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PREFACE

This report describes the methods incorporated in a computer program
developed to provide hurricane surface wind fields. The wind fields can be
used in wave and surge modeling activities. The report also serves to
document the computer program delivered as part of the study.

The work described in this report was originally performed under Work
Unit No. 12114, "Wave Information Studies," Coastal Field Data Collection
Program. Publication of the report is funded by Work Unit No. 32683, "Wind
Estimation for Coastal Modeling," Coastal Research Program. Both programs are
sponsored by Headquarters, US Army Corps of Engineers (HQUSACE). Messrs. John
H. Lockhart, Jr., and John G. Housley were the HQUSACE Technical Monitors.

Ms. Carolyn M. Holmes of the Coastal Engineering Research Center (CERC), US
Army Engineer Waterways Experiment Station (WES), was Program Manager. Drs.
Jon M. Hubertz and Edward F. Thompson were the Principal Investigators of Work
Unit Nos. 12114 and 32683, respectively.

This study was conducted under Contract No. DACW39-78-C-0100 by
Oceanweather, Inc., Cos Cob, Connecticut, and provided to CERC on October 31,
1979. This report is the original contract report provided to CERC. It is
being published as a CERC Contract Report at this time because CERC has used
and continues to use the study results extensively to estimate wave growth in
hurricanes. This report provides an important historical basis for present
CERC practice. The hurricane wind model described in this report has recently
been modified under Work Unit No. 32683 and included in CERC's Coastal
Modeling System (Instruction Report CERC-91-1). Both work units are under the
direct supervision of Dr. Martin C. Miller, Chief, Coastal Oceanography
Branch, and Mr. H. Lee Butler, Chief, Research Division, and under the general
supervision of Mr. Charles C. Calhoun, Jr., Assistant Director, CERC, and Dr.
James R. Houston, Director, CERC.

The authors express their appreciation to the technical contract monitor
at the time the work was performed, Dr. Robert W, Whalin, and to the late Dr.
Charles E. Abel, both of WES, for their support, assistance and patience
throughout the course of the work. The authors also acknowledge the role of
the late Dr. John Wanstrath, who recognized the critical need for improved

wind field models in hurricane surge modelling, and whose intense interest
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stimulated the initiation of this research study.

At the time of publication of this report, Director of WES was Dr.
Robert W. Whalin. Commander and Deputy Director was COL Leonard G. Hassell,
EN.
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CONVERSION FACTORS, NON-SI TO SI (METRIC)

UNITS OF MEASUREMENT

Non-SI units of measurement can be converted to SI (metric) units as follows:

Multiply By
degrees (angle) 0.01745329
feet 0.3048
knots (international) ’ 0.5144444
miles (US nautical) 1.852

To Obtain

radians
metres
metres per second

kilometres



A UNIFIED PROGRAM FOR THE SPECIFICATION OF HURRICANE BOUNDARY
LAYER WINDS OVER SURFACES OF SPECIFIED ROUGHNESS

PART I: INTRODUCTION

Statement of Problem

1. Specification of the wind velocity and vector wind stress near
‘the sea surface in tropical cyclones is required for the description of
ocean surface phenomena (such as ocean currents, the storm surge, and
surface gravity waves) related to such cyclones. Dynamical-numerical
computer-based models to describe such phenomena continue to be developed:
for example, the work of Jelesnianski (1970) and Wanstrath et al., (1976)
on the open coast surge, Forristall (1974) on currents, Cardone et al.
(1976) on waves, and Wanstrath (1978) on the surge, including coastal
flooding.

2. In most studies very simple descriptions of the hurricane wind
field have been used to drive very complicated ocean response models.
This disparity has hindered'further refinement and validation of ocean
response models and has limited the defemsibility of climatological se-
ries, design criteria, and like results based upon the application of
such models. The lack of near-surface wind measurements in hurricanes
serves as an excuse for applying simple wind modelsﬁ in fact, the most
widely applied empirical model, discussed below, of surface marine wind
distribution in hurricanes is calibrated against wind measurements made
in a lake during the passage of a single storm.

3. In recent years, however, great progress has been made in our
understanding of the basic physical and dynamical characteristics of
tropical cyclones, including the part of such storms relevant to this
discussion: the planetary boundary layer (PBL). Further, a series of
measurement programs, both public and private, employing offshore oil and
gas production platforms, automated data buoys, and low-flying aircraft,

have made available a wealth of data on wind structure in the PBL in




tropical cyclones.

4, Cardone et al. (1976), exploiting this recent progress, devel-
oped a method for specifying the surface wind field in hurricanes over
the ocean by applying a dynamical-pumerical model of the PBL in hurri-
canes. The method, requiring as input only a description of the surface
pressure field and specification of storm motion and latitude, has been
used to model the surface wind field in nearly every major hurricane to
affect the Gulf of Mexico or the East coast of the United States in the
past decade (Camille, 1969; Delia, 1973; Eloise, 1975; Belle, 1976). At
least one representative series of wind measurements over water was avail-
able in each of those storms to validate the method for the intended en-
vironment (open water) and the intended parameter (time—avepaged winds
at a specific height). Those studies confirm that the model is able to
give a convincing numerical representation of how friction, latitude,
storm motion, and the shape and intensity of the sea-level pressure pat-
tegn in a severe storm interact to produce an asymmetrical vertically
integrated flow in the PBL. The model, however, includes an empirically
based scaling law to relate the integrated boundary layer wind to the
effective 19.5 meter level wind. Further, the surface stress distribu-
tion in the numerical solution has not been validated.

5. The purpose of the study reported here is to generalize the
method so that it can be applied to specify surface wind and wind stress
in hurricanes in a self consistent way not only over the open sea but
over waters typical of the near-shore environment, over inland bodies of
water (lakes), and over terrain of varying roughness in general (e.g.
open marshland, dense forest, cities). Such a capability is required
for the application of surge models which treat the open-coast storm
tide and inland flooding of coastal areas (e.g. the Mississippi delta
and Lake Pontchartrain area) or those applied to surge studies of large
inland bodies of water (e.g. Lake Okeechobee).

6. The goal of this study was the development of an efficient
algorithm, implemented as a computer program free from proprietary con-
straints, that can be used to specify hurricane-generated surface winds

and wind stresses, in historical storms or hypothetical storms, from the



kind of meteorological information available for historical storms.

Review of Prior Methods

7. Considered theoretically, the problem of surface wind specifi-
cation in tropical cyclones is to solve the basic equations of hurricane-
scale circulation, subject to appropriate initial and boundary conditioms.
As a part of the system of equations, consider the primitive equationms
of motion in cylindrical coordinates » , A , 2 , with origin at the
center of the cyclone, for u and v , the (horizontal) tangential and

radial components of the wind:

2
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where w is the vertical component of the wind and the Tt's are the
radial, tangential, and vertical eddy stresses of the tamgential and
radial velocity components.

8. Lack of knowledge how to solve equations (1), in particular
lack of knowledge how to specify the éddy stresses, has until rather re-
cently prevented a straightforward application of the primitive equa-
tions to the study of tropical cyclones. Practical demands, however,
dictated the development of surface wind models as early as the late
1940's and the early 1950's. Even today the most widely applied method

for wind specification derives from a procedure first published in a se-




ries of reports of the U.S. Weather Bureau, Hydrometeorological Sectiom,
during the 1950's. This method, hereafter referred to as the HP (Hydro-
meteorological-Parametric) method, may be considered a three-parameter
method: it requires knowledge of only three quantities related to a
storm's structure, to specify the entire areal distribution of surface
wind.

8. The basic steps involved in the HP method are the following:

a. Assume that the sea-level pressure distribution in a trop-
ical cyclone is symmetric; specify pressure as a function
of radius r ,

p(r) = p_ + tpe™V7

where P, is the central pressure (at the eye), Ap is

a storm pressure anomaly, and R is a scale radius relat-
ed to the radius of maximum wind.

b. Compute the profile of gradient wind as a function of
radius: this step basically solves the u equation of
motion for the steady-state, frictionless, locally hori-
zontally homogenous solution:

2
u
r_ 129
L A &

c. Attempt to compensate for neglect of all other terms by
reducing the gradient wind to the equivalent wind over
water at 10 meters, using a reduction of the form

u /ugr = F(r/R)

10
where F varies from .865 at the radius of maximum wind
to about .60 at the periphery of the storm.

d. Add asymmetry to the storm by vectorially adding 50% of
the storm's forward motion V., to the right side of the
storm and subtracting 50% frag the left side.

e. Partition the reduced winds into tangential and radial
components by specifying an inflow angle that is a func-
tion. of r/R alone; in effect, this step attempts to com-
pensate for the neglect of all physical effects contained
in the v equation of motion.

10. The function F was derived from pressure and wind measure-
ments made in and around Lake Okeechobee, Florida, during the passage of

two hurricanes in 1949 and 1950; in fact, the constant .865 was chosen



from measurements in that single storm deemed more representative.

11. An attempt to solve by graphical means a less simplified ver-
sion of equations (1), proposed by Myers and Malkin (1961), was applied
to the determination of the wind field in hurricane Helene, 1958, by
Schauss (1962). The study of Myers and Malkin (1961) was the first to
demonstrate the dynamical inconsistencies in the HP method, especially
the fallacy that superposition of storm motion on a circularly symmetric
wind field can produce the right/left asymmetry observed in hurricanes.
Schauss (1962) represented the eddy stresses in terms of friction coef-
ficients which in turn were estimated indirectly from sea-level pressure
analyses and ships' wind observations in hurricane Helene. An important
element of Schauss' study was the realization that the pressure field
about tropical cyclones is not axisymmetric. Schauss varied Ap and R
by quadrant; he found that he could reliably estimate the quadrantal
variation from conventional coastal measurements and marine pressure data,
even though Helene remained offshore, east of the East coast of the
United States.

12. The method of Myers and Malkin and Schauss is not, to our
knowledge, in use today; the HP method, however, is in widespread use in
design studies, climatological studies, and real-time forecast systems.
Variants of the HP method are described by Patterson (1972) and
Bretschneider (1976); the latest version is documented in Memorandum

HUR7-120, Hydrometeorology Branch, Office of Hydrology, NOAA.

Relevant Recent Research

13. Much of our current basic knowledge of the structure, dynamics,
and énergetics of tropical cyclones has been generated only within the
past 10 or 15 years. This progress is a result of two factors: first,
an extensive data base has been created as a result of the program of
reconnaissance by NOAA research aircraft begun in the late 1950's; sec~
ond, models of the tropical cycione, based upon numerical integration of
the primitive equations, have provided new insight into the basic dynam-

ical and thermodynamic processes operative in tropical cyclones.




14, As a result of analysis of the reconnaissance data, the gen-
eral distribution of pressure, wind, and temperature throughout the free
atmosphere above the friction layer in the inner core of hurricanes has
been revealed. Shea and Gray (1973), for example, composited all air-
craft data obtained between 1957 and 1969, and derived the distribution
of the mean tangential and radial components of actual winds at various
levels including the 900 mb level, the level closest to the boundary
layer. Their analysis suggested that at that level, the asymmetry in
the tangential component exceeds the forward motion of the storm, and
that the radial (inflow) component is not symmetrically distributed
about the storm axis, as is assumed in the HP model.

15. In the area of numerical modelling, at least a dozen distinct
prognostic models have been developed since 1964. Anthes (1974) summa-
rized numerical models down to about 1972, several of which continue to
be further developed today. Changes have been mainly in the use of in-
creased horizontal and vertical resolution and in parametrizing the ef-
fects of cumulus convection.

16. Models of the prognostic type are designed to study the dy-
namics and energetics of tropical cyclones, to expose the mechanisms of
hurricane formation from incipient tropical disturbances, to study the
sensitivity of the tropical cyclone to boundary conditions at the lower
boundary ( in particular sea surface temperature), and to assess the
prospective influence of various proposed schemes for artificially modi-
fying such cyclones (e.g. cloud seeding near the eyé wall). Such models
typically can not be used directly to specify the distribution of surface
wind or wind stress-in hurricanes, because the models suffer from rela-
tively low horizontal resolution, crude parametrization of the boundary
layer, and time~-dependent integration schemes: in fact, the models were
designed not as diagnostic tools, but rather to describe the evolution
of tﬁe circulation from an arbitrary set of initial conditioms.

17. Recently there has been greater emphasis on the boundary lay- -
er of tropical cyclones in hurricane research: this is because the
boundary layer is an important dynmamical component of the total circula-

tion in cyclones; additionally, much of the new knowledge gained within
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the past decade about the structure of the surface and planetary bound-
ary layers of the atmosphere over the sea can be profitably applied to
the boundary layer in hurricanes. Elsberry et al. (1974) obtained real-
istic solutions for the temperature and moisture distribution within the
boundary layer of an axisymmetric storm by applying the marine PBL model
of Cardone (1969), originally developed for application to the extra-
tropical atmosphere. More recently, Moss and Rosenthal (1975) estimated
the vertical exchange rates of momentum, heat, and cloud mass in the
boundary layer of hurricanes by combining the boundary layer model of
Deardoff (1975) with the roughness parameter formulation of Cardone
(1969). Anthes and Chang (1978) used a new parameterization of the
Planetary boundary layer in an axisymmetric numerical hurriqane model :to
study'the response of a hurricane boundary layer to changes of sea sur-
face temperature.

18. In this study, a diagnostic model of the hurricane PBL, de-
veloped originally by Chow (1971) and applied later by Cardone et al.
(1976), is modified to produce a consistent description of the verti-
caily integrated wind in the PBL, the surface drag and the wind speed
and direction at anemometer height in a moving hurricane with asymmetric
horizontal wind distribution over water. Equilibrium PBL theory is used
to extend the surface wind description to terrain of specified roughness.
The wind model is incorporated in a computer program to provide a grid-
ded temporal and spatial history of the surface wind for use in surge

models.
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PART II: THE HURRICANE PBL MODEL

Review of Chow's (1971) Vortex Model

19. As time dependent numerical hurricane models have been ex-
tended to three dimensions, it has become necessary to find efficient
numerical schemes of solving the primitive equations on the high resolu-
tion grids required and to give more emphasis to the asymmetry of plan-
etary boundary layer flow. The latter is important because frictionally
induced convergence in the boundary layer (Ekman pumping) is an impor-
tant mechanism in organizing moist convection and triggering the insta-
bility responsible for the development of tropical cyclones. Those re-
quirements served as the principal motivation for Chow's study.

20. Chow's model concerned the planetary boundary layer (PBL) on-
ly and sought the solution for the wind field and horizontal convergence
in the PBL of a moving tropical cyclone from the equations of moétion.
The pressure field in the boundary layer was prescribed and fixed, so
that there would be no gravity waves excited in the numerical solution.
This facilitated the use of a nested grid system, which allowed grid
spacings as small as 5 km near the hurricane inner region without sac-
rifice of overall computational efficiency.

21. The model is based upon the equation of horizontal motionm,
vertically averaged through the depth of the PBL, written in coordinates
fixed to the earth as

A
a

dv % lﬂl.
+ flK x V = - -v + Ve( VV) - -—-V v
at | P KH (2)
where d -2 + .
i AL
0

37 is the time change locg% to the fixed coordinates; V the two-
dimensional del operator; V the vertically averaged horizontal vel-
ocity; f the Coriolis parameter; |k the upit vector in the vertical
direction; p the mean air density; p the pressure; K, the hori-

zontal eddy viscosity coefficient; Ch the drag coefficient; h the

12



depth of the planetary boundary layer. It is assumed that the vertical
advection of momentum is small compared to the horizontal advection and
can be neglected and that the shearing stress vanishes at the top of the
PBL.

