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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 CERCfs 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 



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. 



CONTENTS 

PREFACE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CONVERSION FACTORS. NON-SI TO SI (METRIC) UNITS 
OF MEASUREMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

PARTI: INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . .  
Statement of Problem . . . . . . . . . . . . . . . . . . . . . . .  
Review of Prior Methods . . . . . . . . . . . . . . . . . . . . . .  
Relevant Recent Research . . . . . . . . . . . . . . . . . . . . .  

PARTII: THEHURRICANEPBLMODEL . . . . . . . . . . . . . . . . . . . .  
ReviewofChowfs (1971)VortexModel . . . . . . . . . . . . . . .  
A Consistent Surface Stress Parameterization . . . . . . . . . . .  
Numerical Experiments over Mixed Terrain . . . . . . . . . . . . .  
Equilibrium Theory Terrain Transformations . . . . . . . . . . . .  
Results for Test Storms . . . . . . . . . . . . . . . . . . . . . .  

PART 111: THE COMPUTER PROGRAM 

Program Description . . . . . . . . . . . . . . . . . . . . . . . .  
Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Printed Output . . . . . . . . . . . . . . . . . . . . . . . . . .  

PART IV: CONCLUSIONS AND RECOMMENDATIONS . . . . . . . . . . . . . . . .  
LITERATURECITED . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
FIGURES 1-31 

APPENDIX A: NAMELIST . . . . . . . . . . . . . . . . . . . . . . . . . .  
APPENDIX B: PROGRAM LISTING . . . . . . . . . . . . . . . . . . . . . .  
APPENDIX C: PROGRAM HIST LISTING OF TEST STORM (BETSY) 

INPUT AND SAMPLE ANNOTATED OUTPUT . . . . . . . . . . . . . . . . . . .  

Page 

1 



CONVERSION FACTORS, NON-SI TO SI (METRIC) 
UNITS OF MEASUREMENT 

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

Mu1 t i~ lv Bv To Obtain 

degrees (angle) 0.01745329 radians 

feet 0.3048 metres 

knots (international) 0.5144444 metres per second 

miles (US nautical) 1.852 kilometres 



A UNIFIED PROGRAM FOR THE SPECIFICATION OF HURRICANE BOUNDARY 

LAYER WINDS OVER SURFACES OF SPECIFIED ROUGHNESS 

PART I: INTRODUCTION 

Statement of hoblem 

1. Specification of t he  wind veloci ty  and vector wind s t r e s s  near 

t he  sea surface i n  t rop ica l  cyclones is  required f o r  t he  description of 

ocean surface phenomena (such a s  ocean currents ,  t he  storm surge, and 

surface gravity waves) re la ted  t o  such cyclones. Dynamical-numerical 

computer-based models t o  describe such phenomena continue t o  be developed: 

fo r  example, the  work of Jelesnianski (1970) and Wanstrath e t  a l .  (1976) 

on the  open coast surge, F o m i s t a l l  (1974) on currents ,  Cardone e t  a l .  

(1976 on waves, and Wanstrath (1978) on t h e  surge, including coastal  

flooding. 

2. In most studies very simple descriptions of t he  hurricane wind 

f i e l d  have been used t o  dr ive very complicated ocean response models. 

This d i spar i ty  has hindered fur ther  refinement and validation of ocean 

response models and has l imited the  defens ib i l i ty  of climatological se- 

ries, design c r i t e i a ,  and l i k e  r e su l t s  based upon t h e  application of 

such models. The lack of near-surface wind measurements i n  hurricanes 

semes  a s  an excuse f o r  applying simple wind models: i n  f a c t ,  the  most 

widely applied empirical  model, discussed below, of  surface marine wind 

d is t r ibu t ion  in hurricanes is calibrated against  wind measurements made 

i n  a lake during t h e  passage of a s ingle  storm. 

3.  In  recent  years, however, great progress has been made i n  our 

understanding of t h e  basic  physical and dynamical charac te r i s t ics  of 

t rop ica l  cyclones, including the  p a r t  of such storms relevant t o  t h i s  

discussion: t he  planetary boundary layer  (PBL). Further, a s e r i e s  of 

measurement programs, both public and pr ivate ,  employing offshore o i l  and 

gas production platforms, automated data buoys, and low-flying a i r c r a f t ,  

have made avai lable  a wealth of data on wind s t ruc tu re  i n  t h e  PBL i n  



t r o p i c a l  cyclones. 

4. Cardone e t  a l .  (1976), exploiting t h i s  recent  progress, devel- 

oped a method f o r  specifying t h e  surface wind f i e l d  i n  hurricanes over 

t h e  ocean by applying a dynamical-numerical model of t h e  PBL i n  hurr i -  

canes. The method, requiring as input only a description of t h e  surface 

pressure f i e l d  and spec i f ica t ion  of storm motion and l a t i t ude ,  has been 

used t o  model the  surface wind f i e l d  i n  nearly every major hurricane t o  

affect  t he  Gulf of Mexico o r  t h e  East coast of t he  United S ta tes  i n  t he  

pas t  decade (Camille, 1969; Delia, 1973; Eloise,  1975; Belle,  1976). A t  

least one representative s e r i e s  of wind measurements. over water was avai l -  

ab l e  i n  each of those storms t o  val idate  t h e  method f o r  t he  intended en- 

vironment (open water) and t h e  intended parameter (time-averaged winds 

a t  a spec i f ic  height). Those s tud ies  confirm t h a t  t h e  model i s  ab le  t o  

give a convincing numerical representation of how f r i c t i o n ,  l a t i t u d e ,  

storm motion, and the  shape and in tens i ty  of t h e  sea-level  pressure pat- 

tern i n  a severe storm i n t e r a c t  t o  pmduce an asymmetrical v e r t i c a l l y  

in tegra ted  flow i n  t h e  PBL. The model, however, includes an empirically 

based scal ing l a w  t o  r e l a t e  t h e  integrated boundary layer  wind t o  t h e  

effect ive  19.5 meter l e v e l  wind. Further, t h e  surface stress d is t r ibu-  
I 

t i o n  in the  numerical solut ion has not been validated.  

5 .  The purpose of t he  study reported here is t o  generalize t h e  

method so  t h a t  it can be appl ied t o  specify surface wind and wind s t r e s s  

in hurricanes i n  a s e l f c o n s i s t e n t  way not only over t h e  open sea  but 

over waters typ ica l  of t h e  near-shore environment, over inland bodies of 

water ( lakes) ,  and over t e r r a i n  of varying roughness i n  general  (e.g. 

open marshland, dense f o r e s t ,  c i t i e s ) .  Such a capabi l i ty  is required 

f o r  t h e  application of surge models which t r e a t  t he  open-coast storm 

t i d e  and inland flooding of coas t a l  areas ( e lg .  t he  Mississippi d e l t a  

and Lake Pontchartrain a r ea )  o r  those applied t o  surge s tud ies  of l a rge  

inland bodies of water (e .  g. Lake Okeechobee 1. 
6. The goal of t h i s  s tudy was t he  development of an e f f i c i e n t  

algorithm, implemented as a computer program f r e e  from proprietary con- 

s t r a i n t s ,  t h a t  can be used t o  specify  hurricane-generated surface winds 

and wind s t resses ,  i n  h i s t o r i c a l  storms o r  hypothetical  storms, from t h e  



kind of meteorological information available f o r  h i s t o r i c a l  storms. 

