather humid con-
vective core, and a very dry region in the downdraft area. There
is a sharp humidity gradient across the PBL top. Since the verti-
cal mixing in the PBL tends to homogenize the mixing ratio and
the potential temperature, the relative humidity increases with
height in the PBL.

As shown by the temperature anomalies in Fig. 5, the tem-
perature in the PBL 1is nearly isothermal on a horizontal plane
and nearly in equilibrium with the ocean surface temperature,
The maximum temperature anomaly is found in the convective core
below the tropopause as the strong convective heating there
stabilizes the core region., This high anomaly is extended out-
ward as advected by the outilow., The secondary maximum in the
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downdraft region is caused by adiabatic heating, while the tem=-
perature in the lower part of the convective area remains un-
changed due to the fact that the diabatic heating is balanced by
the associated ascending motion.

The height of PBL, defined by an abrupt change of potential
temperature lapse rate as compared to those in the PBL, is shown
in Fig. 6. The height of the PBL is noticeably lifted hy the
convection near the storm center. It decreases with increasing
radius in the downdraft region, reaching a minimum of 350 m near
Y = 390 km. The height is considerably lower than those in other
hurricane models (e.g. Ooyoma, 1968; Anthes et al., 1971) where
the height of PBL is approximately 1 km by ad hoc assumptions.,
Recently, Rosenthal and Moss (1975), based on the observational
data, conclude that the PBL in hurricane reaches only 700 m, In
addition, the height of the PBL is found to be 600 m in undis-
turbed area and 400 m in disturbed area in BOMEX data (Nitta,
1975). It is suggested that the growth of the mixed layer is
hampered by the cumulus convection. Sarachik (1974) further ar-
gues that the tropical mixing layer may be as low as 400 m based
on a budget study. Therefore, we consider the height of PBL in
this present hurricane model is not unreasonable, though there
is no known direct observation in the hurricane to substanti-
ate it. . o e

The vertical diffusion coefficients, K_ and Ky, are shown
in Fig. 7. The coefficients increase with height from surface,
reaching maxima in the PBL and decreasing toward the top of the
PBL. The coefficients are larger in the convective area as a re-
sult of strong wind and wind shear. The Richardson number is
generally less than critical in most part of the PBL (Fig. 8).
The inflow angle (Fig. 9) shows a maximum of 25° outside of the
maximum inflow, Compared to the sharp wind direction change at
the top of the PBL, the inflow angles in the PBL are rather uni-
form.

The PBL in the steady-state storm is nearly in thermal equi-
librium with the ocean surface, the heat flux is weak and the
heating rate is not significant. The heat budget study shows the
total vertical eddy heat flux inside the radius of 300 km is
slightly negative. Presumably, the heat is entrained downward
from the secondary maximum of the temperature anomaly at the
downdraft region into the PBL and then advected by the radial
velocity. Figs. 10 and 11 show the momentum flux and water vapor
flux at various radii. The stress profiles feature linear vari-
ations of the tangential stress and curved cariations of the
radial stress. The curvature of the radial stress achieves its
maximum at small radii where acceleration by horizontal advec-
tion is strongest. The water vapor flux is characterized by a
nearly constant flux in the PBL and a sudden decrease at the PBL
top. The equivalent drag coefficients for momentum and for vapor
(Fig. 12) shows high values for high surface wind and the ratio
of CD/Cq ~ 0.3,
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Figure 7a Diffusivity for momentum at steady state
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III. Reaction to Changed Ocean Surface Temperature

As surmarized by Anthes (1974), the model hurricanes in gen-
eral are very sensitive to the changes of the ocean surface tem-~
perature. The change of 19C results in a 50% change of the maxi-
mum wind. In addition, the response to the changed ocean tempera-
ture takes place immediately after the temperature is changed.

The rate of change is fastest in the first few hours after the
change (e.g. Ooyamo, 1969).

Contrarily to those findings, our model hurricane shows a
rather slow response to the change of occan temperature. In ad-
dition, the rate of change from the steady state does not take
place 12-24 h after the ocean temperature is changed.

In an experiment in which the ocean temperature is lowered
by 1©C, the kinetic energy budget shows an immediate decrease of
frictional dissipation rate. The low surface wind ainng with the
develcprrent of a low level! | o vjge3t o deccupling of the storm
from the ocean surface. The water vapor budget also shows an im-
mediate decrease of the evaporation, however, the effect of this
decrease of latent energy supply is not felt in the first 6 h
after the change of ocean temperature as shown hy the fact that
no significant decrease of storm intensity iz Actected. It is
presumable that the decrease of frictional dissipation is large
enough to allow the storm to maintain its intensity for several
hours in spite of the reduction of the vapor supply. The storm
intensity is rapidly reduced 12 h after the ocean temperature
change by the decreased evaporation and decreased horizontal ad-
vection.

Various observations (e.g. Black and Withee, 76) and model
studies (O'Brien, 1967) suggest that ocean temperature is easi.iy
reduced by 1°C in 12 h by mechanical mixing under hurricane in-
fluence. The fact that the hurricanes are not weakened as they
pass over a constantly cooled ocean substantiates our finding
that the time scale for frictional dissipation to decrease is
shorter than the time scale for the redurtion in water vapor
supply to be felt. Under typical condition, tuiie iiaceusaty OL 2
fast translating huiricane may not hbe affected by the cooled ocean
surface at all.

Further experiments with a coupled ocean-hurricane model
suggest that the storm weakening is further reduced hy ocean feed-
back.

The result from an ecxperiment in which the ocean temperature
is increased by 1°9C supports our postulation that the time scale
for the frictional dissipation to increase is shorter than the
time scale for the convective heating to enhance. If the hurri-
canes remain a long period of time over warmer ocean, then the
explosive intensifications as mentioned by Namias (1973) are
possible
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