22. The pressure is prescribed as the sum of P, and T ;

P=p,+7
where P, » DOt necessarily axisymmetric, is the pressure field repre-

senting the tropical cyclone and assumed to translate with the storm at
a specified speed ;; ; and P is a large scale pressure field zpich may

be specified by the corresponding constant geostrophic flow, Vg , as

e 1 —
flK"Vg=--5-VP (3)

With this pressure specification, equation (2) may be written:

-~

- ~ iy ~ C A A
dav > T - 1 *> - Dy
Tt ElKx (v - vg) = -5+ Y (KoY - & [v]v %)

With respect to a moving Cartesian coordinate system (x , y) whose
origin is located at the moving low center of Pe » equation (4) is

transformed into

P c -> -+
av + _ 1 . > -_ll-r +
Ft ElKx (V- vg) == Sp +T(GVV) - ¢ !v+vc|(v + V)
where
d _ ,9 >
at (at)c vy
(-a—) -—?—-}--v’-nv

V=9V-V
c

V=V -V

g g c
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-
-
V is now the horizontal wind relative to the low center; Vg the effec-

tive geostrophic flow relative to the low center; and (_8_) the time

at’c
change local to the moving coordinates.
-23. Chow solves equation (5) in component form
du
¥=fv—Au-Pu+Hu—Fu (5a)
v _
3% ° -fu - Av - Pv + Hv - Fv (5b)
where
Ju du
Au = UE"*'VW
av v
Av = w5 3y
Y
Pu= fv +21-°S
g P 3x
3P
Pv = -fuy +1..C
g ay

Ju 9 Ju

Hv

ov, o v
EE(KH -a-;)""a—i(KH -a-;)

C
Fu= 2 [Cu+u)?+ (v vc)zf"”(u +u)
(6a)

o
Fv = -ER [(u + uc)2 + v + Vc)2];§(v + vc)

(6b)
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24. The general formulation is completed with the specification

of the form of CD R KH and the boundary condition at the outermost
boundary of the grid. Following Smagorinsky (1963)

K, = 2::‘2(-2‘5)2 | Def|
vwhere lDefI is the total deformation, A is the mesh size and «k is

a non-dimensional constant (x = ,4 is assumed). The drag coefficient

was assumed to increase linearly with wind speed

3

= (0.5 + 0.6 |7]) x 10 (V inm/sec )  (7)

At the outermost boundary of the grid, the acceleration and the horizon-
tal diffusion of momentum are neglected, implying a balance between

Coriolis force, pressure gradient force and the surface frictional force

¢
- -> _ 1 D > >
£lKk x (V - Vg) = - =vp_ - VT I+ 7))

25. The computational grid is a rectangular nested grid
system consisting of five nests, within each of which the mesh is con-
stant. Figure 1 shows the inner three nests in one quadrant of the grid
system; if the mesh size of the innermost nest is say 5 km, the second
through fifth mesh sizes are 10 , 20 , 40 , and 80 km respectively,
and the entire grid covers an area of (1600 km)2 .

26. The details of the finite difference formulation and of the
computational scheme are given by Chow (1971) and will not be repeated
in detail here. Basically, a combination of diagonal and ordinary up-
stream differencing is used for spatial derivatives in order to reduce
compufational errors in the calculation of the advection terms and at
the intermesh boundaries. The computation starts with an initial guess
field consisting of the gradient wind components (computed from p.,) .
At each grid poinmt, the equations (5) are integrated forward in time
until the acceleration (aﬁ/at)c is tolerably small. For an innermost

grid mesh of size 5 km, the time step is 60 sec. Chow found that 800
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iterations (equivalent to 13 hours 20 min) were sufficient to achieve a
steady state solution.
27. Chow studied the accuracy of the numerical scheme by obtain-

ing numerical solutions for a frictionless (KH s CD = 0) stationary

0) vortex in gradient balance. The pressure field was axisymmet-

->
v,
ric and defined by the well known exponential pressure law
-Rp/T '
= P (8)
P, = P, * Ape

where P, is storm central pressure, Ap is the storm pressure anomaly,

RP is the scale radius and r is the radial distance from the eye.

For the test storm ( 4p = 50 mb, R = 40 km ) , the

truncation error decreased with the spacing of the inner nest mesh size.
For a spacing of 5 km, the numerical solution for the radial and tan-
gential components is compared to the analytical gradient-wind solution,
which of course contains only a tangential component, in Figure 2. It
is seen that the truncation error appears only in the radial component
and serves to introduce a small inward-directed radial component.

28. TFigure 3 shows the integféted boundary layer wind solution
found by Chow for the same test storm but with friction, storm motion
(10 m/sec) and a steering gradient of 10 m/sec aligned with the mo-
tion. The pattern is remarkably realistic, at least qualitatively, and
displays considerable asymmetry in both speed and direction. In several
sensitivity experiments Chow deduced that, at least for the test storm,
friction and storm motion effects combine non-linearly to produce a
strongly asymmetric inflow pattern. Storm motion is primarily respon-
sible for front-back asymmetry in wind speed, while the asymmetric pres-
sure field in the steering-flow case is mainly responsible for the left-
right asymmetry in wind speed. These characteristics of the hurricane
PBL wind field were proposed much earlier by Myers and Malkin (1961) on
the basis of graphical integration of a vector equation of motion sim-
ilar to equation (2), without lateral friction, but including both tan-

gential and normal vertical friction forces.
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A Consistent Surface Stress Parameterization

The model of Cardone et al. (1976)
29. Cardone et al. (1976) adapted Chow's model in order to spec-

ify hurricane surface winds in historical storms. While Chow's model
provided a good qualitative description of the PBL wind field, Cardone
et al. found it necessary to modify the model in several ways in order
to attain good quantitative agreement between the modelled winds in real
hurricanes and the limited amount of measured wind data available.

30. The model calibration rested mostly on the wind record mea-
sured on an oil rig directly in the path of Camille, 1969; at the time,
this wind trace was believed to be the only existing accurate wind rec-
ord representative of the surface boundary layer over open sea in a well-
documented extreme hurricane.

31. The first modification made was to generalize the storm in-
but parameter specification scheme adopted by Chow. The 3-parameter
scheme, requiring only AP , R, and gc , Wwas retained; as was the u-
parameter scheme, which adds an ambient geostrophic (Vé) pressure gra-
dient directed normal to the storm track, a so-called steering flow. A
S-parameter scheme allowed the angle between the storm track and the am-
bient gradient to be varied. Finally the option to specify Ap and R
in equation 8 by storm quadrant was added, providing up to an 11-param-
eter scheme. The motion and pressure parameters, along with storm lat-
itude, completely defined the integrated boundary -layer wind solution
for a given storm.

32. The calibration against Camille data, and to a lesser extent
Carla wind direction information, involved two major modifications. to
the model. First, it was necessary to modify the boundary layer depth
formulation. Chow had assumed a constant depth of 1 km. In the modi-
fied version, the depth was allowed to increase toward the storm center
from a minimum depth of 1 km at the storm periphery to nearly 2 km
in the vicinity of the eye wall of intense storms. This modification
primarily affected the directional properties of the integrated boundary-

layer wind solution.
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33. Second, since the model was needed to drive a wave prediction
model which required wind data at 20 meter elevation, the wind speed
calibration incorporated a scaling law to reduce the integrated boundary-
layer wind to 20 meters. The law was found to be dependent on wind
speed, with low winds reduced only slightly and winds of 50 m/sec
reduced by about 60%.

34. The modified vortex model has been applied to the specifica-
tion of the time history of surface winds in many historical storms
(Ward et al., 1979) and in many recent storms which have affected the
U.S. coast (Cardone and Ross, 1977; Ross and Cardone, 1977; Cardone and
Ross, 19878). Since most hurricanes are not strictly in steady state
(though the calibration storm Camille was remarkably so), a wind time
history in a given storm is interpolated from several characteristic
states computed from the vortex model; on the implicit assumption that
there is a rapid mutual adjustment between the wind field and pressure
field in hurricanes. The simulated storms all included some direct PBL
wind data measured from offshore platforms, data buoys or aircraft. The
model appears to provide a good surface wind description for a fairly
wide range of storm types.

Shortcomings

35. Recent theoretical and field studies of the structure of the
PBL in hurricanes have revealed several shortcomings in the modified
model described above. First, with regard to the depth of the PBL, the
evidence now suggests a much lower height than 1-2 km as assumed above.
Moss (1978) studied the PBL turbulence structure from aircraft measure-
ments for a peripheral portion of Eloise,1975; the data support a PBL
height of about 650 meters. _

36. Moss and Rosenthal (1978) estimated PBL variables in two in-
tense storms by applying Deardoff's (1972) PBL parameterization scheme
to bulk data to compute the surface exchange coefficients. Cardone's
(1969) relation for the roughness length was used and found to provide
drag coefficients in reasonable agreement with previous estimates. The
calculation included the estimation of the PBL depth under the assump-
tion that the top of the PBL coincides with the cloud base, which was
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taken as the lifting condensation level of surface air. Figure 4 shows
the PBL depth calculated for the storms studied. A depth of 600-700 me-
ters characterized both storms except near the eye wall where the depth
lowers to about 500 meters. Finally, Chang (1977) -added a PBL parametri-
zation of contemporary formulation to a time dependent multilevel prim-
itive-equation model and derived the radial distribution of the PBL
height in both steady and unsteady cyclones. Figure 5 shows that in the
steady-state hurricane the depth varies between 380 and 450 m with
the PBL height lifted slightly near the eye wall. The PBL height was
not found to exceed these heights significantly in the several unsteady
cases studied.

37. Another inconsistency in the model results from the retention
of the drag law, equation (7), used by Chow. That law is actually in-
tended for use with marine wind data at standard height (10 m). Since
the drag coefficient decreases with increasing height in the PBL, the
use of (7) with vertically integrated winds implies overestimation of
the surface drag. In addition, new evidence (Figure 6) for the behavior
of the 10 m drag coefficient; C4o » @t sea reported by Garratt (1977)
supports a Charnock -type roughness law

z = auz (9)

where z, is the roughness parameter, uj is friction velocity and g
is the gravitational constant. The Charnock constant a proposed was
.0144 though the value is sensitive to the value assumed for the Karmén
constant in the PBL model applied.

38. The scaling law adopted by Cardone et al. (1976) apparently
compensates for the shortcomings noted-above, at least insofar as the
specification of the 20 meter wind speed in concermed. However, the
computed surface wind is not comnsistent with the surface drag, which it-
self is likely to be incorrect. The integrated boundary-layer wind
therefore is also likely to be in error in a given storm and is not suit-
able for the extension of the model solution to surfaces of arbitrarily

specified roughness as required in this study.
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33. In the next section, a revised PBL parameterization is adopt-
ed and shown to provide an accurate and consistent PBL wind and stress
representation within the vortex model.

The revised PBL parameterization.

40. A new framework for parameterization of the fluxes of momen-
tum, heat and moisture in the PBL has been developed within the past de-
cade, beginning mainly with the work of Blackadar and Tennekes (1968)
and Zilitinkevich (1969). The parametric relations result from the
matching of mean profiles of wind, temperature,and moisture predicted by
surface and outer-layer similarity theories for a PBL in which the flow
is assumed to be horizontally homogeneous and quasi-stationary.

41. A particularly convenient form of the parameteri;ation, first
proposed by Deardoff (1872), expresses the PBL fluxes in terms of layer-
averaged mean PBL properties. Deardoff's parameterization, combined with
Cardone's roughness parameterization, was found by Moss and Rosenthal
(1977) to provide reasonable results for hurricanes. The parameteriza-
tion adapted here is taken from Arya's (1977) update of Deardoff's
scheme.

42. The general form of the parametric relations may be written

% =-(Inz_ +4) (10a)
% = - B_sign f (10b)
k(B - 8)/6x = - (ln z_ + C) (10¢)
k(g - io)/q* =-(Inz_+D) (10d)

where u and v are the vertically integrated (as in equation 5) hori-
zontal wind components (in the direction of the surface shear and per-
pendicular to it, respectively), 6, and q are the mean layer virtual
potential temperature and specific humidity, respectively, 20 is the
roughness parameter normalized by the PBL height (zo/h), k is von

Karman's constant, 6 is a potential temperature scale expressed in

20



terms of the heat flux H, q, is a specific humidity scale involving
the moisture flux, and Am s Bm s Cm , Dm are universal functions of
dimensionless similarity parameters.

43. The Monin-Obukov length L may be expressed in terms of

6y and u; since

) 39V0C U 26
“Us -Us” Bv
L = - E S ——
keH go% (11)

44, There exist two competing theories for the form of universal
functions. In one theory, known as Rossby-number similarity theory, the
boundary layer height is uniquely determined by u,/f and L . For
the near neutral hurricane PBL, that theory predicts the PBL to increase
as the ratio u, /f increases toward the center of storms, in apparent
contradiction to observation.

45. In the generalized theory, the depth of the PBL, h , is
specified as an independent variable. Arya (1977) presents updated ex-
pressions for the similarity functions in terms of this generalized

theory as follows:

hy: . £h
A_ = 1n(- 39+ In L1+ 1.5
fh  .2h/L
B =1,8 —e
m ux 21_2 (12)
c_ =1n(- h/L) + 3.7 (unstable)
A = -.96(h/L) + 2.5
B_ = .80(h/L) + 1.1 b L (19)
r_"‘?
C_ = -2.0(h/L) + 4.7 (stable)

For near neutral conditions, -2 < h/L < 2, Am s Bm ’ Cm are assumed
to be given by linear interpolation between the above computed values at
h/L = 2.

46. In terms of the similarity relations (10), the drag coeffi-
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cient with respect to the integrated PBL wind is
k2
2

C, = - i
[(in 2, * Am) + Bm ]

d

(14)

while the angle B8 , between the surface wind and the integrated PBL
wind is
B = tan (v/u) (15)

47. To incorporate the similarity theory in the hurricane model,

two cases were considered:

a. Land. In a PBL over land, the following parameters are

prescribed: £, z, > h , ev - 90 . The parametric
relations then define the following functions
-3
¢y = £, (V) _
d 1 f,zo,h,ev 60 (16)
B =

-
= F (}v]) _
2 f,zo,h,ev o, @amn

b. Water. Over water, the roughness parameter is not known
but can be expressed in terms of u#x through a
Charnock- type relation (equation 9) or the form proposed
by Cardone (1969). The parametric relations can then
be solved for

>

e
[

-
= F,UVDg,n,e -6, (19)

48. Arya (1977) gives solutions graphically only for the condi-
tion fh/u £= 1 in which case C 4 and B can be expressed, for a
given latitude, in terms of z, and a bulk Richardson number. In this
form, the theory is an updated version of Deardoff's scheme, which did
not include dependence of Am s Bm ’ Cm , Dm on fh/u, . In general,
however, fh/u, or z, are not known a priori; equations (10-15)
are solved by iteration starting from an initial guess on u, -

49, In order to avoid the prohibitive computational expense of
solving equations 10-15 iteratively at each grid point within the numer-

ical vortex model, the assumptions are made that over water the air-sea



temperature difference and boundary layer height can be considered to
be invariant over the domain of the storm. In view of the preceding
discussion on h , this appears to be a reasonable approximation. Ex-
cept for hurricanes crossing major ocean-current boundaries, the assump-
tion of horizontal homogeneity of ev - eo also seems reasonable, es-
pecially for Gulf of Mexico and lower U.S. East Coast hurricanes.
Little is known about the characteristics of the PBL in hurricanes over
land. However, given the high level of turbulent mixing there in hur-
ricanes, it is reasonable to assume that an adiabatic lapse rate is
established and that at least in the near - coastal zone, the boundary
layer depth is close to that assumed for the over-water case.

50. Given the above conditions, the parametric relations F1 s
F2 ’ PS s Fu can be found once for a given storm by iteration, and
expressed in terms of tables. In practice, the upwind and crosswind
drag coefficients, the ratio. u*/|3| and the angle, B8 , between the
surface wind and the integrated wind are computed for IVI = 0.8(.8)80
m/s and tabled. Values for intermediate wind speeds are found by
linear interpolation.

Test results for the general parameterization

51. The behavior of the over water drag coefficient for typical
hurricane conditions (ev - eo =-2°C, h=650m, f£= 10‘4) according to
the general parameterization is shown in Figure 7. The over water cases
are computed for two separate values of the Charnock constant: .0i44 and
-035. ' The former value was recommended by Garratt (1977). However, in
this model, k = .35 , to be consistent with the Arya formulation, and
a = .035 provides a better fit to the 10 meter drag coefficient mea-
surements analyzed by Garratt. The drag coefficient for the land case
is for a roughness parameter of .08 m , a boundary layer depth of 650 m
and neutral stability. For comparison, Figure 7 also includes the form
adopted by Chow,

52. While it is reasonable to expect the new theory to yield drag
coefficients lower than equation (7), the magnitude of the decrease and
the form of the wind dependence seen was surprising. The revised param-

eterization was tested in the numerical vortex model with the Camille




inputs used in the study of Cardone et al. (1976). ‘The revised solution

was referred to 20 meters by solving

v, o= 3% 9 (22

20 k 4 )
e}

where u, and z  are determined by the numerical model, since for
typical hurricane conditions, stability effects can be neglected in the
surface layer.

‘53. Tigure 8 compares the new solution and that derived by
Cardone et al. Clearly, the general parameterization is underestimating
the surface stress and therefore the surface wind. The difficulty with
the general Arya formulation was traced to the dominating influence of
the scale-height ratio fh/u, on the similarity variables. This param-
eter was added by Arya mainly to describe the relative influence of the
Coriolis force in an Ekman-type layer over a wide range of latitudes.