Review of Prior Methods 

7. Considered theore t ica l ly ,  the problem of surface wind specifi- 

cation i n  t rop ica l  cyclones is  t o  solve the bas ic  equations of hurricane- 

sca le  c i rculat ion,  subject  t o  appropriate i n i t i a l  and boundary conditions. 

A s  a p a r t  of t he  system of equations, consider t h e  primitive equations 

of motion i n  cy l indr ica l  coordinates r , X , z , with or ig in  a t  t he  

center of the  cyclone, f o r  u and v , the  (hor izontal )  tangent ia l  and 

r a d i a l  components of t h e  wind: 

where IJ is t h e  v e r t i c a l  component of t he  wind and t h e  T 'S  a r e  t h e  

r a d i a l ,  tangent ia l ,  and v e r t i c a l  eddy s t r e s se s  of t h e  tangent ia l  and 

r a d i a l  veloci ty  components. 

8. Lack of knowledge how t o  solve equations (11, i n  par t i cu la r  

lack of knowledge how t o  specify the  eddy s t r e s se s ,  has u n t i l  ra ther  re-  

cent ly  prevented a straightforward application of t h e  primitive equa- 

t i ons  t o  t he  study of t r o p i c a l  cyclones. P rac t i ca l  demands, however, 

d ic ta ted  t he  development of surface wind models as ear ly  a s  t he  l a t e  

1940's and the  ea r ly  1950's. Even today t h e  most widely applied method 

f o r  wind spec i f ica t ion  derives from a procedure first published i n  a se- 



r i e s  of repor ts  of the  U.S. Weather Bureau, Hydrometeorological Section, 

during t h e  1950's. This method, hereafter  referred t o  a s  t he  HP (Hydro- 

meteorological-Parametric) method, may be considered a three-parameter 

method: it requires knowledge of only t h r ee  quant i t ies  re la ted  t o  a 

storm's s t ructure ,  t o  specify t h e  e n t i r e  a r e a l  d i s t r ibu t ion  of surface 

wind. 

9. The basic s teps  involved i n  t h e  HP method a r e  t h e  following: 

a. Assume t h a t  t h e  sea-level  pressure dis t r ibut ion i n  a trap- - 
ical cyclone is symmetric; specify  pressure a s  a function 
of radius r , 

where po is t h e  c e n t r a l  pressure ( a t  t h e  eye) Y AP is 

a storm pressure anomaly, and R is  a scale  radius r e l a t -  
ed t o  t h e  radius  of maximum wind. 

b. Compute t he  p r o f i l e  of p a d i e n t  wind a s  a function of - 
radius: t h i s  s t e p  bas ica l ly  solves t he  u equation of 
motion f o r  t h e  s teady-s ta te  , f r i c t i on l e s s ,  loca l ly  hori- 
zontally h~mogenous solution: 

,. 

c. Attempt t o  compensate f o r  neglect  of aZZ other terms by - 
reducing t h e  gradient wind t o  t h e  equivalent wind over 
water a t  10 meters, using a reduction of t h e  form 

where F va r i e s  from .865 a t  t h e  radius of maximum wind 
t o  about .60 a t  t h e  periphery of t h e  storm. 

d. Add a s m e t r y  t o  t h e  storm by vector ia l ly  adding 50% of - 
t h e  storm's forward motion V t o  t he  r igh t  s ide  of t h e  
storm and subtract ing 50% frob; t h e  l e f t  side.  

e. Par t i t ion  t h e  reduced winds i n t o  tangent ia l  and r a d i a l  - 
components by specifying an inflow angle t ha t  is a func- 
t ion .  of r/R alone; i n  e f fec t ,  t h i s  s tep  attempts t o  corn- 
pensate f o r  t h e  neglect  of a l l  physical e f f ec t s  contained 
i n  t h e  v equation of  motion. 

10. The function F w a s  derived from pressure and wind measure- 

ments made i n  and around Lake Okeechobee, Florida,  during t he  passage of 

two hurricanes i n  1949 and 1950; i n  f ac t ,  t h e  constant .a65 was chosen 



f r o m  measurements i n  t h a t  single storm deemed more representative.  

11. An attempt t o  solve by graphical means a l e s s  simplified ver- 

sion of equations (11, proposed by Myers and Malkin (1961), was applied 

t o  the  determination of t h e  wind f i e l d  i n  hurricane Helene, 1958, by 

Schauss (1962 1. The study of Myers and Malkin (1961) was t he  first t o  

demonstrate t h e  dynamical inconsistencies i n  t h e  HP method, especial ly  

the fa l lacy that superposition of storm motion on a c i rcu la r ly  symmetric 

wind f i e l d  can produce t h e  r igh t / l e f t  asymmetry observed i n  hurricanes. 

Schauss (1962) represented the  eddy s t resses  i n  terms of f r i c t ion  coef- 

f i c i en t s  which i n  t u rn  were estimated ind i rec t ly  from sea-level pressure 

analyses and sh ips '  wind observations i n  hurricane Helene. An important 

element of Schaussl study was t he  rea l iza t ion  t h a t  t h e  pressure f i e l d  

about t r op i ca l  cyclones is  not axisymmetric. Schauss varied Ap and R 

by quadrant; he fomd  t h a t  he could re l iab ly  estimate t h e  quadrantal 

var ia t ion from conventional coasta l  measurements and marine pressure data ,  

even though Helene remained offshore, eas t  of t h e  East coast  of t h e  

United States .  

12. The method of  Myers and Malkin and Schauss is not,  t o  our 

knowledge, i n  use today; t h e  HP method, however, is i n  widespread use  i n  

design s tud ies ,  cl imatological  s tudies ,  and real-time forecast  systems. 

Variants of t h e  HP method a r e  described by Patterson (1972) and 

Bretschneider (1976); t h e  l a t e s t  version is documented i n  Memorandum 

H'UR?-120, Hydrometeorology Branch, Office of Hydrology, NOAA. 

Relevant Recent Research 

13. Much of our current basic knowledge of t h e  s t ruc ture ,  dynamics, 

and energetics of t r o p i c a l  cyclones has been generated only within t h e  

past 10 o r  1 5  years. This progress is  a result of two factors :  first, 

an extensive da ta  base has been created a s  a r e s u l t  of t h e  program of 

reconnaissance by NOAA research a i r c r a f t  begun i n  t h e  l a t e  19501s; sec- 

ond, models of t h e  t r o p i c a l  cycione, based upon numerical in tegrat ion.  of 

the  pr imit ive  equations, have provided new ins igh t  i n t o  the  bas ic  dynam- 

i d  and thermodynamic processes operative i n  t rop i ca l  cyclones. 