In a hurricane, héwever, the parameter varies over two orders of magni-
tude because of the variation of u, over an extreme range (typically
0-200 cm/sec) over a short distance. Considering the highly curved
nature and spatial inhomogeneity of the flow in the hurricane PBL, that
parameter is apparently irrelevant. Its influence was controlled there-
fore by restricting the solution to fh/u, = 1.

54. The results of restricting the scale-height ratio to unity
were dramatic. The revised dependence of drag coefficient on
wind speed is shown in Figure 7 and the revised 20-meter wind profiles
in Camille, for two boundary layer heights (h = 650, 325 m) are shown
in Figure 8. The comparisons of modelled and measured wind speeds at
Rig S0 in Camille for three PBL heights are shown in Figure 8. In the
range of h = 325-650 m, the new theoretical calculation fits the mea-.
surements as well as the calibrated solution of Cardone et al. (1976).

Properties of the over-water solution

55. The final PBL parameterization chosen for the over-water case
consists of the Arya (1977) parameterization, with the scale height
ratio restricted (fh/u* = 1) and with the crosswind drag term retained

both in the calculation of the surface stress in the numerical solu-
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tion and in the derivation of surface-layer wind direction from the in-
tegrated boundary-layer wind direction. The Charmock constant, a , is
assignable as is the value of k . However, since a value of k of .35/
is consistent with Arya's model, an a of .035 provides a better fit to
Garratt's (Figure 6) drag coefficient data than the value suggested by
Garratt.

56. The properties of the new over-water hurricane wind model so-
lution are most directly seen in the relatively simple case of a sta-
tionary, symmetric vortex. The .solution may then be compared more
readily to the gradient wind. This is done in Figure 10 for a station-
ary symmetric vortex with the scale radius (Rp = 12 n.mi)* and pressure
anomaly (Ap = 105 mb) of Camille. Note that the comparisons are only
made at and outside the radius of maximum wind, since inside that radi-
us, truncation errors remain fairly large for a small storm such as
Camille,

57. The vortex model predicts integrated PBL winds which are
supergradient within a radius of about 3 x Rp . The 20-meter winds,
however, vary from 75 to 85% of the gradient wind. The surface inflow
reaches a maximum of 25° at a radius of about 5 x Rp and decreases
sharply at the eye wall. These features are entirely consistent with
those deduced by Shea and Gray (1973) from composited low level aircraft
data in hurricanes. Cbmparisons of modelled and measured winds over

water in several recent storms will be presented in a later section.

Numerical Experiments over Mixed Terrain

58. The similarity PBL theory as modified above may be easily ap-

plied to the specification of C. and B8 in the hurricane PBL over

. D
land. TFor a neutral PBL, the revised theory predicts that CD and B
are functions only of 3z° . For h of 500 m, some typical values of
Cp (B) are 1.78%x10- (13.6°) for z = .04m and

-3
2.5Ux10 (16.3°) for z_ = .16 m.
‘59, The revised theory was tested in two ways. First, the nu-

merical model was solved for the steady state wind field in a stationmary

* ]
A table of factors for converting non-SI units of measurement to SI
(metric) units is presented on page 4.
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symmetric intense hurricane situated entirely over homogeneous terrain.
While this case is unrealistic, it was intended to provide an indica-
tion of the sensitivity of the numerical soclution to a greatly increased
drag. Second, the solution was sought for the more realistic case of an
intense hurricane situated at the coast with terrain of homogeneous
roughness under the northern half of the storm and open sea beneath the
southern half. The storm was stationary since only in such a case

is the numerical model, formed in a moving coordinate system,

rigorous.

60. Solutions typical of both cases are shown in Table 1 where
they are compared to the open-sea solution discussed above. The cases
were run with symmetric stationary Camille inputs. The all-land case
returned a symmetric solution as expected. The case shown is for
z, = .08 m, which is typical of open, level, countryside with low vege-
tation. Within about 200 km of the eye, the integrated PBL wind is
found to be larger than the open-sea case, though surface winds are
slightly lower. The inflow angle is about 50% greater than the open-sea
solution. In effect, the increased surface drag results in a more in-
tense vortex for a given pressure field, reflecting the well known dual
role of friction in tropical cyclones. In nature, decreased evaporation
is largely responsible for hurricane.decay over land, and rapid decrease
in PBL winds. ‘

61. Two typical examples of the mixed land/sea solution are shown
in Table 1. The solutions in these cases were quite asymmetrical. In
general, the solution over-land matched quite closely the solutions
found in strictly over land cases for comparable z, - However, over -
water, the solution departed significantly from the reference over-water
case. In particular, for all values of land roughness attempted, the
PBL winds over water downwind of land increased to values above the all-
water case, thus causing the formation of a distinct wind maximum in the
left rear quadrant (with respect to north) of the storm.

62. In Table 1, the vertically integrated winds over sea in the
mixed land/sea solution are taken along a radial extending south from

the storm center. For a land zo of .04 m the maximum wind over water
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Table 1

Comparison of over water, over land, and mixed terrain radial wind speéd

profiles in vortex model numerical solutions for a stationary, symmetric

storm with pressure profile parameters Ap = 105 mb, Rp = 12 n.mi., and
modified (fh/Ux = 1) Arya (1977) similarity PBL parameterization.

Over land Half land/sea Half land/sea

Over water z., = ,08m z,. = .0Obm Zg = .32m
B +° > © - -+ -
R Vg v Vog  _|V] Vog |Vlsea |V]|land |V|sea |V]|land
800 6.9 7.2 7.2 7.3 5.1 7.3 7,3 7.4 7.3

400 20.6 20.2 19.7 18.6 13,0 20.3 19,0 20,3 17.5
200 42.3 1.2 34.9 37.8 26.5 41,5 38.7 41.8 35.5
100 66.5 67.0 53.5 64.5 45,1 69.0 64,7 70.4 61.0
50 90.7 94,2 72,7 97.2 67.9 100.2 91.7 104.9 88.6
40 97.6 102.4 78.3 108.1 75.5 110.0 99,3 116.9 85.1
30 105.2 108.4 82,4 116.9 81.7 116.7 io4.6 129.n  98.9
20 111.2 112.,5 85,2 117.0 81,8 116,9 109,6 133.9 103.5

Explanation of table:

R radial distance from hurricane center (km)
Vg magnitude of the gradient wind
-
jv] integrated boundary layer wind speed
YZO 20 meter wind speed

]VIsea in mixed terrain solution, the over-sea values are taken
from radial over sea extending out from eye (at coast)
normal to coastline.

->
|v{land as above except radial extended over land

All wind speeds are expressed in knots.
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is increased about 5% over the all-water case, and about 15% for a land
z, of .32 m. Even greater increases were found in the left rear quad-
rant. A similar experiment for actual Camille inputs (not shown) led to
comparable results, showing an unrealistic speed maximum in the left
rear quadrant, whereas the nominal over-water Camille solution displayed
a8 maximum in the right hand quadrant.

63. It is difficult to explain the precise cause of the anomalous
model behavior in the mixed -terrain case. Test cases were run with
modified over-land drag laws derived from Rossby-number similarity theo-
ry but no change in the basic structure of the solution was noted. The
solution was verified to be steady-state in trial integrations carried
out for 1600 rather than 800 iterations of the vortex model. Indeed,
the behavior might be attributed to the basic model formulation, which
forces a steady state solution unrealistically. However, in an experi-
ment with a three-level, three-dimensional nested-grid numerical model,
reported by Moss and Jones (1978), behavior similar to that found here
has been seen in a simulation of an intense hurricane approaching the
coastline. In their integration, it was noted that as the hurricane
approached the coastline, even though the sea-level pressure in the
storm began to rise, a transient wind-speed maximum greater than found
in the all-water control case was established over water on the landward
side of the vortex and extending to the left side of the circulation
(looking down the track toward land).

64, Moss and Jones attribute the anomalous behavior of the wind
field near landfall to changes in the pressure field induced by greatly
increased inflow in the part of the wind field over land. In our sim-
ulation, however, the anomalous behavior is present even though the pres-
sure field is fixed. More likely, the behavior is caused by the simpli-
fied treatment of the PBL vertical structure and the neglect of boundary-
layer-adjustment processes which occur on vertical scales of the order
of the depth of the PBL and on horizontal scales of the order of the
grid spacing.

65. Basic knowledge of the behavior of the PBL flow across

discontinuities in roughness is in a remarkably inchoate state.
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The theories fall into two classes: (1) those which treat surface bound-
ary layers only (e.g. Elliott, 1958); (2) those which treat the Ekman
layer as a whole. Nearly all the available field data are restricted to
the former case: there is considerable evidence that upon crossing

a change in surface roughness, the wind profile is modified from below
as a new (internal) boundary layer grows in thickness at a rate which
depends upon stability and roughness. As a crude rule, the new bound-
ary layer is established to a height given by one tenth the distance to
the upwind change in roughness. If we were to extend this rule to the hur-
ricane PBL, whose height is typically 500 m, we would expect the flow to
adjust within 5 km. However, the more general Ekman-layer adjustment
theories (e.g. Taylor, 1969) suggest a more complicated process, in
which the wind-speed profile near the surface adjusts rapidly as in the
surface-layer theories, but in which the surface stress, the turbulence
structure and the wind direction take much longer (by nearly an order of
magnitude) to attain equilibrium with the new surface. The theory and
scant available data (Jensen, 1978) suggest also that the process is not
symmetrical with respect to roughness transitions with the adjustment
from rough to smooth conditions taking place at a slower rate than

from smooth to rough. - It appears therefore that the basic process of
PBL adjustment in hurricanes needs to be better understood before the
simulation of PBL flow across discontinuities within numerical hurri-

cane models can be improved.

Equilibrium Theory Terrain Transformations

Empirical Evidence

66. The numerical experiments described above indicated that the
numerical model could not of itself provide reliable wind fields over
terrain of arbitrary roughness. This raised three questions:

(a) are fetch:.effects near roughness discontinuities impor-
tant enough to be accounted for empirically in the
specification of surface winds in hurricanes?

(b) can over-land PBL winds be prescribed from the over
water numerical solution?
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(¢) are winds over lakes such as Pontchartrain and
Okeechobee different from winds over open water, apart
from fetch effects, other factors being equal?

67. Extensive empirical studies of the effect of fetch on winds
over water downwind of the coastline have been reported by Richards
et al. (1966) and Phillips and Irbe (1976), who processed large data
sets obtained around and in the Great Lakes. Both studies employed the
same analytical method. Extensive series of simultaneous surface wind
measurements from coastal land stations and downwind ships and buoys
were paired and stratified by wind speed, fetch, and stability. Both
studies employed the same fetch and stability classes. The stability
was parametrized by the temperature difference (land air minus lake
water).

68. The problem of concern here is the adjustment of the surface
wind over a shallow inland lake of the dimensions of lakes Pontchartrain
and Okeechobee (fetch < 40 n.mi) in hurricane conditions. The latter
are characterized by winds > 8 m/sec and near-neutral stability. The
data of Phillips and Irbe, and Richards et al., in those wind-speed and
stability categories are plotted in Figure 11. Clearly, up to a fetch
of at least 40 n. mi., no significant trend with fetch is evident in the
wind-speed ratio (over-land : over-water). The ratio tends to be
slightly larger for the more recent study, because the over-water winds
in the recent study were measured at 3 meter height while in the study
of Richards et al. the anemometer height was 10 meters. Since the first
fetch class covered the range 0-5 n.mi., the implication is that the
wind speed over the lake in the indicated classes and at heights up to
10 m attained equilibrium with the lake surface within the first few
miles of the coast. This behavior is consistent with the height-to-
fetch ratio of 1:10 noted above for surface layer adjustment.

69. It should be noted that, in both of the studies cited, a de-
pendence of the wind ratio on fetch is proposed. The dependence however
appears mainly in data from low wind speed (< 8 m/sec) classes and very
stable or unstable stability classes. The fetch dependence therefore
probably is caused by an adjustment of the turbulence in the PBL due to

changes in stability rather than in surface roughness and is therefore
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not likely to be important in the hurricane environment.

70. An interesting corroborative piece of evidence has been pro-
vided recently by remote sensing data. The Seasat mission has proved
that the marine surface wind speed as might be measured at 10 m height
from say a data buoy, can be measured by a radar scatterometer to an ac-
curacy of 1 m/s or better. The radar backscatter cross-section of the
sea surface (op) therefore appears to be mainly dependent on surface
stress and wind speed (Jones et al. 1978). Ross and Jones (1978) re-
ported several aircraft experiments in which a scatterometer was flown
directly downwind off the U.S. East Coast in moderateiy strong offshore
wind conditions. The 0, measurements were plotted'versus fetch
(Figure 12), beginning within 1 km of the shoreline. There was found to
be no fetch dependence at least to 40 km offshore, which suggests that
the surface stress, the friction velocity, and the surface wind speed
adjusted quickly to the surface roughness.

71. The above studies all suggest strongly that the adjustment
scale for near-surface wind speed in strong-wind, near-neutral condi-
tions is a few kilometers at most, which is a small distance compared to
the dimensions of lakes Okeechobee and Pontchartrain. A dependence of
wind speed on fetch may therefore be omitted. The situation with regard
to yind direction is not as clear. There are no comparable field data
for the adjustment of PBL wind direction across a roughness discontinuity.
The available theories suggest a much longer adjustment scale. In the
adopted scheme, no fetch-dependent adjustment for wind direction is
incorporated; however, the.case is allowed whereby the wind speed ad-
justs to the lake roughness immediately while throughout the lake, the
wind direction is computed in accordance with the roughness of the
terrain surrounding the lake (subroutine BREEZE/SPECIAL). This is
correct if the adjustment scale for wind direction in the PBL is larger
than the lake dimension. Field measurements are required to test this
hypothesis.

72. Apart from fetch considerations, the surface winds over a
large lake in hurricanes might be different from equivalent over-ocean

winds because of differences in the surface roughness between a lake and
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. Trsl .3, the drag coefiicient over a lake might be different

[ (7]
[}
{1

open
.o ni the crag ccefficient over open sea, particularly for uniformly

-t .ilecw lakes in which the surface wave structure can be expectec tc
differ significantly for a given wind from deep-water surface waves.
Unfortunately, the correct drag formulation for a shallow lake is much
less certain than for the sea. Whitaker, Reid and Vastano (1873) have
inferred a drag law for Lake Okeechobee which is quite different from
the form proposed by Garratt. The scheme adopted below therefore in-
cludes the allowance for the specification of over-lake winds relative
to an altered lake specification of surface roughness.

The Transformation Model

73. In this section a simple model is proposed to derive the sur-
face wind and stress over terrain of arbitrary roughness from the numer-
ical wind-field solution computed exclusively from the revised over-
water drag formulation.The approach is to employ equilibrium PBL theory
tc reiate the over-water integrated PBL wind to the flow at the top of
the PBL and then to employ 2 consistent equilibrium model to compute the
surface wind stress from the wind at the top of the PBL for terrain
(including iakes) of arbitrarily specified roughness. The model pro-
posed assumes that the PBL over land or inland lakes in a hurricane is
neutrally stratified.

74. The transformations are cderived cuite simply from consider-
ation of the alternate forms of the similarity FBL theory adapted in
this study. To parameterize the surface drag in the numerical vortex mod-
el we applied equations 10a and 10b which relate the stress to the inte-
grated PBL wind. Altermatively (Arya, 1977), the surface drag may be
referenced to the wind at the top of the PBL s Vg :

EEE

s (in z, + A) (20a)
kvh
‘E; = -~ B sign f (20b)

or to the surface geostrophic wind components
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u*=--(lnzo+A)
kv, « . B sign f
o
Uy

As noted by Arya, A, and B may be expected to differ from A and B
due to the presence of baroclinicity and also in very low latitudes
where winds are strongly geostrophic. In hurricanes, baroclinicity in
the PBL may be ignored, but the flow at the top of the PBL is more
nearly in gradient balance. The effects of curvature on A , B have
not been studied, but the success achieved with the similarity PBL the-
ory in the over water case suggests that such effects are not large. In
this model, differences between A , B and Ao , Bo are ignored.

75. The relationship between As B and A , B is given
by Arya (1977) as derived from the equations of mean motion for a baro-
tropic atmosphere in which the momentum flux is assumed to vanish at
z="h:

b
"
>

m ° (21a)

B =B -
m o]

x

(£h/u,)"? (21b)

For the restricted case of fh/u, = 1 , which we have adopted only for
the purposes of attaining a workable parameterization, it can be shown
simply from equations 10, 20 and 21 that the flow at the top of the PBL,
z =h , is related to the vértically integrated flow through

uh = u (228)

Vh TV T Us (22b)

In the coordinate system adopted (see Figure 13), Vo is negative, u,

is always positive so the wind speed at the top of the PBL is always

larger than and turned clockwise (in the Northern Hemisphere) with re-
-

spect to the mean layer wind V .
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76. Given the wind at the level h , the consistent similarity
theory defined by equations 20a and 20b may be solved for the surface
stress and surface layer wind in a neutral PBL over terrain of specified
roughness z, - For a neutrally stratified PBL, Ao and Bo are re-
duced simply to constants (1.39, 1.95 + k, respectively). If z, is a
constant, as say over a homogeneous land surface, u, may be obtained
directly from equations 20a and 20b. However since over a lake, the
roughness probably depends on u, , z, may in general be prescribed in

terms of u, using the general form proposed by Cardone (1969).

! 2
2z, = Ciu* + C2 u, + C3 (23)
where C, » Cyos C, are constants to be chosen to impose a desired drag
law. (For example, for a Charnock law, C1 = 03 =0, C,= a/g ; for
land, C1 = C2 =0, C3 is the roughness parameter for the terrain
type).

77. The implementation of the above model in the specification of
hurricane surface wind fields over terrain of arbitrary roughness or
lakes is coded asAsubroutine UPDOWN, which allows for the calculation of
transformations for up to six terrain categories, for each‘of which

roughness constants C1 , C2 s C. have been specified. The procedure

3
followed is:

a. Given the integrated boundary layer wind u , v and
the conditions of a given hurricane over water
(h , 6, - 6, » £,k , @) compute u, from the revised

over water similarity parameterization.

b. From equations 22a, 22b, compute the wind speed and
direction at level h , the top of the PBL.

c. Tor each terrain roughness, specified in terms of equation
23, use the neutral similarity model (20a, 20b) to com-
pute the friction velocity appropriate to the terrain
roughness, Ugy the ratio u*tllzl , and the angle be-

tween the surface stress and the integrated wind. The
rgﬁio and the turning angle are computed for
|v|] = 0.8(.8)80.0 m/sec, for each roughness category and

stored for use in the specification of surface winds in
a given simulation over a grid covering different terrain
types.



78. The overall behavior of the transformations is exemplified in
Figure 14, which shows the ratio of surface wind speeds at 20 meters
(over-land # over-sea) and the difference between the over-land and
over-sea inflow angle for two terrain roughnesses: .Oum, .32m. For
~ comparison, Figure 14 shows the results for the wind-speed ratio derived
from numerical mixed-terrain and over-water solutions for a symmetric
stationary vortex (radius and pressure drop as in Camille). To arrive
at the indicated quantities, the surface wind speed and direction along
a radial extending north of the eye over land in the mixed terrain case
was referenced to the (symmetrical) solution along the radial for open
ocean. It should be recalled fhat in the mixed-terrain solution, the
wind field over land looked quite reasonable. Apparently, that solution
can be retreived quite simply from the over-water solution using the
equilibrium model described above. It is also interesting to note that
the form of the dependence shown in Figure 14 conforms quite closely to
the empirical wind-speed ratio derived from measurements in hurricanes
in and around Lake Okeechobee (U.S. Weather Bureau, Hydrometeorological
Section, 1954).

Results for Test Storms

79. In this section, the results of calculations of the entire
history of the surface wind field in selected hurricanes are checked at
measurement locations at which representative surface wind measurements
are available. Indeed, the storms were chosen because over-water wind
measurements and, in some cases, representative over-land wind measure-
ments were available, and because extensive analyses of storm pressure
and track characteristics had been performed in previous studies. Re-
sults are presented for hurricanes Camille, 1869; Betsy, 1965; Delia,
1973; Belle, 1976; Anita, 1977; and the Lake Okeechobee (L0O) storm. of
1948, Comparisons against over water winds are made in Camille, Delia,
Belle, and Anita. A limited evaluation of over-land and over-lake winds
in Camille and the LO storm is made. Finally, sample results for Betsy

are presented without comparison against measurements, as no represen-
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tative measured winds over land or lake are available in that storm.
Camille

80. Hurricane Camille played a crucial role in the calibration of
the method developed by Cardone et al. (1976), because at that time, the
wind trace in Camille from Rig 50 was deemed to be the only extant rep-
resentative over-water wind trace in an intense hurricane. Indeed, the
empirical law developed by Cardone et al. to scale integrated boundary
layer winds to standard anemometer height was based largely on that wind
trace. In the present scheme, the assignable model parameters are
Physical quantities related to fundamental properties of the planetary
boundary layer model (PBL height, stability, roughness parameter formu-
lation). Also, the method provides the wind speed as might be measured
at any height in the constant-stress surface boundary layer, which in
hurricanes may extend to a height of at least 50 meters.

81. The comparison of measured and modelled wind speed at Rig 50
at meaéurement height in Camille is shown in Figure 15. The agreement
is at least as good as that achieved by Cardone et al. (1976). Results
for two boundary-layer heights are shown. The numerical solutions dif-
fer little, except near the eye, where the lower height (h = 500 m)
matches the peak measured wind better. This may reflect the fact that
near the eye of intense hurricanes, the PBL height lowers slightly.
Since the solutions differ little outside the eye, it is perhaps prudent
to use @ PBL height of 500 m in simulations of strong storms in the Gulf
of Mexico,

82. To generate modelled surface-wind time histories at land
sites requires knowledge of the roughness parameter representative of
the terrain. Typical z, values for various terrain types have been
given by several workers (e.g. Figure 16 after ESDU 72026, 1972). The
roughness parameter is very sensitive to the terrain type within a few
kilometers of a given measurement site, and therefore often varies sig-
nificantly with wind direction at a site.For the sites at which winds
have been measured in the selected hurricanes, the roughness parameter
has not been determined experimentally. We therefore depict modelled

time histories covering a reasonable range of roughness parameters at
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- 1..o 7 lanc sites. Also, with the exception of the lakefront compar-
“n in Camille, ccmparisons are restricted to only those measurement
.’es &t which the anemometer was recorded on strip chart, from which 30-

minute-average wind speed and direction could be extracted.

83. TFigure 17 compares measured and modelled winds at Keesler
Air Force Base, Biloxi, Mississippi. The anemometer at Keesler is
mounted 16 feet above the runway surrounded by fairly level terrain but
with the coast less than a block away to the southeast. The anemometer
measured winds up to the time of eye landfall at 0000 CDT. Measured
wind directions support an over land trajectory up to about 2300 CDT and
an over water trajectory thereafter. The modelled wind history for z
o< .it m, compares favorably with the measurements up to 2300 CDT; after
which the measurements agree better with an equivalent over-water his-
;2vw {alsc shown in Figure 17). Modelled wind direction is generally
wivhir 70° of that measured.

2%, The anemometer at Burwood CGS, Southwest Pass, is in a com-
Dlex ervirorment, with at least some influence of land to be expected,
especially fcr wind directions between northwest and northeast. The
wind comparict-=s in Figures 18 and 135 show  better agreement in wind
directior. for an assumed over-water exposure. For wind speed, however,
over-land histories agree better, but the effect of a shift in wind
direction to an off-water direction (1800-2000 CDT) can ciearly be seen
in the measured wind speed.

85. Since fetch effects are no: btuilt intc the present model, the
Burwood and Keesler comparisons present worst-case examples of limita-
tions of the present scheme. Nevertheless, the results appear accurate
enough Tor specification of over-land winds in the coastal 'zone.

86. An important function of the present model is to specify
winds over Lake Pontchartrain in hurricanes. The scheme adopted in-
cludes the provision for the specification of winds over the lake dif-
ferent from winds over open water in two ways. First, surface wind
speeds may be computed relative to a z, specified for lakes which dif-
fers from the Charnock law assumed over water. Second, the program

accomodates the condition, discussed earlier, whereby the surface layer
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wind speed and stress are assumed tc adjust to the lake roughness on
length scales small compared to the lake width, but the PBL wind direc-
tion is governed by the roughness of that terrain upwind of the lake.

87. There is virtually no data on the roughness properties of
Lake Pontchartrain. Whitaker, Reid and Vastano (1873) have deduced a
drag law for Lake Okeechobee which differs substantially in level and
wind dependence from equation €. Their form was fit to equation 23, and
was used to provide test wind histories at measurement sites around and
in the lakes in the test simulations. (The form of equation 23 does not
provide a particularly accurate fit to the odd form proposed by Whitaker
et al., but is within about 20% over the range 10-50 m/s.)

88. The model was used to specify surface wind speed at the loca-
tion and measurement height of Lakefront Airport, New Orleans, in
Camille, for both water and lake roughness laws (Figure 20). The wind
direction was computed for the water zg and for the special case de-
scribed above, assuming an upwind terrain roughness of 1 m. Observed 1-
minute hourly surface winds from the airport station are also plotted.
Quantitative comparison of wind speeds is not warranted because the mea-
surement is poorly averaged and the measurement site may not be repre-
sentative of over-lake conditions. The reported wind directions should
be more representative; the comparisons there suggest that there may in-
deed be a larger inflow angle for winds over Lake Pontchartrain in hur-
ricanes than returned by the nominal over-water or over-lake transfor-
mation. Higher quality measurements in the lake in storm conditions are
required to verify this possibility.

89. TFigure 20 also shows the wind speed over downtown New Orleans,
at 85 feet, calculated with a z, of 1 m. Time-averaged measured winds
are not available for comparison.

Delia

80. Forristall et al. (1977), using the method of Cardone et al.
(1976), ran a simulation of hurricane Delia in order to produce a wind
field as accurate as possible, permitting the simulation of the surface

wind and current at Buccaneer tower, offshore of Galveston, Texas. Thus



the storm parameters and track were adjusted, within their range

of uncertainty, to produce best agreement between measured and modelled
winds at the tower. Those storm -parameters and track were used, without
alteratiocn, as input data to the present scheme and the wind field was
computed. The boundary layer height was specified as 500 m.

91. The comparison of measured and modelled wind speed and direc-
tion in this storm is shown in Figures 21 and 22. The agreement in wind
speed and direction is generally excellent, except for about an 10-20°
excess of inflow in the modelled wind directioms. Slight alteration of
the input parameters and track of this poorly organized highly erratic
storm would probably have provided even better agreement.

82. The wind and wave fields in hurricane Belle have been mod-
elled by Cardone and Ross (1978), using both the methods of Cardone et al.
and simpler parametric schemes. Belle moved rapidly up along the east
coast. As it did so, the central pressure rose sharply and the eye di-
ameter increased. This storm, therefore, provides a critical test of
the present method, which simulates such time changes in terms of a
series of steady-state numerical solutions.

93. The center of Belle passed directly over two NOAA data buoys,
one EB15 located offshore South Carolina; the other, EB41, located east
of New Jersey. As for the Delia simulation, the storm input parameters
and storm track determined by Cardone and Ross (1979) was used without
alteration to drive the present model. Four steady-state solutions were
utilized to attempt to accomodate the rapid changes in storm intensity,
shape and speed.

84, The modelled and measured time histories are compared at sen-
sor height at EB15 and EB41, in Figures 23, and 24. Agreement is gener-
ally excellent. The departure between modelled and measured wind direc-
tion early in the EB41 history is related to the presence of a frontal
trough of low pressure which was located off the New Jersey coast and
which distorted the pattern of isobars in the forward quadrants of the

storm.
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Lake Okeechobee Storm of 1849
95. The Lake Okeechobee storm of 1949 has been the subject of much

past study. It is particularly important because winds were measured
over the lake with calibrated anemometers mounted at 10 meters height.
The wind data had been reduced to 10-minute averages by the Hydrometeo-
rological Section, U.S. Weather Bureau. For the comparisons shown in
this study, the data were reduced further to 30-minute averages, to be
more consistent with the implied averaging interval of modelled winds.

96. Storm input parameters were specified as objectively as pos-
sible from the data published on this storm. While there is consider-
able storm data from the lake stations, there remains some uncertainty
in the precise storm track; particularly east of the Florida coast and
as the storm recurved northwest of the lake. There is also some uncer-
tainty in the filling rate. In our simulation, no filling is applied
until just after the eye of the hurricane has crossed the lake. Storm
pressure input parameters "(p_ = 954 mb, R = 22 n.mi.) prior to the fill-
ing stage were taken directly from Graham and Hudson (1960), while the
steering flow was estimated from historical Northern Hemisphere Surface
Analyses. The four-parameter (Apc s R,V Vg) pressure initial-
ization scheme was adopted since the storm appeared to translate in the
direction of the steering flow. There did not appear to be sufficient
data in this storm to estimate Ap and R by guadrant. Storm track
was taken from published track charts, though it is not clear whether
the track relates to the pressure center or the center of surface wind
circulation.

97. Surface winds were measured reliably at two locations within
the lake, stations 14 and 16, shown in Figure 25. The same figure shows
the path of the storm schematically. Surface winds were computed for
two roughness categories: (1) the over-water Charnock law; (2) the
roughness specification, equation 23, with constants consistent with the
Lake Okeechobee drag law of Whitaker et al. (1973).

98. Measured and modelled winds at the lake stations are shown
in Figures 27 and 28. The histories cover the period from about 8 hours

before the occurrence of maximum wind on the lake, at which time the



storm center was between Nassau, Bahamas and West Palm Beach, Florida,
and the 8-10 hour period after the occurrence of maximum winds, when the
storm was filling rapidly and recurving northward over central Florida.

99. The wind speed comparisons show that in general the lake
roughness histories compare better with the measurements then the over-
water specification. There is one serious discrepancy between modelled
and measured wind speeds: this occurs over a two-hour period just after
the occurrence of maximum winds, when the modelled winds show a signi-
ficant drop before rejoining the measurement history. The measurements
also show a drop but to a much lesser degree. The double maximum sug-
gests that the stations "entered" the eye briefly on the western side
of the hurricane and that this affect was accentuated in the simulation
perhaps because the offset between the wind circulation center and the
pPressure center was larger in the numerical model than actually occurred.
Another possibility is that the pressure field in this storm was simply
more cqmplex than could be described by three parameters.

100. The modelled wind directions agree well with measurements
at Station 14 in the forward quadrant of the storm and at Station 16 in
the rear quadrant of the storm; otherwise systematic departures of
20-40° are evident. The sense of the discrepancy is that there is less
inflow than modelled in the forward quadrants and more inflow than model-
led in the rear quadrants, over the lake. Frictional effects associated
with the presence of roughness boundaries are not.as likely to be the
cause of systematic effects of this nature as are differences between the
actual large scale pressure field in this storm and the one simply
modelled.
Betsy

101. Hurricane Betsy served to test the complete history program,
including the specification of surface wind fields over a rectangular

high resolution grid, each hour, throughout a 24-hour history run. In-

put data and sample output fields are included in Appendix C.
102. As a part of the test, surface wind histories were calculated

at several locations around Lake Pontchartrain. Figure 28 displays

sample wind histories for Lake Pontchartrain at Lakefront (open water
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roughness), Lake Pontchartrain at Lakefront (Whitaker et al. lake rough-
ness), New Orleans Moisant Airport (zo = ,16 m) and the U.S. Weather
Bureau Office city office, New Orleans (zo = 1 m). No attempt is made
to compare these calculated histories to measurements.

103. Hurricane Anita was one of the most intense hurricanes of
historical record to cross the Gulf of Mexico. The storm formed in the
east central Gulf of Mexico on August 28, 1977 and moved west-southwest-
ward into Mexico on September 02, 1977, sparing populated areas from its
fury. Anita passed about 50 n.mi. north of NOAA buoy EBO4 on the 30th
as a poorly organized but deepening tropical storm and about 10 n.mi.
south of EB71 early on September 01. As the storm moved past EB71, it
was much better organized and undergoing explosive development. The
general path of the storm and the time history of central pressure are
shown in Figure 29.

104, Four steady-state solutions were generated for Anita,
corresponding to the storms' parameters at the times indicated in Figure
29. The radius to maximum wind in Anita contracted from 30 n.mi at the
time of the first solution to 15 n.mi., at the last solution. The four
solutions were used to interpolate winds in space to the buoy locations
over a 48 hour period.

105. The modelled wind series at the locations of the buoys are
compared to the winds measured at 20 meter height in Figures 30 and 31.
At EBO4, the agreement is surprisingly good considering the poorly orga-
nized nature of the storm during the period shown. Agreement is
generally very good also at EB71. As suggested by the Belle test, the
steady~-state model provides reasonably good simulations even when applied

to storms undergoing rapid changes in intensity and structure.
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PART III: THE COMPUTER PROGRAM

Program Deseription

. The program task which produces tropical storm wind histories
at specified locations is divided into two main programs. The first,
SNAP, produces snapshot wind fields on a nested grid and writes them on-
to an output data file from which the second program, HIST, obtains
nested-grid wind fields for each hour of the storm's history, using
linear interpolation if necessary. HIST then gets and prints the wind
history at each measurement station specified, and, if requested, writes

the wind history for a different grid onto an output data file.