1 4  A s  a r e s u l t  of analysis  of t h e  reconnaissance data,  t h e  gen- 

e r a l  d is t r ibut ion of pressure, wind, and temperature throughout t h e  f r ee  

atmosphere above the  f r i c t i o n  layer  i n  t h e  inner  core of hurricanes has 

been revealed. Shea and Gray (1973). f o r  example, composited a l l  a i r -  

c r a f t  data obtained between 1957 and 1969, and derived t h e  d i s t r ibu t ion  

of t h e  mean tangent ia l  and r a d i a l  components of ac tua l  winds a t  various 

leve ls  including the  900 mb l eve l ,  t h e  l e v e l  c loses t  t o  t h e  boundary 

layer. Their analysis  suggested t h a t  a t  t h a t  l e v e l ,  t h e  asymmetry i n  

t h e  tangent ia l  component exceeds t he  forward motion of t h e  storm, and 

t h a t  t h e  r ad i a l  (inflow) component i s  not symmetrically d i s t r ibu ted  

about t he  storm axis ,  a s  is  assumed i n  t h e  HP model. 

15. In t h e  area of numerical modelling, a t  l e a s t  a dozen d i s t i n c t  

pmgnostic models have been developed s ince  1964. Anthes (1974) summa- 

r ized  numerical models down t o  about 1972, several  of which continue t o  

be fu r the r  developed today. Changes have been mainly i n  t h e  use of in- 

creased horizontal  and v e r t i c a l  resolut ion and i n  parametrizing t h e  ef- 

f ec t s  of cumulus convection. 

16. Models of t he  prognostic type a r e  designed t o  study t h e  dy- 

namics and energetics of t r o p i c a l  cyclones, t o  expose t h e  mechanisms of 

hurricane formation from incipient  t r o p i c a l  disturbances, t o  study t h e  

s ens i t i v i t y  of t h e  t rop i ca l  cyclone t o  boundary condit ions a t  t h e  lower 

boundary ( i n  pa r t i cu l a r  sea surface temperature), and t o  assess  t h e  

prospective influence of various proposed schemes f o r  a r t i f i c i a l l y  modi- 

fying such cyclones (e.g. cloud seeding near t h e  eye wall) .  Such models 

t yp i ca l l y  can not be used d i r ec t l y  t o  specify t h e  d i s t r i bu t ion  of surface 

wind o r  wind s*ess-in hurricanes, because t h e  models su f f e r  from reba- 

t i v e l y  low horizontal  resolut ion,  crude parametrization of t he  boundary 

layer ,  and time-dependent in tegra t ion  schemes: i n  f a c t ,  t h e  models were 

designed not a s  diagnostic too ls ,  but r a t h e r  t o  describe t he  evolution 

of t h e  c i rculat ion from an a r b i t r a r y  s e t  of i n i t i a l  conditions. 

17. Recently there  has been g rea t e r  emphasis on t h e  boundary lay- 

e r  of t r op i ca l  cyclones i n  hurricane research: t h i s  is because t h e  

boundary layer  is  an important dynamical component of t h e  t o t a l  c i rcula-  

t i o n  i n  cyclones; addi t ional ly ,  much of t h e  new knowledge gained within 



the  past decade about t he  s t ruc ture  of the  surface and planetary bound- 

ary layers of t h e  atmosphere over t he  sea can be prof i tab ly  applied t o  

the  boundary layer  i n  hurricanes. Elsberry e t  a l .  (1974) obtained rea l -  

i s t i c  solutions f o r  t he  temperature and moisture d i s t r i bu t ion  within t h e  

boundary layer of an axisynunetric storm by applying t h e  marine PEL model 

of Cardone (19691, o r ig ina l ly  developed f o r  app l ica t ion  t o  the  extra- 

t rop ica l  atmosphere. More recent ly ,  Moss and ~ o s e n t h a l  ( 1975 ) estimated 

the  ver t ica l  exchange r a t e s  of momentum, heat, and cloud mass i n  t h e  

boundary layer of hurricanes by combining t h e  boundary l ayer  model of 

Deardoff (1975) with the  roughness parameter formulation of Cardone 

(1969 1. Anthes and Chang (1978) used a new parameterization of t h e  

planetary boundary layer  i n  an axisyrmnetric numerical hurricane model.:to 

study t h e  response of a hurricane boundary layer  t o  changes of sea sur- 

face temperature. 

18. In t h i s  study, a diagnostic model of t h e  hurricane PBL, de- 

veloped or ig ina l ly  by Chow (1971) and applied l a t e r  by Cardone e t  a l .  

(19761, is modified t o  produce a consistent  descr ipt ion of t h e  ve r t i -  

c a l l y  integrated wind i n  t h e  PBL, the  surface drag and t h e  wind speed 

and direction a t  anemometer height i n  a moving hurricane with asymmetric 

horizontal  wind d i s t r i bu t ion  over water. Equilibrium PBL theory is used 

t o  extend the  surface wind description t o  t e r r a i n  of specif ied roughness. 

The wind model is incorporated i n  a computer program t o  provide a grid- 

ded temporal and s p a t i a l  h i s to ry  of the  surface wind f o r  use i n  surge 

models. 



PART 11: THE HURRICANE PBL MODEL 

Review of Chow's (1971) Vortex Model 

19. A s  time dependent numerical hurricane models have been ex- 

tended t o  three  dimensions, it has become necessary t o  f ind  e f f ic ien t  

numerical schemes of solving t h e  pr imit ive  equations on t h e  high resolu- 

t ion  g r id s  required and t o  give more emphasis t o  t he  asymmetry of plan- 

e t a ry  boundary layer  flow. The l a t t e r  i s  important because f r i c t i ona l ly  

induced convergence i n  t he  boundary l aye r  (Ekman pumping) is  an impor- 

t a n t  mechanism i n  organizing moist convection and t r igger ing  t he  ins ta-  

b i l i t y  responsible f o r  t he  development of t r op i ca l  cyclones. Those re- 

quirements served a s  the  pr inc ipa l  motivation f o r  Chow's study. 

20 .  Chow1 s model concerned t h e  planetary boundary layer  (PBL) on- 

l y  and sought t h e  solution f o r  t h e  wind f i e l d  and horizontal  convergence 

i n  t h e  PBL of a moving t rop i ca l  cyclone f r o m  t h e  equations of motion. 

The pressure  f i e l d  i n  the  boundary l a y e r  was prescribed and fixed, so  

t h a t  t h e r e  would be no gravi ty  waves exci ted i n  the  numerical solution.  