The programs were written in Fortran V and were run on a
UNIVAC 1108 computer. Each snapshot takes approximately 6 minutes of
computer time, and execution of program HIST usually takes less than 3
minutes. Some mass storage is required, the amount varying with the
number of snapshots, the number of interpolations between snapshots, the
length of the history, and whether or not winds are to be interpolated
to an output grid; 250,000 words is sufficient for most storms. Substi-

tution of tapes for mass storage is possible, but efficiency would be

decreased.
. Program SNAP is composed of:

MAIN - Together with its subprograms, produces
one or more snapshot wind fields on a
nested grid according to card input
specifications. It prints the computed
winds and writes them onto an output
file, and it optionally prints corre-=
sponding pressure fields and initial
guess winds. MAIN itself reads all in-
put cards, calls subroutine CCROSS which
sets up tables, calls BLOWUQ which con-
trols computation of the winds, and
writes the final snapshot wind fields
onto the output file.

SUBROUTINE AANGEL - Converts grid components (UN , VN) of
integrated wind to speed (VTN) and di-
rection (ANG) for all points of the
21 x 21 x 5 wind grid. In addition, if



the switch variable I20 # O , AANGEL
reduces the speed (VIN) to a height
of 19.5 m; TWIST, the necessary correc-
tion to ANG, is computed by interpolat-
ing the array TURN; ux is computed by
interpolating the array UXV containing
ux/V, ; anemometer wind is computed from
ux (called UXX in the code) by the
usual logarithmic profile.
Arguments: input, typing implicit

I20: Flag, if non-zero winds are

reduced to 19.5 meters.

SUBROUTINE ABCC - Computes Arya's Ap , By , Cp (called
AM , BM , CM in the FORTRAN program)
and UV , the square of the integrated
wind speed, all as functions of the
friction velocity wusx . This is passed
in common from CCROSS at location
UX(K123) , where K123 =1 , 2 , or 3
at various stages of the iteration. The
code is slightly more general than need-
ed in the hurricane model, catering for
unstable, neutral, and stable wind pro-
files (indexed by the sign of HL ). 1In
computing Ap .and By , the ratio
fh/ux is taken equal to unity.

SUBROUTINE BLOWUQ - Controls computation and printing of all
output on the nested grid. It is called
once for each snapshot wind field.

SUBROUTINE CCROSS - Computes the upwind and crosswind drag
coefficients, the ratio u4/Vp , and the
angle between surface wind and integrat-
ed wind, for all Vp = 0.8(0.8)80.0 .
Values for intermediate Vp are linear-
ly interpolated when required (lines
72-83 of COMQUT; lines 27-37 of AANGEL).
The computation implements Arya's theo-
ry. The numerical method is an initial
guess at u#% , followed by an iterative
series of corrections by inverse inter-
polation. The iterations proper, and
the computation of Arya's Ap , By , Cp
take place in subroutine ABCC.

SUBROUTINE COMQUT - Solves equations which determine the fi-
nal wind fields on the nested grid. Ffor
each snapshot, COMQUT is called as many
times as specified in input NAME3., At
each calling a grid level is specified,
and computation is done on that level



SUBROUTINE GRAD

anG all finer-meshed levels only, so
that wind computation on the innermost
nest only is computed NM times.
Arguments: input, typing implicit
LEVEL: Input 1 $ LEVEL S 5
Grid distance is doubled at
each increase of LEVEL. Compu-
tation is done on all grid
levels < LEVEL.

Computes the radial an? tangential gra-
dients 3P/3r and r-° 3P/36 of an
exponential pressure field and converts
them to rectangular gradients  3P/8x
and 3P/3y . :

Mathematical Method:

1., Compute polar coordinates
(r , cos 6 , sin 8) of the
21 x 21 x § grié pcints.

2. Convert direction cf track to
radians,

2. Convert forward speed to meters
per second.

4, Compute x- and y- components of

forward speed. The method here
divides into two cases: circularly
symmetric pressure field (JA(6) = 0)
and quadrantal pressure field

(JA(8) # 0) .
A: Circularly symmetric pressure
field.

The governing eguation

P =P+ AP exp (-R/r) (

b g

)
yields on differentiation
3P/3r = APRr~2 exp (-R/r) .

5. Convert R to kilometers.
6. Compute P .
7. Compute 3P/3r , 3F/3x , 3P/3y .

B: Quadrantal pressure field.

AP , prescribed in four quadrants,
is expanded as the trigonometric
polynomial
a +a, cos 6 + a, sin 6

o - 2

+ [a3 cos 28]

and then smoothed by removing the




10.

11.
12.

bracketed term, R 1is similarly ex-
panded and smoothed. Substituting
these trigonometric polynomials in
(*) yields

P = Po + (ao + a, cos )

+ a, sin 8) exp (- + b, cos 8

+ b2 sin 8]/r)

and the radial and tangential gra-
dients

aPlér =(a_ + a, cos 8

o) 1
+ a, sin 6)(bo + b1 cos 6
+ b, sin 6) r-2 x exp (-[bo
+ b1 cos € + b2 sin 6]/r)
r~1 3p/ap = [r"l(-a1 sin 6

+ a, cos 8) + r2(b1 sin 6
- b, cos 6)! X exp (--[bo

+ b1 cos & + b, sin 6}]/r)

2

Convert R to kilometers in each
quadrant.

Compute AP to millibars in each
quadrant.

Compute the coefficients in trigono-
metric polynomials.

Compute 3P/3r and r-1 3P/36 .
Compute 23dP/3x and 2dP/3y .

Arguments: none
Variables (not in common):

AD 3P/ar, r~1 3p/3e,
' aP/ax, 3P/dy

AE,AF ,AG,AH Temporary storage

AP, CR, CD Coefficients in trigo-
nometric polynomials

AT,CT Direction cosines of
motion of storm

BA,BC JA, floated and convert-
ed to metric units

BP Temporary storage

DEG Radian measure of 1 deg.



SUBROUTINE OUTBY1 -

SUBROUTINE OUTBY2 -

SUBROUTINE OUTFLO -

SUBROUTINE OUTQUT -

SUBROUTINE PXYM -

IC, ID, IE, Do-loop indexes

IG, IH

LU Logical unit number of
standard print unit

Sys Circular sine of u5°

Sets outer boundary winds for the next
time level. It is called once for each
cycle of wind computation and grid level
if the grid level is not the outermost
computed at that time.
Arguments: typing implicit

NEST: Input - grid level at which

boundary to be set.

Sets outer boundary winds for the same
time level. It is called once for each
cycle of wind computation for the coars-
est meshed grid level being computed at
that time unless that grid level is the
outermost in the entire grid.
Arguments: typing implicit

NEST: Input - grid level at which

boundary to be set.

Operates on the entire field of

21 x 21 x 5 wind vectors, rotating ev-
ery vector clockwise (in the northerm
hemisphere) by 8° . Extensive numerical
experiment with earlier versions of the
hurricane wind model has indicated that
the finite difference scheme used leads
to excessive inflow; the 8° rotation
approximately removes that bias.

Controls printing of winds on nested
grid.
Arguments: input, typing implicit
I20: Passed on to subroutine AANGEL.
If I20 # 0, wind speed will be
adjusted to 18.5 meters.
NAME: Y4-character name of storm
IDENT:4-~character identification of
type of field (INIT or SNAP)
NSEQ: Snapshot sequence number.

Receives the pressure gradients com-
puted in GRAD, divides them by the den-
sity, and rearranges them in the order
demanded by BLOWUQ. It theh computes
the gradient wind from the radial pres-
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sure gradient to provide initial values
for COMQUT.

Mathematical Method:
The gradient wind is given by Hess (1959,
p. 183) as

C = <fp + [(Fr)2 + p-1r ap/ar]® (%)

For large r , (*) expresses C as

the difference of two nearly equal terms,
and so it is advisable to compute the
equivalent expression

o~ 1n 3p/dr

C =
Wfr + [(%fr)2 + p~ir ap/ar]l)é

where f 1s the Corioclis acceleration
and p 1is the density of the atmosphere.

1. Coriolis, computed in SNAP, is pass-
ed in C,. Note that the latitude
is taken as a constant throughout
the cyclone; this approximation is
inappropriate between # 5° of
latitude.

2. Divide 03p/3x and 9p/3y by op .
1.15 x 10-3 is the density; '
1 x 10~* is a conversion factor
from mb/km to newtons/m3 .

3. Compute gradient wind. BC contains
r in .km , and the factor 1000 con-
verts r to meters.

4. Resolve gradient wind into x- and
y- components,

5. If steering flow is used, add
(Wc x F) +to the vector p-!AP .

Arguments: none
Variables (not in common):

AG,AH AL Temporary storage

I Index variable for X

J, MJ Index variable for Y

NEST Index variable for nest
(counted from inside
out)

FADE Attenuation factor for

steering flow



SUBROUTINE SHORE - Sets the land/sea table for the nested

grid. It is currently set to 'sea'
throughout.
SUBROUTINE TVEL - Prints the contents of arrays VTN and

ANG on the grid level indicated as well
as on the next coarser grid level.
Arguments: Input, typing implicit

VTN:

ANG:

NBASE :
IDENT:

KSEQ:

Lv:

I20:

The top number in each pair of
numbers printed is taken from
this array. It is printed
with the decimal moved one
place to the right.

The bottom number in each pair
of numbers printed is taken
from this array.

4-character heading information
b-character heading information
Header information, u4-digit
integer number.

Finer-meshed (lower numbered)
grid level to be printed at
this call to TVEL.

Flag, controlling printing of
the legends "reduced" and

"not reduced".

Note heading:

[NBASE]

[IDENT] [KSEQ] LEVEL LV+i..
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Program HIST is composed of:

MAIN -

SUBROUTINE ABCCC -

SUBROUTINE BREEZE -

Produces winds at specified measurement
stations for each hour of a storm's his-
tory. If requested, it will also inter-
pclate winds to a grid. After card in-
put has been read and tables have been
set up, it writes all unique nested-
grid winds (i.e. all snapshots plus all
interpolated fields) on a temporary file
in the order needed. It next loops
through the list of stations and, using
the temporary file just written, finds
and prints the winds for each station
throughout the storm's history. Then,
if requested, it interpolates winds to
another grid for each hour of the storm's
history, prints the winds on the grid
for any hours indicated, and writes the
fields onto an output file.

(called by UXXV) Operates exactly the
same algorithm as ABCC (called by

CCROSS). The only difference in coding
is that ABBCCC references the common
block /CS7/ , defined in program HIST.

Given LAO, L@0, R@T, LAl1, L@#1, DX, STHT,
and LANSEA in common block Di, BREEZE
determines the wind at point LA1, Lg1
at height STHT on the nested grid wind
field in array XX in common block D2
and returns the wind data in Wi, TH1,

D, AL, and UST of common block Di.

Mathematical Method:

Let a , b, ¢ be the sides of a spher-
ical triangle, and o , 8 , Y the angles
opposite; define s = %(a + b + ¢).

Then

hav ¢ = hav (a - b)

+ sin a sin b hav v;

tan2 %a = [sin(s - b) sin (s - ¢)]
/[sin(s - a) sin s](*)
1. Compute distance and bearing. If ¢
is very small, (s - a) and (s - b)
' are nearly zero, and eq. (%) is
unsuitable for computation; the bear-
ing can then be computed without sen-
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sible error by solving a plane tri-
angle.

2. Reduce bearing to rectangular grid.
Reduce distance to kilometers.
4. Compute rectangular coordinates.

5. BSearch for the smallest rectangular
grid in whose interior the point
lies. If point lies without fifth
nest, no wind has been computed; set
wind to zero.

6. Interpolate components of wind, us-
ing bivariate linear interpolation:
¢(x + £, dx,y + £, Ay)

(1 -~ fi)(l - f2) é(x,y)
(1 - fi) f2 $(x,y + 8y)

+

+

f1(1 - f2) ¢(x + Ax,y)
+ f1f2 ¢(x + Ax, y + Ay)

7. Compute wind speed and reduce to
anemometer height. The factor
3600/1852 converts from m/sec
to knots; the MIN function as-
sures that the anemometer wind is
never greater than the integrated
wind.

8. Compute wind direction and reduce to
true south.

Arguments: none

Variables: All variables except
temporary storage are annotated in
the program listing.

SUBROUTINE INVJD -~ Is the inverse of the function JULIAN.
Given the Julian date, it returns the
month, day, and year.

Arguments:
J: Input-Julian date, type integer
M: Output-Month, type integer
D: Output-Day, type integer
Y: Output-Year, type integer

FUNCTION JULIAN - Returns the Julian date.
Arguments:
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SUBROUTINE PRLAKE -

SUBROUTINE RDGRID -

MO: Month, type integer
DA: Day, type integer
YR: Year, type integer

Is a grid-dependent subroutine and must
be changed or replaced if the output
grid is changed. It prints winds for
each grid point, with speed on top, di-
rection in the middle, and terrain code
on the bottom.

Arguments: Input, typing implicit
NBASE: L-character name of storm;
KHR: Integer sequence number of

' hour of storm;
ISTART: First hour of storm, corre-
sponds to KHR = 1 . For-
mat is YYMMDDHH;

IZONE: 3-character time zone of
ISTART:

WIND: As on output file 20

LSTAB: Terrain code table for
output grid;

MAXTI: Number of longitudes in
output grid;

MAXJ : Number of latitudes in

output grid.

Note: The grid currently used uses un-
equally spaced meridians and parallels;
printed map is distorted.

Is a grid-dependent subroutine and must
be replaced or altered if the output
grid is changed. Its function is to
read latitude, longitude, and terrain
code. for each grid point and store them
in arrays 2ZLA, ZL@®, and LSTAB re-
spectively. It is called only if winds
are to be interpolated to an output grid.
Arguments: typing implicit
ZLA: Output - latitudes in radians
ordered south to north.
ZL9: Output - west longitudes in
radians, ordered west to east.
LSTAB: Output - terrain codes for all
grid points; the first sub-
script increases eastward, the
second increases northward.
MAXI: Input - number of longitudes
in grid.
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MAXJ : Input - number of latitudes
in grid

SUBROUTINE UPDOWN - Computes the ratio u-,'.-/Vm and the angle

SUBROUTINE UXXV

between surface wind and integrated
wind, all for Vm = 0.8(0.8)80.0 ,

for terrains other than open ocean. The
program consists of two parts: "UP"
(lines 8-19) and "DOWN" (the rest of
the code). UP computes UM and VTOP
(components of wind at the top of the
boundary layer), VW2 (squared wind
speed at top), and TARN (tan of angle
between integrated wind and wind at
top). The computation in UP uses
quantities computed in UXXV (open
ocean) and is consistent with Arya's
theory. The assumption is now made that
wind at the top of the boundary layer in
a hurricane does not '"see" the terrain
below, so that the surface wind over any
terrain can be computed by working UP
and then DOWN . DOWN follows a logic
similar to UXXV : Arya's Ao and B°

are constants (neutral wind profile); the
roughness length iszcomputed as

Z, = AZ/us + BZuy + CZ .

Computes the ratio u*/Vm ,» the angle

between surface wind and integrated wind
and the cosine and sine of this angle,
all for Vm = 0.8(0.8)80.0 . Values for

intermediate Vm are linearly inter-

polated when required (line 73-82 of
BREEZE). The computation implements
Arya's theory. The numerical method is
an initial guess at u; , followed by an
iterative series of corrections by in-
verse interpolation. The iteration
proper, and the computation of Arya's

Am , Bm R Cm , take place in subroutine

ABCCC. UXXV works the part of the algo-
rithm of CCROSS (called from SNAP) per-
taining to sea, i.e. LS = 2. The
computations in UXXV are valid for open
ocean only; all other terrains are
treated in subroutine UPDOWN.



Remarks

In all arrays dimensioned 21 x 21 x.N , where N 1is a mul-

tiple of 5 , the 1st dimension increases eastward, the

2nd dimensicn

increases northward, and the 3rd dimension, grid nest, increases with

grid spacing. Grid spacing doubles with each increasing nest level.

. Logical unit numbers for the card reader and printer are 5

and 6, respectively, on the system under which these programs were run.

These unit numbers are set by a DATA statement into variables LR and

LP in programs HIST and SNAP , and the printer unit is set into LU

in subroutines GRAD and TVEL .

Equivalences between snapshot input parameters and array
JA in COMMON block C2 of program SNAP:

‘ <
mm\xmm#mwb—‘|>

N T T
0 F w N B O

NAME

ITRACK
EYELAT
EYLONG .
DIREC
SPEED
IQUAD
EYPRES
RADIUS(1)
RADIUS(2)
RADIUS(3)
RADIUS(4)
PFAR(1)
PFAR(2)
PFAR(3)
PFAR(4)

N%NWWWW?SWHNNNNHIS
t1



Explanation of program organization charts:

Rectangular box - program element

Cut-off corner - punched card image
Diamond - printer
Barrel - mass storage

Rounded ends

program stop
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Table 2

Files

Pro Program
Description Number Size SNAP HIST
Card Reader 5 Input Input
Printer 6 Output Output
Snapshot Wind 13 4436 Words each Output Input ’
Fields on Record (Snapshot)
Nested Grid
Ordered Unique 10 4411 Words each Work
Wind Fields on Record (Wind
Nested Grid Field)
Hourly Wind 20 Grid-dependent, Output 4
Fields on 3855 Words each
Output Grid Record (Hour) for

Test Grid

Racords in files 10, 13, and 20 are written with Fortran unformatted
#WRITE statements. There are file marks after the last data records

in output files 13 and 20.



Table 3

Program
SNAP

SNAP

SNAP

HIST

HIST

HIST
(RDGRID)

Card Input
Description and order within programs of card input groups
Seq. Name®
Number (If Namelist) Number/Remarks Description

1 NAME1 1 Processing control

2 NAME?2 1 Parameters in roughness law
(usually constant)

3 NAME3 1 for each wind snapshot Parameters describing wind field

1 - NAMEU 1 Storm identification, also grid
parameters if winds are to be inter-
polated to an output grid

2 NAMES 1 Terrain coefficients and number
of types of terrain other than open
ocean

3 Only if grid conversion Longitudes and latitudes of grid
points. Card count, format and
ordering of data must agree with
subroutine RDGRID,

y Only if grid conversion Code for type of terrain at each

HIST
(RDGRID)

grid point. Card count, format,
and ordering of data must agree
with subroutine RDGRID.

* Namelist is not a construction recognized by the current FORTRAN standard (ANSI X3.9-1978).
Appendix A contains an account of Namelist as used in this program.



Table 3 (concluded)

Seq. . Name
Program Number (If Namelist) Number/Remarks Description
HIST 5(or 3) One card for each station Station location and height at
where wind history is which measurements taken.
needed, terminated by end-
of-file
HIST 6(or 4) One card for each hour of Location of eye of storm,

storm history, terminated
by end-of-file

snapshot identification
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Table 4

Program SNAP namelist input

Default

Units Type Value -

Namelist Variable- Size in
Name Name Words

NAME1 IB 1 I
NZ 1 I
NAME2 DTH 2 %k R
HH 1 m R
ZOLAND 1 'R
GARR 1 R
PTH 1 %k R
K35 1 R

Description

650.

.08

300.

.35

Switch variable: 0 suppresses print-
ing of pressures and initial winds.

Number of snapshot wind fields to
compute

1: Air-land temperature difference
2: Air-sea temperature difference

Boundary layer height over water
Roughness length over land
Charnock's constant

Potential temperature

Karman's constant



09

Namelist Variable Size in
Name Name Words Units
NAME3 SGW 1 m/sec
AN1 1 deg
NAME 1
EYELAT 1 deg
EYLONG 1 deg
DIREC 1
SPEED 1 kn
EYPRES mb
RADIUS 4 nm
PFAR i mb
NM i
DX i km
ST12 1 km

Table 4 (continued)

TzEe
R
R

Default
Value Description

Surface geostrophic wind of ambient flow
Direction of SGW, counterclockwise from
snapshot x-axis
h-character name of storm
North latitude of eye of storm
West longitude of eye of storm; for
reference only
Direction of track of storm, clockwise from
north. See ITRACK for units.
Forward speed of storm
Pressure at eye of storm
Exponential pressure profile scale radius
in 4 quadrants. If the pressure field is
circularly symmetric (IQUAD = 0) input is
required for the first quadrant only
Far field pressure in 4 quadrants. If the
pressure field is circularly symmetric
(IQUAD = 0) input is required for first
quadrant only.

800 Number of times to cycle wind computation
in innermost grid nest

5. Grid spacing of innermost nest
0- Distance from axis to % magnitude of SGW

(continued)
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Namelist Variable

Size in
Name Name Words Units
NAME3 ITRACK 1
IQUAD 1

Table 4 (concluded)

'TXEe

Default
Value Description
0 If 0, DIREC in degrees; if 1, DIREC in
points of 11,25 degrees
0 Indicator for quadrants of pressure

field: 0, circularly symmetric pressure
field; 1, 1st quadrant is right front;
2, 1st quadrant if forward



Table 5

Program HIST Namelist Input

Namelist Variable Size in
Name Name Words Type Description
NAMEUW NBASE 1 H l-character name of storm - must be same as 1st SNAP
namelist NAME3, item NAME
ISTART 1 Starting time of storm, format YYMMDDHH
IZONE 1 H 3-character time zone of ISTART
ICNVRT 1 Flag: if non-zero, winds will be interpolated to an
output grid, and grid data must be input
NPRT 1 I Interval in hours at which to print winds on output
grid, If zero, winds will be printed only for hours
so flagged in the history table
NAMES LAKE 1 I Number of types of terrain in addition to open ocean.
0 < LAKE < 5
ZCOEFF 15 R 3 coefficients in formula relating Zo to U* for all

terrains except open ocean.
Dimensioned (3,5).



Table 6
Program HIST Fixed Format Card Input

1) Station location and data: One card for each measurement
station, format (5I4,F6.1,1X,I3)

2) History:

1.
2.
3.
4.
5.

8.

Degrees of north latitude

Minutes of latitude

Degrees of west longitude

Minutes of longitude

Terrain code, same codes as grid terrain code table
Station height in meters

Station pumber (for identification only)

One card for each hour, format (6I4,F8.4,2I4)

Degrees of north latitude of eye of storm
Minutes of latitude of eye

Degrees of west longitude of eye

Minutes of longitude of eye

Sequence number of 1st snapshot wind field to be
used for this hour

Sequence number of 2nd snapshot wind field to be
used for this hour (blank if no interpolation
this hour) '

Interpolation distance between 1st and 2nd snapshots
(blank if (6) is blank)

Clockwise rotation of snapshot in degrees

Flag: non-zero if output grid wind field is to be
printed :



Table 7

Input Cards with Data Defining Program HIST Test Output Grid

1) 5 cards with 62 west longitudes in the form DDMM and prog-
ressing from west to east. Each card, except the last has
15 longitudes and a sequence number in format 1615. The
last card is blank filled between the last data field and

the sequence number,

2) 3 cards with 31 latitudes progressing from south to north.

Form and format are the same as those of the longitude cards.

3) 31 cards of terrain code. Each card is for one latitude, and
cardsvare ordered from south to north. The format is 2I3, for
degrees and minutes of latitude, then 2X,62I1, where the
62I1's are one-digit numeric terrain codes for each longitude
and progress from west to east. As used in the test grid
for L;ké Pontchartrain, the codes are as follows -

1: open ocean

2 lake
3: marsh
4: plains
5: woods
6: cities
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Block
Name

Variable
Name

Size in
Words

Units

Source

Table 8 (continued)

Disposition

Description

[c3]
cl

C5

LW
CDR

UxXv

TURN

FLAT
PTH

DTH

2205
400

200

200

rad

Input
NAME2

Input
NAME2

Snapshot wind
data file

Snapshot wind
data file

Land/sea table: 1 for land, 2 for sea

Work array, dimensioned 100 x 2 x 2,

Drag ¢oefficients:

CDR(1,1,1) is upwind component of drag
coefficients over land, when integrated
wind speed is (.84I) m/sec.

CDR(I,2,1) is crosswind component over land
CDR(I,1,2) is upwind component over ocean
CDR(I1,2,2) is crosswind component over
ocean

Work array, dimensioned 100 x 2.
UXV(I,1) is Ux over land, when

\
m

v, = (.84I) m/sec
UXV(1,2) is the same over ocean

Work array, dimensioned 100 x 2.
TURN(I,1) is the angle between surface
wind and integrated wind, over land, when
integrated wind speed is (.8«I) m/sec.
TURN(I,2) is the same over ocean

Coriolis force

Potential temperature

(1) Air-land temperature difference
(2) Air-sea temperature difference

(continued)



Block 'Vabiable Sizé in

Table 8 (continued)

Name Name Words Units Source Disposition Description
(cs] HH 1 m Input  Snapshot wind Boundary layer height over water
NAME2 data file
ZOLAND 1 Input Roughness length over land
NAME2
LS Index variable
Vv 100 m/sec Vertically integrated wind speeds.
VV(I) at point I = .8m/sec x I
UX 3 m/sec Latest 3 values of Ux in an iterative loop
uv 3 m2/sec2 Latest 3 values of integrated wind speed
corresponding to Uy
buv 3 m2/s'ec2 Interpolated value of wind speed squared
minus desired value squared
K35 1 Input Snapshot wind Karman's constant, type real
NAME2 data file
K2 1 K352, type real
G 1 Acceleration of gravity = 9.806 m/sec2
GA 1 sec2/m Charnock's constant divided by G
DEN 1 Used in stability length computation
vv2 1 m2/sec2 VV(I)2 for current 1
HL 1 HH/stability length
K123 1 Index variable
Z0 1 m Roughness length

(continued)



Table 8 (continued)

Block Variable Size in :
Name Name Words Units Source Disposition Description
[c5] 210G 1 Log (ZO/HH)
AM 1 Constant in Arya's logarithmic scale law
BM 1 Constant in Arya's logarithmic scale law
CM i Constant in Arya's logarithmic scale law
FF 1 sec™ 1 Coriolis parameter. Retained for
_consistency with other versions of CCROSS;
not used in this program.
Program HIST
C57 PTH 1 °k Snapshot wind Potential temperature
data file
DTH 1 ' Snapshot wind Air-sea temperature difference
data file
HH 1 m Snapshot wind Boundary layer height over water
data file
ZCOEFF 15 Input NAMES 3 coefficients in formula relating Zo to
Ux for all terrains except open ocean,
where Garratt's formula is used
LAKE 1 Input NAMES Number of terrains other than open ocean.
Integer, 0-5
\'A% 100 m/sec Vertically integrated wind speeds at point
I: (VV(I) = I x .8 meters/sec
924 3 m/sec Latest 3 values of U in an iterative loop

(continued)
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(94

Table 8 (continued)

Block Variable Size in A
Name Name Words Units Source Disposition Description
[C57] TURN 600 rad Turning angle between surface wind and
integrated wind for each I, terrain type
COST 100 Cosine of TURN for current terrain
SINT 100 Sine of TURN for current terrain
D1 LAO 1 rad Latitude of storm eye at current hour,
type real
LOO 1 rad West longitude of storm eye at current
hour, type real
ROT 1 deg Clockwise angle to rotate snapshot wind
field
LAl 1 rad Latitude of 1 point at which wind is
: wanted, type real
Lo1 1 rad West longitude of point of which wind is
wanted, type real
DX 1 km Snapshot wind Grid spacing of innermost nest
data file
STHT 1 m Height of measurement at current location
LANSEA 1 Indicated sea or type of terrain for
current location
Wi 1 kn Wind speed at current location
TH1 1 deg Meteorological wind direction
D 1 km Distance between locations LA0O,LOO

and LA1,LO1

{continued)
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Table 8 (concluded)

Block Variable Size in -
Name Name Words Units Source Disposition Description
[D1] AL 1 deg Bearing of point LA1,L01, from point
LA0,LOO0, clockwise from north
USsT 1 m/sec Friction velocity at current location
D2 XX 4410 Snapshot wind Winds on nested grid at current hour
D3 NSNAP1 100 data file 1st wind snapshot sequence number
NSNAP2 100 2nd wind snapshot sequence number
(0 if none)
PCT 100 Interpolation distance between snapshots
NSNAP1 and NSNAP2
IPI 100 Flag: non-zero if listing of winds on
output wanted
NHT 1 Number of hours in storm history
INTVN 1 Not used
INTVI 1 hours Interval at which to print winds on
output grid
LGRID*  ILAT. 31 List of output grid latitudes, south to
north, in the format DDMM
ILONG 62 List of output grid west longitudes, west

to east, in the format DDMM

*Not in main program, in subroutines RDGRID and PRLAKE only.



Table 9

Description of Program HIST arrays not in COMMON

Station data arrays - all dimensioned 100

MAD
MAM
MMOD
MOM
LLAKE
STAHT
KSTA
YLA
YLO

History table

NAD
NAM -
NOD
NOM

IROT
KDATE
KTIME
JSEQ

Location, from card input - degrees of north latitude

Location, from card input - minutes of latitude

Location, from card input - degrees of west longitude
Location, from card input - minutes of longitude
Terrain code, from card input

Height in meters, from card input

Station number (identification),from card input
Latitude in radians

Longitude in radians
arrays - all dimensioned 100

Location of eye of storm, from card input - degrees
of north latitude

Location of eye of storm, from card input - minutes
of latitude

Location of eye of storm, from card input - degrees
of west longitude

Location of eye of storm, from card input - minutes

of longitude

Grid rotation angles, from card input
Date in form YYMMDD

Houwr of KDATE

Sequence numbers of nested grid winds on work file

Output grid data arrays as used with test grid

ZLA

ZL0

List of latitudes of grid points, south to north,
in radians '

List of west longitudes of grid points, west to
east, in radians
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Table 9 (concluded)

ZANG Deviation between true north and grid nor?h for
each grid point - zero throughout test grid

LSTAB List of terrain codes of grid points.
Other arrays

XY Dimensioned 21 x 21 x 10. Contains 2nd snapshot
wind field when needed
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Table 10

Program Stops

Stop
Program Number Interpretation
SNAP 999% Normal completion of run
HIST 999% Normal completion of run
HIST 5 Error in reading station or history input
card
HIST 146 Error in reading mass storage work file
of wind fields on nested grid
HIST Lhyy Snapshot interpolation distance out
of range ( < 0 or > 1 ).
HIST 515 Input card and snapshot data file storm
identifications are different
HIST 516 Too many station input cards ( > 100 )
HIST 517 Too many history input cards ( > 100 )
HIST 21 Error in reading grid longitude card
(RDGRID) ,
HIST 23 Error in reading grid latitude card
(RDGRID)
HIST 51 Error in reading grid terrain code card
(RDGRID)

* If running a FORTRAN that requires STOP number to be
octal, substitute 777.
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Table 11

OQutput Data File Record Description

Snapshot wind field record from program SNAP

Variable Accumulated Applicable
Name (Dimension) Size Word Count Units Format* Description
UN (21,21,5) 2205 2205 m/sec Fuy.1 X- component 1st dimension in-
of boundary creases with
layer wind increasing x
2nd dimension in-
VN (21,21,5) 2205 4410 m/sec Fu.1 Y- component creases with
- of boundary increasing y
layer wind 3rd dimension (grid
nest) increases with
grid spacing
NAME 1 4yl Al 4-character name of storm
bX i yy12 km F3.0 Grid spacing of innermost nest
JA (15) 15 uy27 11 1: Indicator for coding of (4)
If 0, (4) in degrees; if 1, (4) in
points of 11.25 degrees.
deg F5.1 2: North latitude of eye of storm
deg F6,1 3: West longitude of eye of storm
see JA(1) Fu,0 4: Direction of track of storm,
‘clockwise from north
kn F5.1 5: Forward speed of storm
I1- 6:.Indicator for quadrants of

* Format appropriate for printing this variable

or array.

pressure field



Table 11 (continued)

Variable Accumulated Applicable
Name (Dimension) Size Word Count Units Format Description
[JA] 0 - circularly symmetric pres-
sure field
1 - 1st quadrant is right front
2 - 1st quadrant is forward
mb F6.1 7: Pressure at eye of storm
nm Fu,0 8-11: Exponential pressure profile
scale radius in four quadrants. If
JA(6) is zero, JA(9) - JA(11) may
not contain valid data
mb F5.0 12-15: Far field pressure in four
quadrants. If JA(6) is zero,
JA(13) - JA(15) may not contain
valid data
SGW 1 L4u28 m/sec F3.0 Surface geostrophic wind of
ambient flow
AN1 i 4429 deg Fu4.0 Direction of SGW counterclockwise
: from snapshot x-axis
ST12 1 4430 km F5.1 Distance from axis to % magnitude
of SGW
DTH 2 4432 °k (1) Air-land temperature difference
(2) Air-sea temperature difference
HH 1 4433 m Boundary layer height over water
GARR 1 Lu3y Charnock's constant
PTH 1 4u35 %k Potential temperature
K35 1 4436 Karman's constant, type real

(continued)
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Table 11 (concluded)
Test output grid wind field record from program HIST

Variable Accumulated Word Applicable
Name (Dimension) Size Count Units Format Description

NBASE 1 1 Al U4-character name of storm

KHR 1 2 I3 Sequence number of hour of storm

ISTART 1 3 18 Starting time of storm in format
YYMMDDHH (Time at which KHR=1)

IZONE 1 I A3 Time zone of ISTART

IMAX 1 5 I2 Longitudinal dimension of out-
put grid

JMAX 1 6 12 Latitudinal dimension of output
grid

GRIDHT 1 7 m F6.1 Height to which wind speeds are
scaled

NAD 1 8 I3 Location of eye of storm -
degrees of north latitude

NAM 1 9 12 Location of eye of storm -
minutes of latitude

NOD 1 10 Iy Location of eye of storm -

‘ degrees of west longitude

NOM 1 11 12 Location of eye of storm -
minutes of longitude

WIND (2,MAX1,MAXJ) 1142xMAXT*XMAXJ Wind at specified height on wave

¢3suy for (3855 for grid. If 1st subscript is 1,
test grid) test grid) value is wind speed in knots.