This f a c i l i t a t e d  t h e  use of a nes ted  g r i d  system, which allowed gr id  

spacings as small as 5 km near  t h e  hurricane inner  region without Sac- 

r i f i c e  of ove ra l l  computational e f f ic iency .  

21. The model is based upon t h e  equation of horizontal  motion, 

v e r t i c a l l y  averaged through t h e  depth of t h e  PEL, wri t ten in coordinates 

f ixed  t o  t h e  ear th  as 

where 

a - 
a t  is t h e  time change loca& t o  t h e  f ixed coordinates; V t h e  two- 

+ 
dimensional de l  operator; V t h e  v e r t i c a l l y  averaged horizontal  vel- 

oc i t y ;  f t h e  Coriolis  parameter; Ik the  a n i t  vector i n  the  v e r t i c a l  

d i r ec t i on ;  p t h e  mean a i r  densi ty;  p t h e  pressure; % t he  hori- 

zon ta l  eddy viscosi ty  coeff ic ient ;  CD t h e  drag coeff ic ient ;  h t he  



depth of t h e  p lanetary  boundary layer .  It i s  assumed t h a t  t h e  v e r t i c a l  

advection of  momentum is s m a l l  compared t o  t h e  hor izonta l  advection and 

can be neglected and t h a t  t h e  shearing s t r e s s  vanishes a t  t h e  top  of t h e  

PBL. 

22. The pressure  i s  prescr ibed a s  t h e  sum of  p and p. ; 
C 

P = P c + P  

where pc , not necessa r i ly  axisyrmnetric, is  t h e  pressure  f i e l d  repre- 

sen t ing  t h e  t r o p i c a l  cyclone and assumed t o  t r a n s l a t e  with t h e  storm a t  
-t 

a s p e c i f i e d  speed Vc ; and y i s  a l a r g e  sca le  pressure f i e l d  which may 
-+ 

be s p e c i f i e d  by t h e  corresponding constant geostrophic flow, V , as 
g 

With t h i s  pressure  s p e c i f i c a t i o n ,  equation ( 2 )  may be wr i t t en :  

With r e s p e c t  t o  a moving Car tes ian  coordinate system ( x  , y )  whose 

o r i g i n  i s  loca ted  a t  t h e  moving low center  of p, , equation (4 )  is 

transformed i n t o  

where 



+ + 
V i s  now t h e  hor izon ta l  wind r e l a t i v e  t o  t h e  low cen te r ;  V t h e  effec- 

g 
t i v e  geostrophic flow r e l a t i v e  t o  t h e  low c e n t e r ;  and a t h e  t ime 

' d c  
change l o c a l  t o  t h e  moving coordinates. 

23 .  Chow solves  equation (5) i n  component form 

au - =  5 -  A u -  P u + H u -  FU a t  

where 



24. The general  formulation is  completed with t h e  speci f ica t ion 

of t h e  form of CD , KH and t h e  boundary condit ion a t  t h e  outermost 

boundary of the  gr id .  Following Smagorinsky (1963) 

where I~efl i s  t h e  t o t a l  deformation, A is t h e  mesh s i z e  and K is  

a non-dimensional constant  (K = .4 i s  assumed). The drag coeff ic ient  

was assumed t o  increase  l i n e a r l y  with wind speed 

A t  t h e  outermost boundary of t h e  g r i d ,  t h e  acce le ra t ion  and t h e  horizon- 

t a l  d i f fus ion of momentum a r e  neglected, implying a balance between 

Cor io l i s  force, pressure  gradient  force  and t h e  surface  f r i c t i o n a l  force  

25. The computational g r i d  is a rec tangular  nes ted  g r i d  

system consist ing of f i v e  n e s t s ,  within each of which t h e  mesh is con- 

s t a n t .  Figure 1 shows t h e  inner  t h r e e  n e s t s  i n  one quadrant of t h e  g r i d  

system; if t h e  mesh s ize  of  t h e  innermost n e s t  is say 5 km, t h e  second 

through f i f t h  mesh sizes a r e  10 , 20 , 40 , and 80 krn respect ively ,  

and t h e  e n t i r e  gr id  covers an a rea  of (1600 km12 . 
26. The d e t a i l s  o f  t h e  f i n i t e  difference formulation and of t h e  

computational scheme are given by Chow (1971) and w i i l  no t  be repeated 

i n  d e t a i l  here. Basica l ly ,  a combination of diagonal  and ordinary up- 

stream differencing is used f o r  s p a t i a l  de r iva t ives  i n  order  t o  reduce 

computational e r ro r s  i n  t h e  ca lcu la t ion  of t h e  advection terms and a t  

t h e  intermesh boundaries. The computation starts with an i n i t i a l  guess 

f i e l d  consis t ing  of  t h e  g rad ien t  wind components (computed from p . 
A t  each g r i d  point ,  t h e  equations (5 )  a r e  in tegra ted  forward i n  time 

+ 
u n t i l  t h e  accelera t ion ( a V / a t ) c  is to le rab ly  small. For an innermost 

g r i d  mesh of s i z e  5 Ian, t h e  time s t e p  is  60 see.  Chow found t h a t  800 



i t e r a t i ons  (equivalent t o  1 3  hours 20 min) were suf f ic ien t  t o  achieve a 

steady s t a t e  solution. 

27. Chow studied t he  accuracy of t h e  numerical scheme by obtain- 

ing numerical solutions f o r  a f r i c t i o n l e s s  (KH , cD = 0)  s ta t ionary  
+ 

(Vc = 0)  vortex i n  gradient balance. The pressure f i e l d  was a x i s m e t -  

r i c  and defined by the  well known exponential pressure law 

-Rp/r  
PC = Po + Ape ( 8 )  

where po is  storm cen t ra l  p resswe,  Ap is the  storm p re s swe  anomaly, 

R i s  t h e  sca le  radius and r is the  r a d i a l  distance from t h e  eye. 
P 

For t h e  t e s t  storm ( Ap = 50 mb, R = 40 km ) , the  

t runcat ion error decreased with t h e  spacing of t h e  inner  nes t  mesh s ize .  

For a spacing of 5 km, t he  numerical solut ion f o r  t h e  r a d i a l  and tan- 

gen t i a l  components is  compared t o  the  ana ly t ica l  gradient-wind solut ion,  

which of course contains only a t angent ia l  component, i n  Figure 2. It 

is seen t h a t  t h e  truncation e r r o r  appears only i n  t h e  r a d i a l  component . 

and serves  t o  introduce a small inward-directed r a d i a l  component. 

28. Figure 3 shows t h e  integrated boundary layer  wind solut ion 

found by Chow f o r  t h e  same t e s t  storm but with f r i c t i o n ,  s t o m  motion 

(10 m/sec) and a s teer ing gradient of 10 m/sec aligned with t h e  mo- 

t ion.  The pat tern  is remarkably r e a l i s t i c ,  a t  l e a s t  qua l i t a t ive ly ,  and 

displays considerable asymmetry f n  both speed and direct ion.  In  several  

s e n s i t i v i t y  experiments Chow deduced t h a t ,  a t  l e a s t  f o r  t h e  t e s t  storm, 

f r i c t i o n  and storm motion e f f ec t s  combine non-linearly t o  produce a 

s t rongly asymmetric inflow pat tern .  Storm motion i s  primarily respon- 

s i b l e  f o r  front-back asymmetry i n  wind speed, while the  asymmetric pres- 

sure  f i e l d  i n  t h e  steering-flow case is  mainly responsible f o r  t h e  l e f t -  

r i g h t  asymmetry i n  wind speed. These charac te r i s t i cs  of t h e  hurricane 

PBL wind f i e l d  were proposed much e a r l i e r  by Myers and Malkin (1961) on 

t he  bas i s  of graphical  in tegrat ion of a vector equation of motion s i m -  

ilar t o  equation ( 2 ) ,  without l a t e r a l  f r i c t i o n ,  but including both tan- 

gen t i a l  and normal v e r t i c a l  f r i c t i on  forces.  



A Consistent Surface Stress  Parameterization 

The model of Cardone e t  a l .  (1976 1 
29. Cardone e t  a l .  (1976) adapted Chow's model i n  order t o  spec- 

i f y  hurricane surface winds i n  h i s to r i ca l  storms. While Chow's model 

provided a good qua l i t a t i ve  description of t h e  PBL wind f i e l d ,  Cardone 

e t  a l .  found it necessary t o  modify t he  model i n  several  ways i n  order 

t o  a t t a i n  good quant i ta t ive  agreement between the  modelled winds i n  r e a l  

h m i c a n e s  and the  l imi ted  amount of measured wind data avai lable .  

30. The model ca l i b r a t i on  res ted mostly on t h e  wind record mea- 

sured on an o i l  r i g  d i r e c t l y  i n  t h e  path of Camille, 1969; a t  t h e  time, 

t h i s  wind t race  was believed t o  be t h e  only exis t ing accurate wind rec- 

ord representative of t h e  surface boundary layer  over open sea  i n  a well- 

documented extreme hurricane. 

31. The f i r s t  modification made was t o  generalize t h e  storm in- 

Put Parameter specif icat ion scheme adopted by Chow. The 3-parameter 
-t 

scheme, requiring only AP , R , and Vc , was retained; a s  was the  4- 
-+ 

parameter scheme, which adds an ambient geostrophic (V ) pressure gra- 
g 

dien t  directed normal t o  t h e  storm t rack,  a so-called s tee r ing  flow. A 

5-parameter scheme allowed t h e  angle between the  storm t rack  and t h e  am- 

bient  gradient t o  be varied. Final ly  t h e  option t o  specify Ap and R 

i n  equation 8 by storm quadrant was added, providing up t o  an li-param- 

e t e r  scheme. The motion and pressure parameters, along with storm l a t -  

i tude,  completely defined t h e  integrated boundary -layer wind solut ion 

f o r  a given storm. 

32. The ca l ib ra t ion  against  Camille data,  and t o  a l e s s e r  extent 

Carla wind direction in fomat ion ,  involved two major modifications t o  

t h e  model. F i r s t ,  it w a s  necessary t o  modify t he  boundmy layer  depth 

formulation. Chow had assumed a constant depth of 1 Ian. In  t h e  modi- 

f i e d  version, the depth was allowed t o  increase toward t h e  storm center 

from a minimum depth of 1 )an a t  t h e  storm periphery t o  nearly 2 lan 

i n  t h e  v ic in i ty  of t h e  eye wal l  of in tense storms. This modification 

primarily affected t h e  d i r ec t i ona l  proper t ies  of t h e  integrated boundary- 

l ayer  wind solution. 



33. Second, s ince  t h e  model w a s  needed t o  d r ive  a wave p red ic t ion  

model which required wind data  a t  20 meter e levat ion,  t h e  wind speed 

ca l ib ra t ion  incorporated a sca l ing  law t o  reduce t h e  i n t e g r a t e d  boundary- 

layer  wind t o  20 meters. The law w a s  found t o  be dependent on wind 

speed, with low winds reduced only s l i g h t l y  and winds of 50 m/sec 

reduced by about 60%. 

34, The modified vortex model has been applied t o  t h e  speci f ica-  

t i o n  of t h e  time h i s to ry  of surface  winds i n  many h i s t o r i c a l  storms 

(Hard et  al. , 1979) and i n  many r e c e n t  storms which have af fec ted  t h e  

U.S. coas t  (Cardone and Ross, 1977; Ross and Cardone, 1977; Cardone and 

Ross, 1978). Since most hurricanes are no t  s t r i c t l y  i n  s teady state 

(though t h e  c a l i b r a t i o n  storm Camille w a s  remarkably s o ) ,  a wind time 

h i s to ry  i n  a given storm is i n t e r p o l a t e d  f r o m  severa l  c h a r a c t e r i s t i c  

s t a t e s  computed from t h e  vortex model, on t h e  i m p l i c i t  assumption t h a t  

t h e r e  is  a rapid  mutual adjustment between t h e  wind f i e l d  and p ressure  

f i e l d  i n  hurricanes. The simulated storms a l l  included some d i r e c t  PEL 

wind da ta  measured f r o m  offshore  platforms, data  buoys o r  aircraft. The 

model appears t o  provide a good s u r f a c e  wind descr ip t ion f o r  a f a i r l y  

wide range o f  storm types. 

Shortcomings 

35. Recent t h e o r e t i c a l  and f i e l d  s t u d i e s  of t h e  s t r u c t u r e  of t h e  

PBL i n  hurr icanes  have revealed s e v e r a l  shortcomings i n  t h e  modified 

model described above. F i r s t ,  with regard  t o  t h e  depth of  t h e  PBL, t h e  

evidence now suggests  a much lower height  than 1-2 km as assumed above. 

Moss (1978) s tud ied  t h e  PEL turbulence s t r u c t u r e  from aircraft measure- 

ments f o r  a pe r iphera l  port ion of Eloise,1975; t h e  d a t a  support  a PBL 

height  of about 650 meters. 