If 1st subscript is 2, value is
direction in degrees toward
which wind blows counterclock-
wise from north



Printed Output

Program SNAF initially prints card input data ancé finally
prints an end-of-job message. For each snapshot it prints card input
data pertinent to that snapshot, a pressure field and an initial guess
winl field if requested, and a final snapshot wind field on the nested
.grid. Snapshot wind sneeds are printed in tenths of knots, directions
are meteorological, and west is at the top of the page. Each snapshot
is printed both with wind speeds as computed and with wind speeds
scaled to 19.5 meters. '

. Program HIST prints card input deta, the wind history at
each requested station, wind fields on the output grid for hours
requested, and an end-of-job message. Output grid wind speeds are in
knots and directions are meteorological. Terrain types are indicated
by blank for type 1, '¥*' for 2, '=' for 3, '-' for 4, '+' for 5 and

'S' for 6.
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1)
2)
3)

L)

Table 12

Program Changes Needed for a New Output Grid

Subroutine RDGRID

Subroutine PRLAKE

COMMON block LGRID (used in RDGRID and PRLAKE only)
In program Hist:

a) Parameters MAXI, MAXJ, and IGRDHT, where MAXI is
the longitudinal dimension of the grid, MAXJ is
the latitudinal dimension, and IGRDHT is its

height in tenths of meters.

b) ZLA, ZLO become two-dimensional if rows and columns
do not fall on latitude, longitude lines, and the
settings of LAl and LO1 in the DO 111 and DO 110
loops will be affected

c) Array ZANG, the angle between true meridian and grid

meridian, may become non-zero.
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PART IV: CONCLUSIONS AND RECOMMENDATIONS

. A method is developed to specify the surface stress and the
wind speed and direction in the planetary boundary layer of a tropical
cyclone from meteorological storm parameters available for historical
hurricanes. The method is based upon a numerical primitive-equation
model of the planetary boundary layer in a moving tropical cyclone. The
complete time history of the evolution of the surface wind field is de-
scribed from a series of characteristic wind field states calculated at
discrete times in a storm's history by the steady-state model.

. A surface drag formulation, based uﬁon a contemporary simi-
larity model (Arya, 1977) coupled with a roughness parameter specifica-
tion for a water surface consistent with Cardone's (1969) law, is incor-
porated into the numerical model. As a result, the model was found to
produce a consistent description of the integrated planetary boundary
layer wind, the magnitude and direction of the surface stress, and the
wind speed and direction at anemometer level, without recourse to
arbitrary, empirical calibration schemes. The surface winds calculated
in several recent hurricanes are found to be in excellent agreement with
available, representative surface wind measurements made from offshore
platforms and data buoys.

. Transformations based upon an equilibrium planetary-
boundary-layer similarity model are developed to specify the surface
wind over terrain of specified roughness, including lake surfaces, from
the over-water wind-field solution. Calculated over-land and over-lake
winds are compared to the limited measurements available for several
recent storms. Agreement is generally good.
| . The principal limitation of the model is the neglect of
fetch effects in the adjustment of the PBL across roughness disconti-
nuities. Adjustments in near-surface wind speed, however, are believed
to occur sufficiently rapidly that accuracy over homogeneous terrain
and lakes the size of Pontchartrain and Okeechobee should not be
significantly limited. The adjustment scale for wind direction, however,

might be much larger.
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. The principal obstacle to further development and evaluation
of the method developed here is the lack of high-quality measurements of
surface winds over the lakes of interest in well documented storms. As
part of an intensive field program conducted in Lake Pontchartrain by
the U.S. Army Corps of Engineers during the past year, wind data was
apparently collected at several points in the lake during the passage of
two hurricanes (Bob and Frederick, 1979). Even though only the
peripheral parts of those storms were sampled, it is strongly recommend-
ed that those measurements be carefully processed and that the method

developed in this study be applied to those storms.-
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Figure 1. Grid points of the inner three grids in one quadrant of the nested
grid system. The center of the grid system is indicated by 0 (from Chow 1971)
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Figure 3. Streamlines (solid lines) and isotachs (dashed lines) of the steady-
state solution for the vertically integrated boundary layer wind in a mature
tropical cyclone moving westward at 10 m/sec, in a westerly steering flow

(10 m/sec), from the model of Chow (1971)
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Figure 6. Garratt's (1977) collection of mean values of the drag
coefficient as a function of wind speed at the 10-m height for 5-
m/sec intervals, based on individual data from hurricane studies
(0), wind flume experiments (¢), and vorticity/mass budget analysis
(A). Vertical bars refer to the standard deviation of individual
data for each mean, with the number of data used in each mean shown
below each mean value immediately above the abscissa scale. The
dashed curve represents the variation of the 10-m neutral drag
coefficient C,, with wind speed based on

2, = auk

g
with a = 0.0144 and a value of the barrier constant k of 0.41. The
solid curve represents the variation with a = 0.035 and k = 0.35
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Figure 9. Comparison of modelled and measured surface wind speed at Rig 50 in
Camille for vortex model with modified similarity model drag law and alternate
boundary layer heights
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Irbe (1977)
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n Z, Values for Typical Terrain Types (After ESDU 72026, 1972) °
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1. Source. The material below is abridged from §6.4 of "Sperry
Univac Series 1100, FORTRAN V Level 4 Ri, programmer reference", edition
of April 1979,

2. The nonexecutable NAMELIST statement and the associated forms
of the formatted input/output statements provide a simplified means of
transmitting an annotated list of data to and from peripheral units.

The input/output statements take the form

READ (unit, x)
and
WRITE (unit, x)

where x 1is a namelist name. The list of items in the namelist is used
on input to specify those items which may have their values defined in
the records to be read. Not all items of the namelist list need be used
in the input records nor must the input fields be in the same order as
the list items. On output, each list item of the designated namelist is
formatted in a standard fashion for output in the order specified by the
list.

3. Namelist Statement. The general form of the statement is

NAMELIST /X/A,B,....,C/Y/D,E,....,F/2/G,H....,I

where X, Y, Z,.... are namelist names and A, B, C, D,.... are simple
variables, subscripted variables, or array names. An array must be
dimensioned before appearing in a namelist. The following rules apply

to defining and using a namelist:

a. A namelist name consists of from one to six alphanumeric
characters, the first of which must be alphabetic.

b. Within a NAMELIST statement, a namelist name is enclosed
T in slashes. The list of variables associated with a name-
list name ends when a new namelist name enclosed in i
slashes is encountered or with the end of the NAMELIST
statement.

c. A namelist name may be defined only once in a routine by.
its appearance in a NAMELIST statement. In the routine in
which it is defined, a namelist name may appear only in
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input/output statements and in the defining NAMELIST state-
ment.

d. A namelist name must not be the same as any other name in
the routine in which it appears.

€. A variable name, array element name, Or an array name may
be assigned to one or more namelist names. Array names
must have been previously declared.

f. The subscript(s) of an array element must consist of
constants.

4. Namelist Input. The READ (i,X) statement causes the records

that contain the input data for the variables and arrays that belong to
the namelist name X to be read from input unit i. For READ (i,X) ,
the first character in each data record to be read is always ignored.
The second character of the first record of a group of data records to
be read must be a $ immediately followed by the namelist name and a
blank. The remainder of the first record and following records may con-
tain any combination of the legal data items which are separated by com-
mas (a comma after the last data group is ignored), The last input rec-
ord is terminated by a blank followed by S$END.

5. The forms the data items may take are:

a. Variable Name= Constant. Variable name is-a simple vari-
ble name.

b. Subscripted Variable=Constant. The array element appears
in the NAMELIST statement. The subscripts in the input
record must be constants.

C. Array Name=Set of Constants. The set is represented by
constants separated by commas, or kiconstant may repre-
sent k constants (k is an unsigned integer). The number
of constants must be less than or equal to the number of
elements in the array.

6. Constants used in the data items may take any of the following
forms:
. Integer constants.

a

b. Real constants. These are written with a decimal point,

"~  and, optionally, they are written with an exponent consist-
ingof E, +, 0r -, or a combination of E and sign
(for example, E+2, E2, +2).

. Hollerith constants. These are written as nHhhh....h
where hh....h is a string of n alphanumeric characters,
including blanks. Six characters can be stored in one

A4



location. If less than 8ix characters remain they are
stored left-justified with the rest of the computer word
filled out with blanks.

7. Hollerith constants may only be associated with integer or real
variables. The data items that appear on the input records need not ap-
pear in the same order as the corresponding variable or array names in
the namelist. All variable or array names of the namelist need not have
a corresponding data item in the input records; if none appears, the con-
tents of the variable or array are unchanged. Names that are equivalenced
to these names may not be used in the input records unless they are part
of the namelist. Blanks must not be embedded in a constant or a repeat
constant field, but may be used freely elsewhere in a data record. The
name of an array and the value of its first elements must appear on the
same record. The last item on each record that contains data items must
be a constant followed by a comma. The comma is optional in the record
that contains or precedes the $END sentinel.

8. Namelist Output. The WRITE (i,X) statement causes all names

of variables and arrays (as well as their values) that belong to the
namelist name X to be written on the output unit i. In the

WRITE (i,X) statement, all variables and arrays, and their values be-
longing to the namelist name, are written out according to their types.
The output data is written such that:

2. The name of a variable and its value are written on one
line.

b. The name of an array is written, with the values of the
elements of the array written in a convenient number of
columns, in the order of the array in main storage, that
is, with the left dimension ({varying fastest].

c. The data fields are large enough to contain all the signif-
icant digits.

d. The output can be read by an input statement referencing
the namelist name.
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vd

910

920

930

1000

IF (KPP oGE o 100) G0 To 920 -

Uxx = VTN(IovaEST)'((1.-SPP)*UXV(KPPQLS)*SPP*UXV(KPP+1’LS))

TWIST = (1e=SPP)*TURN(KPPsLS)+SPP*TURN(KPP+14LS)

GO TO 930

UXX-= VIN(I4Jy NLST)'UXV(lﬂo LS)

TUIST = TURNC1UOQ,LS)

220 = 19.5/Z0LAND :

IF (LS +EQe 2) 220 = 19e5/(GA*UXX*#*2)

VINCIgJoNEST) = (3600./718524)%AMINL
(UXX/K35*ALOG(220) ¢VINC(I sJyNEST))

ANGCIgJyNEST) = ANGCI¢JyNEST)I+57.29578+THIST

IF (ANG(I+JeNEST) LT 0.) ANGCIoJoNEST)Y = ANG(I9JyNEST)I+360.

CONTINUE :

RETURN

END
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56
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60

IF
AN
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M
GO
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BM
CH

HL=24) 57958459
1.3865736-4032868~HL
1.953288+,37335598+HL
2¢5465736-HL*.9232868

0 60
58
270
o7

TO o0

LI T T B L B T

YLOG = ZLOG+4.7

HL
AN
BM
CH
uv (¢
puv
RET
END

o 25 * (YLOG+SOQRT(YLOG**#24+B (*HH+«DEN/(UX(K123)++2+*PTH)))
AMAX1(2e5=e96%HL9=99,.)

AMINIC(le1+4.82HL 499,.)

Go7-2e*HL

K123) = UX(CK123)%#2/K2*({ZLOG+AM) »+2+EM#+2)

(K123) = UV(K123)=-VV2

URN



SUBROUTINE ABCCC
COMMON /C57/ PTHyDTHyHHyZCOEFF (3¢95) 9 LAKE s VV(100) yUXE3) yUV(3),
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END
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6 = ALOG(Z0)
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(HL+2.) 54955456
6 = ALOG(~-HL)
AMINI{HLOG#1a59=.875%2L0G)
1.8*EXP(es2¢HL)
AMINI(HLOG+3.7y-e8B7522L06G)
0 60
241931472
1.2065761
443931472
T0 60
(HL=2.) 57458459
1.3b65736=44032868+HL
1.953288+4,37335598+HL
2¢5465736-HL*.9232868
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o7
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6 = 2LCG+44.7
025+ (YLOG+SORT(YLOG*#2+B4*HH*DEN/CUX(K123)222*PTH)))
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AMINI(]1.1+,8+HL 4+99,.)
447-2¢*HL
K123) = UX(K123)4*22/K2+#((ZLOG+AM) »42+BM#*+2)
(K123) = UV(K123)=VV2
URN
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SUBROUTINE BREEZE

#+++x THIS VERS1ON OF BREEZE USES TURNING FRON TERRAIN TYPE 6 swas
*«x+x FUR TERRAIN TYPE 2 whan

REAL LAOQ4LA14LOOsLOLyLByLL

COMMON /7CS57/ PTHeDTHyHH92COEFF(345) g LAKE s VV(100) +UX(3) oUV(3),
DUVI(3)9K359K29G9GA DENIVV2eHL 9K12392092L0Gy AM9yBMyCM4UXVI10046),
TURNC10096)9COSTCL100)sSINTC100)

REAL K24K3S

COMMON /D1/LAOLLODGWROT LAl1L0100X9STHT,LANSEAQUIQTHI’DvALoUST

COMMON /D27 XX(21+21410)

EQUIVALENCE (UleXY)y (V1eXxY(2))y (UYXWUST)

LAOyLOOD ARE LAT4LON OF EYECPTO) INPUT (RADIANS)

LA14LOL ARE LATHLON OF POINT AT WHICH WIND IS WANTED(PT1)-INPUT(RAD)

) LONGITUDE IS POSITIVE WEST, .

DX IS GR1D SPACING OF INNERMOST NEST = INFPUT(KILOMETERS)

Wl IS WIND SPEED AT ¥T1420 METERS « QUTPUT(KNOTS)

D IS DISTANCE BETWEEN PTQ AND PT1 - DUTPUT LKM)

ROT 1S ANGLE FROM TRUE NORTH TO Y-AX.S OF NESTED RECTANGULAR
GRID WIND FIELD (CLOCKWISEsDEGREES).

TH1 IS DIRECTION TO WHICH WIND BLOWSs CLOCKWISE FROM SOUTH(DEG)

AL 1S BEARING OF POINT 1 FROM POINT Cy CLOCKWISE FROM NORTH(DEG)

LANSEA IS TERRAIN COCE AT POINT 1
1 1S OCEANy 2 TO 6 ARE VARIOUS GROUNDS AND LAKES

DIMENSION XY(2)

NAMELIST/UBG2/T9JsF1 oF 29 XY sSPPoLANSEASUXX s TWISTySTHTyGAWK3S

HAVOIX) = (SIN(a5wX)) 22 -

AHAV(X) = 2+*ASINCSURT (X))

SQRU(X) = SGRT(ABS(X))

LL = LAO+LA)

LB = LAO-LAl

R = AHAV(HAV(LB)+COS{LAQO)Y*COS(LA1)~HAV(LUO~-LO1})

IF(R.EQ«0.) GO TO 16

IF (ReLToelE=-4) AB = ATAN2((LOOD~LO1)*CO0S¢S+LL}s~-LB)

AL = AB*,.H§ .
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IT 01 09 (VV °171° gv) 4I
ACESIAXISAVEC((TIAXISAYITIXV Y = Qv
. (30)S0J+0 = (2)AX

(JOINIS+*0 = (TYAX
) T = 21
Xa»0°01 = vv

8IbLelEhEe2GHTeY = @

BLS6C° LS/ (l0Y-TY) = 30

*09E+Y = v (°0 L1 V) 4I

Gv+8LG62°LGr*C = IV

fy- = gv (007 *19° 107) 4JI
(CCCHT=-Y)eS INIS»((4=-11)+G*)S0I)INYOS T
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9id

14

15

900

910

92¢

530

T 6811 = (le=F1)*{1e=F2)
612 = (1e=F1)4F2
621 = Fl+(1.-F2)
622 = F1+F2

DO 14 A = 1,42

IB = 5+«JA+]12-5

XY(IA) = Gll*XX(I*le+luIB)+612*XX(I+1’J*2'IB)*621*
EXXAT 429U +14IB)+G22aXX(1424U+2,18)

Wl = Ul*Ul+v1rv]l

IF (W1.EQs0) GO TO 110

Wl = S@RT(W1)

REDUCE W1 TO STATION HEIGHT

SPP = 1.254+41
KPP = SPP
SPP = SPP-KPP

LSSUB=LANSEA

IF(LSSUB.E@.2) LSSUB=6

IF (KPP «NE. 0) GO TO 910

UXX =W1+UXVI14LANSEA)

TWIST = TURN(14LSSUB)

GO 7O 3930

IF (KPP «GE. 100) GO TO 920

UXX = W1*((1+=SPP)*UXV(KPP4LANSEA)+SPP+UXV(KPP+14LANSEA))
TWIST = (1e=SPPI*TURNU(KPP4LSSUR)+SPP*TURN(KPP+14LSSUB?}
60 7O 930

UXX = W1*UXV(1004LANSEA)

TWIST = TURN(100+sLSSUB)

IF (LANSEA +EQs 1) 20 = GA*UST##2 .