36. Moss and Rosenthal (1978) est imated PBL v a r i a b l e s  i n  two in-  

tense  storms by applying Deardoff 's (1972) PBL parameterizat ion scheme 

t o  bulk da ta  t o  compute t h e  su r face  exchange coef f i c ien t s .  Cardone's 

(1969) r e l a t i o n  f o r  t h e  roughness l eng th  w a s  used and found t o  provide 

drag c o e f f i c i e n t s  i n  reasonable agreement with previous es t imates .  The 

ca lcu la t ion  included t h e  est imation of  t h e  PBL' depth under t h e  assump- 

t i o n  t h a t  t h e  top  of  t h e  PBL coincides with t h e  cloud base ,  which was 



taken a s  the  l i f t i n g  condensation level  of surface a i r .  Figure 4 shows 

the PBL depth calculated fo r  the storms studied.  A depth of 600-700 me- 

t e r s  characterized both storms except near t he  eye wall  where the  depth 

lowers t o  about 500 meters. Finally, Chang (1977) -added a PBL parametri- 

zation of contemporary formulation t o  a time dependent mul t i level  prim- 

i t i v e  equation model and derived the  r a d i a l  d i s t r i bu t ion  of t h e  PBL 

height i n  both steady and unsteady cyclones. Figure 5 shows t h a t  in  t he  

steady-state hurricane the  depth var ies  between 380 and 450 m with 

t he  PBL height l i f t e d  s l i gh t ly  near the  eye wall.  The PBL height was 

not found t o  exceed these  heights s ign i f ican t ly  i n  t h e  several  unsteady 

cases studied. 

37. Another inconsistency i n  t he  model r e s u l t s  f r o m  t h e  re ten t ion  

of the  drag law, equation (7 ) ,  used by Chow. That law i s  ac tua l ly  in- 

tended f o r  use with marine wind data a t  standard height (10 m ) .  Since 

the  drag coefficient  decreases with increasing height i n  t h e  PBL, the  

use of (7 )  with ve r t i ca l l y  integrated winds implies overestimation of 

t he  surface drag. In  addit ion,  new evidence (Figure 6 )  f o r  t h e  behavior 

of t he  10 m drag coefficient;  C10 , a t  sea  reported by Garrat t  (1977) 

supports a Charnock-type roughness law 

where z i s  the  roughness parameter, u* is  f r i c t i o n  veloci ty  and g 
0 

is the  grav i ta t iona l  constant. The Charnock constant a proposed was 

.O144 though the  value is sensi t ive  t o  t h e  value assumed f o r  t h e  K6rrnA1-1 

constant i n  t h e  PBL model applied. 

38.  The scal ing law adopted by Cardone e t  al .  (1976) apparently 

compensates f o r  t h e  shortcomings noted above, a t  l e a s t  insofar a s  t he  

specification of t h e  20 meter wind speed i n  concerned. However, t he  

computed surface wind is not consistent with t h e  surface drag, which it- 

self  is  l i k e l y  t o  be incorrect .  The integrated boundary- l ayer  wind 

therefore i s  a l so  l i k e l y  t o  be i n  e r ro r  i n  a given storm and is  not s u i t -  

able f o r  t he  extension of the  model solut ion t o  surfaces of a r b i t r a r i l y  

specified roughness a s  required i n  t h i s  study. 



39. In  t h e  next sec t ion,  a r ev i sed  PBL parameterizat ion i s  adopt- 

ed and shown t o  provide an accura te  and cons i s t en t  PBL wind and s t r e s s  

representa t ion within t h e  vortex model. 

The revised PBL parameterization 

40. A new framework f o r  parameterizat ion of t h e  f luxes  of momen- 

tum, heat and moisture in t h e  PBL has  been developed within t h e  pas t  de- 

cade, beginning mainly with t h e  work of Blackadar and Tennekes (1968) 

and Zi l i t inkevich (1969). The parametric r e l a t i o n s  result from t h e  

matching of mean p r o f i l e s  of wind,temperature,and moisture predicted by 

surface  and outer- layer s i m i l a r i t y  t h e o r i e s  f o r  a PBL i n  which t h e  flow 

is assumed t o  be hor izonta l ly  homogeneous and quasi-stat ionary.  

4 A p a r t i c u l a r l y  convenient form of t h e  parameterization, first 

proposed by Deardoff (1972), expresses the PBL f l u x e s  in terms of layer-  

averaged mean PBL properties. Deardoff's parameterizat ion,  combined with 

Cardone's roughness parameterization, w a s  found by Moss and Rosenthal 

(1977) t o  provide reasonable results for hurricanes.  The parameteriza- 

t i o n  adapted here i s  taken from Aryals  (1977) update o f  Deardoff's 

scheme. 

42. The genera l  form of t h e  parametric r e l a t i o n s  may be wri t ten  

ktQv - Bo)IB* = - (In zo + Cm) 

where u and v a r e  t h e  v e r t i c a l l y  in tegra ted  ( a s  i n  equation 5 )  hori-  

zon ta l  wind components ( i n  t h e  d i r e c t i o n  of  t h e  surface shear  and per- 

pendicular  t o  it, respec t ive ly ) ,  BV and q a r e  t h e  mean l a y e r  v i r t u a l  

p o t e n t i a l  temperature and s p e c i f i c  humidity, r e spec t ive ly ,  A =o is  t h e  

roughness parameter normalized by t h e  PBL height  ( zo /h ) ,  k i s  von 

~ < r m < n ' s  constanat:, 05 i s  a p o t e n t i a l  temperature scale expressed i n  



terms of t h e  heat f l u x  H , q is a s p e c i f i c  humidity s c a l e  involving 

the  moisture f l u x ,  and Am 9 Bm 9 Cm 9 Dm a r e  universa l  functions of 

dimensionless s i m i l a r i t y  parameters. 

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

e* and u* s i n c e  

44. There exist  two competing t h e o r i e s  f o r  t h e  form of universa l  

functions. I n  one theory ,  known as Rossby-number s i m i l a r i t y  theory,  t h e  

boundaFy l a y e r  he igh t  i s  uniquely determined by u*/f and L . For 

t h e  near n e u t r a l  hur r i cane  PBL, t h a t  theory p red ic t s  t h e  PBL t o  increase  

a s  t h e  r a t i o  u , / f  inc reases  toward t h e  center  of s t o w s ,  i n  apparent 

contradict ion t o  observation.  

45. In t h e  genera l ized theory,  t h e  depth of t h e  PBL, h , i s  

specif ied as an independent var iable .  Arya (1977) presents  updated ex- 

pressions f o r  t h e  s i m i l a r i t y  funct ions  i n  terns of t h i s  general ized 

theory as follows: 

(uns table)  

( s t a b l e )  

For n e a r n e u t r a l  cond i t ions ,  -2 < h/L < 2 , Am , Bm , C a r e  assumed m 
t o  be given by l i n e a r  i n t e r p o l a t i o n  between the  above computed values a t  

46. In  terms of  t h e  s i m i l a r i t y  r e l a t i o n s  (101, t h e  drag coeffi-  



c i en t  with respect t o  t h e  integrated PBL wind i s  

while t h e  angle 8 , between the  surface wind and t h e  integrated PBL 

wind i s  

47. To incorporate t he  s imi la r i ty  theory i n  t h e  hurricane model, 

two cases  were considered: 

a. Land. In  a PBL over land, the  following parameters a r e  
prescribed: f ,  zo , h , Bv - Bo . The parametric 

re la t ions  then define t he  following f m c t i o n s  
-b 

Cd = ~~(l'l)f , Z  , h , e  - 8  
0 v 0 

(as)  

b. Water. Over water, t h e  roughness parameter i s  not known 
but can be expressed i n  terms of U J ~  through a 
Charnock-type r e l a t i on  (equation 9) o r  t he  form proposed 
by Cardone (1969). The parametric r e l a t i ons  can then 
be solved f o r  

48. Arya (1977) gives solut ions  graphically only f o r  t h e  condi- 

t i o n  fh/ U, = 1 , i n  which case Cd and B can be expressed, f o r  a 

given l a t i t u d e ,  i n  terms of zo and a bulk Richardson number. In  t h i s  

form, t h e  theory is an updated version of Deardoff's scheme, which did 

not include dependence of Am , Bm , Cm . Dm on fh /u r  . In  general, 

however, fh/uJ ,  o r  zo a r e  not known a p r i o r i  ; equations (10-15) 

a r e  solved by i t e r a t i o n  s t a r t i n g  from an i n i t i a l  guess on u* 

49. In  order t o  avoid t h e  prohibi t ive  computational expense of 

solving equations 10-15 i t e r a t i v e l y  a t  each gr id  point  within t h e  numer- 

i c a l  vor tex model, t h e  assumptions a r e  made t h a t  over water t h e  a i r -sea  



temperature difference and boundary l ayer  height can be considered t o  

be invar ian t  o v e r t h e  domain of t h e  storm. I n  view of t h e  preceding 

discussion on h , t h i s  appears t o  be a reasonable approximation. Ex- 

cept  f o r  hurricanes crossing major ocean-current boundaries, t h e  assump- 

t i o n  of  horizontal  homogeneity of  BV - 8 a l s o  seems reasonable,  es- 
0 

pec ia l ly  f o r  Gulf of Mexico and lower U.S. East  Coast hurricanes.  

L i t t l e  i s  known about t h e  c h a r a c t e r i s t i c s  of t h e  PBL i n  hurricanes over 

land. However, given t h e  high l e v e l  of turbulent  mixing t h e r e  i n  hur- 

r icanes ,  it is reasonable t o  a s s m e  t h a t  an ad iaba t i c  l apse  rate i s  

es tabl ished and tha t  a t  l e a s t  i n  t h e  n e a r - c o a s t a l  zone, t h e  boundary 

l a y e r  depth is  c lose  t o  t h a t  assumed fo r  t h e  ovepwate r  case. 

50. Given t h e  above condit ions,  t h e  parametric r e l a t i o n s  F1 , 
f 2  , Fg , FQ can be found once f o r  a given storm by i t e r a t i o n ,  and 

expressed i n  terms of t ab les .  I n  p rac t i ce ,  t h e  upwind and crosswind 
+ 

drag coeff ic ients ,  the  r a t i o .  Ug/ / V  I and t h e  angle,  B , between t h e  

su r face  wind and t h e  in tegra ted  wind a r e  computed f o r  lcl = 0.8(.8)80 

m / s  and tabled.  Values f o r  in termedia te  wind speeds are found by 

l i n e a r  in terpola t ion.  

Test  r e s u l t s  f o r  t h e  general  parameterizat ion 

51. The behavior of t h e  over  water drag coef f i c ien t  f o r  typical 
-4 hurr icane  conditions ( 0  - 8 = - ~ O C ,  h = 650 m ,  f = 10 ) according t o  

v 0 

t h e  genera l  parameterization is shown i n  Figure 7. The over water cases 

a r e  computed f o r  two separa te  values  of t h e  Charnock constant: .0144 and 

.035. ' The former value was recommended by Gar ra t t  (1977). However, i n  

t h i s  model, k = .35 , t o  be cons i s t en t  with t h e  Arya formulation, and 

a = ,035 provides a b e t t e r  fit t o  t h e  10 m e t e r  drag coef f i c ien t  mea- 

surements analyzed by Garra t t .  The drag coef f i c ien t  f o r  t h e  land case  

is f o r  a roughness parameter o f  .08 m , a boundary l a y e r  depth of 650 m 

and n e u t r a l  s t a b i l i t y .  For comparison, Figure 7 a l s o  includes t h e  form 

adopted by Chow. 

52. While it is reasonable t o  expect t h e  new theory t o  y i e l d  drag 

c o e f f i c i e n t s  lower than equation ( 7 ) ,  t h e  magnitude of t h e  decrease and 

t h e  form of the  wind dependence seen was surpr is ing.  The revised param- 

e t e r i z a t i o n  was t e s t e d  i n  t h e  numerical vortex model with t h e  Camille 



inputs  used i n  t h e  study of Cardone e t  al. (1976). The revised so lu t ion  

was refemed t o  20 meters by solving 

where un and zo a r e  determined by t h e  numerical moael, s ince  f o r  

t y p i c a l  hurricane condi t ions ,  s t a b i l i t y  e f f e c t s  can be neglected i n  t h e  

surface layer.  

.53. Figure 8 compares t h e  new s o l u t i o n  and t h a t  derived by 

Cardone e t  a l .  Clearly,  t h e  genera l  parameterizat ion is underestimating 

t h e  surface s t r e s s  and the re fo re  t h e  su r face  wind. The d i f f i c u l t y  with 

t h e  general Arya formulation was t r aced  t o  t h e  dominating influence of 

t h e  scale-height r a t i o  fh/u;, on t h e  s i m i l a r i t y  va r iab les .  This param- 

e t e r  was added by Arya mainly t o  descr ibe  t h e  r e l a t i v e  influence of t h e  

Cor io l i s  force i n  an Ekman-type l a y e r  over a wide range of  l a t i t u d e s .  

In a hurricane, however, t h e  parameter v a r i e s  over two orders  of magni- 

tude because of t h e  v a r i a t i o n  of  u* over an extreme range ( t y p i c a l l y  

0-200 cm/sec) over a s h o r t  distance.  Considering t h e  highly curved 

na tu re  and s p a t i a l  inhomogeneity of  t h e  flow i n  t h e  hurricane PBL, t h a t  

parameter is apparently i r r e l e v a n t .  Its inf luence  was control led  there-  

fore  by r e s t r i c t i n g  t h e  s o l u t i o n  t o  fh/u* = 1. 
54. The r e s u l t s  of  r e s t r i c t i n g  t h e  scale-height  r a t i o  t o  u n i t y  

were dramatic. The rev i sed  dependence of  drag coef f i c ien t  on 

wind speed is  shown i n  Figure 7 and t h e  rev i sed  20-meter wind p r o f i l e s  

i n  Camille, f o r  two boundary l a y e r  heights  (h  = 650, 325 m) a r e  shown 

i n  Figure 8. The comparisons of modelled and measured wind speeds a t  

Rig 50 i n  Camille f o r  three PBL heights  a r e  shown i n  Figure 9, I n  t h e  

range of h = 325-650 m, t h e  new t h e o r e t i c a l  ca lcu la t ion  f i ts  t h e  mea- 

surements as wel l  as t h e  c a l i b r a t e d  s o l u t i o n  of Cardone e t  a l .  (1976). 