IF (LANSEA «NEe 1) 206 = Z2COEFF(19LANSEA~1)/UST+
$ 2COEFF(24LANSEA- ])*UST**Z*?COEFF(3qLANSLA ~-1)

220 = STHT/20
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SUBROUTINE COMQUT (LEVEL)
CUMMON/C1/DM1€2) 4DXyDT oF 4DM2(2)9UCyVC9yDM3I(5)
295712 : ~
COMMON /C3/ U(2142195)9V(2142145)yUN2142145)3VUNC21921,45)
1 sPX(2192145)¢PY0214921¢45) 9VTH(214219529ANG(21921+5)
2 JLW(21+2145)
COMMON
$/C4/ CDR(100+4292)9UXVE10092) yTURNC10042)
$/C5/ FLAT4PTHeDTH(2) yHHeZOLANDsLSyVV (100) 4UX(3)4UV(3)y
$ DUVI3I)sK359K2969GAWDENIVV2 ¢HL 9K12392092L0GoAM9BMoCMoFF
DIMENSION HKL(21421) ¢DRAGC2)
DATA E14E2/0¢549045/
DATA VONK/0.4/
C S@Q IS APPROXIMATION TO SGRT OF SUM OF SQUARES
SQGQ(A4B) = (ABSCA)+ABS(B))/2.51 + (ABS(A+H)+ABS(A-B))*0.7071/2.51
D0 BUO NC = 14LEVEL
NEST = LEVEL=NC+1
DO 720 I = 1421
DO 720 J = 1,421
UCIyJeNEST) = UN(IoJNEST)
VUIsJsNEST) = VNI JINEST)
720 CONTINUE
IF (NESToNESLEVEL) GO TO 721
IF(NESTeNE<5) CALL OUTBY2(NEST)
‘60 TU 722
721 CALL OUTBY1(NEST)
722 CONT INUE
DXL = 240%%(NEST-1)*DX*100040
DXL2=DXL##*2
DTL=2.0%# (NEST~1)+DT
FTL=F*DTL
FTLISFTL**241.0
FCL=2 ¢0*VONK##24 (DXL /2 40 )% *2
C INNER BUUNDARY
IF(NEST +EQe 1) GO TO 730
DO 724 J=1410
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34

340

341

35

39
40

AD(ICy3) ADCICo1)*ACCICo19ID)=ADCICI2)*ACCICs2+1D)

- AD(IC9+4) = ADCICs1)%ACCICs2¢10)+ADCICe2)*ACCICa141D)

60 TO 341

AD(ICs2) = 0.

CIRCULARLY SYMMETRIC PRESSURE FIELD: ZERO TANGENTIAL GRADIENT
AB(ICy1) = EXP(=AP(1 41)/ACCICVIE+241D))*AP(142)*AP(141)/
AACCICoIE+241D) 222

ADCIC3) = AD(IC’I)*AC(]C’I'ID)'
ADCIC+4) = AD(ICy1)*AC(ICe241D)
CONTINUE | '

ABCICoIDyIE+10) = ADC(IC,1)
AB(ICoIDWIE) = AD(IC3)- )
ABUICoIDY1E+5) = AD(I1C44)
IF (IB +EQe 0) GO TO 38
IF NO PROGRAM CHANGE Sy NORTH 1S FRINTED AT TOP
OF PAGEy WEST AT LEFTy ETC. .
WRITE (LUL36) AD
FORMAT (4(01Xs1P21F6.2/))
CONTINUE
IF (IB JEQ. 0) GO TO 40
WRITE (LU$39)
FORMAT (//7/7177)
CONTINUE
RETURN
END
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axat THIS IS MAIN PROGRAM HIST #asn

»
»

AeCoEe PROGRAM TQ FIND WINDS AT STATIONS

»
-

INPUT CARDS:

1. NAMELISTS NAME4yNAMES

2¢ HINDCAST LCCATIONS REQUESTED?: LAT-DEG+LAT=-MINsLON-DEG,
LON=-MINy TERRAIN CODEs STA HT IN METERS,
STATION IDENTIFICATION NUMBER.
(SI4¢F€Cel1914)
WEST LONGITUDE IS POSITIVE.
1 CARD PER LOCATION. TERMINATED BY &EOF.

3. ONE CARD FOR EACH HOUR OF STORM.
LAT-DEG OF EYEsLAT=-MIN OF EYEsZLON-DEG OF
EYE9 LON-MIN OF EYE+SNAPSHOT 1 RECORD SEQUENCE
NUMBER IN FILE+SNAP 2 REC SEQ NBR9
ROTATION ANGLE(DEG.CLOCKVWISE
TO ROTATE WIND ON NESTED GRID),
INDICATOR - IF NONZERO WIND OW WAVE GRID IS PRINTED.
(614 QFBOQQZIQ) .
WEST LONGITUDE IS POSITIVE o TERMINATED BY QEOF

»
»

INPUT FILESS
le FILE 13(LSNAP): SNAPSHOTS FOR STORM (Re.A.F.)

»
»

QUTPUT FILES: _
1. FILE 20(LTROUT): WIND DATA ON ICOSAHEDRAL GRID(R.A<F.)

»
»

TEMPORARY FILES '
1. FILE 10(LTEMP) ALL SNAPSHOTS PLUS ALL INTERPOLATED WIND FIELDS

STANDARD UNITS: S5(LR)} IS CARD READERs 6(LP) IS PRINTER.

»
»

TERRAIN CODE (LLAKE) 1-69 LAKE 0-5.

OO0 0000000000 0O0NO0NOO00O0N

REAL LAGsLA1,LOGyLOY

[g]
»
»
»
»
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10

NAMELIST/NAHEP/DTHQHH'LAKEvaZCOEFF’GARRQPTH1K35
ORIDHT= FLUAT(IGRDHT)/ID.
IMAX=MAXI

JMAX=MAXJ

DO 5 J=14MAXJ

DO & I=]1,MAXI

LSTAB(I gu) =0

ZANG(IsJ)=0,

DTH==-2,.

HH=650,

LAKE=0

6=9.806

GARR=.035

PTH=300.

K35=.35

D0 10 J=145

DO 10 121,43

ZCOEFF(I4J)=0.

REWIND LSNAP

REWIND LTEMP

READ (LR¢NAMEQ4)

WRITE (LP¢NAMEQ)

PRINT 1€y NOASE«ISTARTy 120NE
READ (LSMAP) XXeNAME 4DXsJA9SGW, A\l93T1290THI|HH»GARR'PTH7K35
READ (LK yNAMES)
IF(ICNVRT.NELO) CALL RUGRID(ZLAQZLO,LSTQBQHAXI'HhXJ)
CTH=DTHI(2)

WRITE (LPsNAME P)

K2=K35+#2

GA=GARR/G

DT=10.0*DX

CALL UXXV

CALL UPDOWM

IF (NBASENE+NAME) STOP 518
NBR= 0
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lgNeNe]

[ab]

COMPILER (xM=1)4+(EQUIV=CHN)
SUERODUTINE INVJD (JeMyDyY)
REVERSE OF FUNCTION YJULIANY.
COMPUTES INVERSE JULIAN DATE J FROM
MONTH(M) sDAY (D) yAND YEARCY) INPUT.
INTEGER JoMeDaYosTUeTMyTDTYWMTD
TJ=J~-1721119 .
TY=C4+Td=-11/146097
TJ=4#TJ=-1-146097+7Y

T10=TJ/4

MTD=4+TD+3

TJ=MT0/1461

TO=MTD-1461+TJ

TO=(TD+4) /4

MTD=5+TD-3

TM=MTD/153

TO=MTD~153+THM

D=(TD+5)/5

Y=100*TY+TJ

IF (TM.GE+10) GO TO 2

M=TM+3 '

RETURN

M=TM=-9

Y=Y+1

RE TURN

END
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33

34

35
36
S50
99

I1F (ST12 +GT. 0) GO TO 34
DO 33 1 =.1421

00 33 U = 1,21
PX{I9gJeNEST)
PY(IeJyNCST)
G0 TO 50

C02 = Co2+Cco02
SI12 .= S12+S12
DO 36 1T = 1421

Al = (I1-11)*5]2

DO 35 J = 1421

AJ = {J=111+C02

FADE = =o69314T718Bx{AJ-AT)**2

FADE = EXP(FADE) ]

IF (FADE oLE. 04) GO TO 35
PXCLoJyNCST) = PXCI9JINEST)+AH*FADE
PY(IoJsNEST)Y = PYU(14JyNEST)=AGFADE
CONTINUE :
CONTINUE

CONTINUE

KETURN

CND

PY(ToeJoeNEST)+AH
PY(IeJeNEST)=AG

[T
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" 058

OO0 00

t4%2 THIS 1S MAIN PROGKAM SNAP #s#s

MAIN PROGRAM FOR SNAPSHOT WINDS OMN NESTED GRID.

1
2

$

.3

3

$

$

INPUT  IB- 1S SWITCH VARIABLE I8 = 0. TO SUPPRESS PRINTING -
. : OF PRESSURE FIELD o
AND INITIAL UIND FIELD
NZ IS NUMBER OF WIND SNAPSHOTS TO PRODUCE.
FOR THE QUANTITIES EQUIVALENCED TO JAy SEE COMMENTS T0
SUBROUTINE GRAD:
NM IS NUMBER OF TIMES TO CYCLE UIND COMPUTATION IN
INNERMOST GRID NEST.
SGW IS MAGNITUDE OF SURFACE GEOSTROPHIC WIND (MTRS/SEC)
ANL IS DIRECTION OF SGWy COUNTERCLOCKWISE FROM EAST (DEG)
ST12 1S DIST C(KM) FROM AXIS TO 1/2 MAGNITUDE OF SGW#) FROM AXIS TO 1
Dx IS GRID DISTANCE OF INNERMOST NEST (KILOMETERS).
NAME IS SNAPSHOT NAME FORMAT YYL (YY= YEAR,L 1ST LETTER
OF HURRICANE NAME).
FOR ALL ARRAYS IN COMMON C3 :
1ST DIMENSION INCREASES FROM WEST TO EAST
2ND DIMENSION INCREASES FROM SOUTH TO NORTH
3RD ODIMENSIONINEST NUMBER) INCREASES FROM
INNERMOST TO OUTERMOST

COMMON/C1/NAME ¢NSNAP ¢DX o DT ¢F 9SGWeAN1 yUCsVC UG sVG9yCSeNMeIB,4STL12

COMMON/C2/JUAC15)4AB1214921415)9AC(2147421)

COMMON /7C37 UC2142195)9VI(2192195)9UNC2142145)eVNI121421¢5)
pPX(2192195)9PY(2142195) eVINC(21192195)9ANG(2142145)
WLWI(21+42145)

CUOMMON

fC4/ CDR(10D0+292)9UXVI10042)+TURNC10042)

7C57 FLAT+PTHsDTH(2) yHHe ZOLANDsLSeVV(I00)yUXC(3)UV(3),

DUVI(3) ¢y K35 9K2¢G9GAWDENSVV29HL9IK1239Z09ZLOGyAMeBMeCMoFF

REAL RADIUS(4)4PFARC(4)

EGUIVALENCE CITRACKoUA) y(EYELAT 9 UATZ2)) o (EYLONGoJAL3))
(DIRECyJAC4)Y ) y(SPEED ¢ JAISI ) o TAQUADWJALG) )9 CEYPRESsJA(T))
{RADIUSsJA(8) )4 tPF AR 4UA(12))



1sd

REAL K354K2

DATA LRyLPyLSNAPyLSHORE/S¢6913¢147/
DATA PTH/300./

‘DATA HH/650./7

DATA ZOLAND/ .0k/

DATA K35/.35/

DATA G/9.805/

DATA GARR/+0144/ :

DATA DTH/O0ey=24/ ’

NAMELIST/NAMEL1/]1Bo¢NZ
NAHELIST/NAMEZ/DTH'HHQZOLANDsGARRQPTﬂiKSJ
NAMELIST /NAME3/ SGW.AN1¢NAME,
$ EYELATSEYLONGIDIRECYSFEEDSEYPRESyRADIUSPFARY
$ NMeDXsST12+ITRACKy IQUAD

RCWIND LSNAP

READ C(LRyNAMEL)

WRITE (LF.NAME]) .
FORMAT (21%)

READ (LR yNAME2)

WHRITE (LP4NAME2)

K2=K3bHea2 '

GA = GAKK/G

DO 20 NSHAP= 194N2
WRITE (LP+15)

NM = 80U
DX = S.
ST12 = 0.
ITRACK =
ICUAD = 0
READ (LR o+ NANMEJ)
WHITE (LP s NAME3)
DT = 10.0+0X

Q
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.. 3 = dOLSMH
(71)ZAA-(CIAN = (SIANC
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INNTINDD
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.58

_SUBROUTINE UXXV
“CuMMON /C57/ PTHqDTHvHH'2L0EFF(395)9LAKE1VV(1DO)yUX(3)9UV(3)'
$ DUVI(3)gK35+K2+6G9GAWDENGVV2eHL 9K1239Z09ZLOGyAM9yBMyCMy UXV(10046),
$ TURNC10046)9COST(100)9ySINTC100)
REAL K2 4k35
DATA A125/1.25/
DO 10 IA = 14100
VW(IA) = FLOAT(I1A)/A125
10 CONT INUE ' '
DEN = 5+K2+*DTH
D0 40 IA = 14100
I8 = 101-1A
VVe = VV(IB)#*#*2
TOL = 1E-4*vV2
IF (IA J.NEe 1) GO TO 20

CM = 2.55
K123 = 1
UX(1) = 2.74
CALL ABCCC
K123 = 2
UX(2) = UX(1)*B0./SQRT(UV(1))
GO 70 30
20 Ux(l) = uxt3)
uvel) = Uuvel)
Duv(l) = uvi1i=-vVv?2
Ki23 = 2
UX(2) = UX(1)+vv(IB)/VV(IB+1)
30 CALL ABCCC
KSTOP = 0
K123 = 3
31 IF (DUV(1).EQs DUV(2)) GO TO 32
UX(3) = AMAX1CeS*AMINICUX (1) sUX(2)),
$ AMINI(2e¢2AMAXTCUX(1) sUX(2)),

s CUX L) *DUVI2)-UX(2)2*DUVI1)YZC(DUV(2)-DUV(1I )
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APPENDIX C: PROGRAM HIST LISTING
OF TEST STORM (BETSY) INPUT
AND SAMPLE ANNOTATED OUTPUT
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Sample listings of time history of

surface wind field at individual stations

65B1 Storm identification

65091001 Year, month, day, hour

w1 Wind speed in knots

TH1 Wind direction (meteorological) in degrees

D Distance of station from eye of hurricane (km)
AL Bearing of station from eye (degrees)

UST Friction velocity (cm/sec) _
STA Station number, latitude (deg, min) longitude (deg, min)
EYE Eye latitude and longitude (deg, min)

TERR Terrain roughness category

H " Anemometer height at station

C10
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Sample listing of surface wind speed direction on Wes grid:

Six pages of output are required to list the wind field at

one time level. Grid points are identified on each page by latitude
(deg, min), left side margin, and longitude (deg, min), top margin. At
each grid point location are printed the wind speed at 10 meter height
in knots (top), the wind direction in degrees (middle) and the terrain
classification code of the grid points (bottom). The sample listing
shown is for the 2u4th hour of the test Betsy simulation, for the

rectangular grid system provided by WES.
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