Proper t ies  of t h e  over-water so lu t ion  

55. The f i n a l  PBL parameterizat ion chosen f o r  t h e  over-water case 

c o n s i s t s  of the  Arya (1977) parameterizat ion,  with t h e  s c a l e  height  

r a t i o  r e s t r i c t e d  (fh/uJ, = 1) and wi th  t h e  crosswind drag term r e t a i n e d  

both i n  t h e  ca lcu la t ion  of t h e  surface stress i n  t h e  numerical solu- 



t ion  and i n  t h e  der ivat ion of surface-layer wind d i rec t ion  from t h e  in -  

tegrated boundary-layer wind di rec t ion.  The Charnock constant ,  a , is  

assignable a s  i s  t h e  value of k . However, s ince  a value of k of -35 

is consistent  with Arya's model, an a of .035 provides a b e t t e r  fit t o  

G m a t t ' s  (Figure 6 )  drag coef f i c ien t  da ta  than t h e  value suggested by 

Garratt  . 
56. The p r o p e r t i e s  of t h e  new over-water humicane wind model so- 

lu t ion a r e  most d i r e c t l y  seen i n  t h e  r e l a t i v e l y  simple case  of a s t a -  

tionary, symmetric vortex. The.solut ion may then be compared more 

readi ly  t o  t h e  g rad ien t  wind. This is  done i n  Figure 10 f o r  a s t a t i o n -  

ary symmetric vor tex  with t h e  s c a l e  radius (Rp = 12 n.mi)* and pressure  

anomaly (Ap = 105 mb) of C a m i l l e .  Note t h a t  t h e  comparisons a r e  only 

made a t  and ou t s ide  t h e  radius  of  maximum wind, s ince  i n s i d e  t h a t  radi -  

us, t runcation errors remain f a i r l y  l a rge  f o r  a small storm such as 

Camille. 

57. The vor tex  model p red ic t s  in tegra ted  PBL winds which a r e  

supergradient wi th in  a rad ius  of  about 3 x Rp . The 20-meter winds, 

however,-vary from 75 t o  85% of t h e  gradient  wind. The surface  inflow 

reaches a maximum o f  25' a t  a r ad ius  of about 5 x Rp and decreases 

sharply a t  t h e  eye w a l l .  These fea tu res  a r e  e n t i r e l y  cons i s t en t  with 

those deduced by Shea and Gray (1973) from composited low l e v e l  a i rc ra f t  - -  

data i n  hurricanes. Comparisons of modelled and measured winds over 

water i n  severa l  r e c e n t  storms w i l l  be presented i n  a later sect ion.  

Numerical Experiments over Mixed Terrain 

58. The s i m i l a r i t y  PBL theory a s  modified above may be e a s i l y  ap- 

p l ied  t o  t h e  s p e c i f i c a t i o n  of  CD and 8 i n  t h e  hurricane PBL over 

land. For a n e u t r a l  PBL, t h e  revised theory p red ic t s  t h a t  C,, and B 

a r e  functions only o f  z . For h of 500 m,  some t y p i c a l  values of 
- 3  0 

CD ( 8 )  a r e  1.78x10 (13.6') f o r  zo = .04 m and 
- 3  

2.54~10 (16.3') f o r  z0 = .16 m. 

59. The rev i sed  theory was t e s t e d  i n  two ways. F i r s t ,  t h e  nu- 

merical model was solved f o r  t h e  steady s t a t e  wind f i e l d  i n  a s t a t i o n a r y  

-- * 
A table of factors for converting non-SI units of measurement to SI 

(metric) units is presented on page 4. 



symmetric intense hurricane s i tua ted  en t i re ly  over homogeneous t e r r a in .  

While t h i s  case i s  unrea l i s t i c ,  it was intended t o  provide an indica- 

t ion of t he  s ens i t i v i t y  of t he  numerical solution t o  a g r ea t l y  increased 

drag. Second, the  solution was sought fo r  t he  more r e a l i s t i c  case of an 

intense hurricane s i tua ted  a t  t he  coast with t e r r a i n  of homogeneous 

roughness under t h e  northern half  of the  s t o m  and open sea  beneath t h e  

southern half .  The storm was s ta t ionary since only i n  such a case 

i s  t he  numerical model, formed i n  a moving coordinate system, 

rigorous. 

60. Solutions t yp i ca l  of both cases a r e  shown i n  Table 1 where 

they a r e  compared t o  t he  ope*sea solution discussed above. The cases 

were run with symmetric s ta t ionary  Camille inputs. The a l l - land case 

returned a symmetric solut ion as expected, The case shown is f o r  

z = -08 m,  which i s  typ i ca l  of open, level ,  countryside with low vege- 
0 

ta t ion .  Within about 200 km of t h e  eye, the  integrated PBL wind is 

found to be la rger  than t h e  open-sea case, though surface winds a r e  

s l i g h t l y  lower. The inflow angle i s  about 50% grea te r  than t h e  open-sea 

solution.  In  e f f ec t ,  t he  increased surface drag r e s u l t s  i n  a more in-  

tense  vortex fo r  a given pressure f i e l d ,  re f lec t ing  t h e  w e l l  known dual 

r o l e  of f r i c t i o n  i n  t rop i ca l  cyclones. In  nature,  decreased evaporation 

is la rge ly  responsible f o r  hurricane decay over land, and rap id  decrease 

i n  PBL winds. 

61. Two typ i ca l  examples of t h e  mixed land/sea solut ion a r e  shown 

in  Table 1. The solut ions  i n  these cases were qu i te  asymmetrical. In  

general, t he  solut ion over-land matched qu i t e  c losely  t h e  s ~ l u t i o n s  

found i n  s t r i c t l y  over land cases f o r  comparable z0 . However, o v e r -  

water, t h e  solut ion departed s ignif icant ly  from t h e  reference over-water 

case. In pa r t i cu l a r ,  f o r  a l l  values of land roughness attempted, t h e  

PBL winds over water downwind of land increased t o  values above t h e  a l l -  

water case, thus  causing t h e  formation of a d i s t i n c t  wind maximum i n  t h e  

l e f t  r e a r  quadrant (with respect  t o  north) s f  t h e  storm. 

62. In  Table 1, the  ve r t i ca l l y  integrated winds over sea  i n  t h e  

mixed land/sea solut ion a r e  taken along a r a d i a l  extending south from 

the  storm center.  For a land zo of .04 m t he  maximum wind over water 



Table 1 

Comparison of over water, over land, and mixed t e r r a i n  r a d i a l  wind speed 
p ro f i l e s  i n  vortex model numerical solutions f o r  a s ta t ionary ,  symmetric 
storm with pressure prof i le  parameters Ap = 105 mb, Rp = 1 2  n.mi., and 

modified (fhlun = 1) Arya (1977)  s imi la r i ty  PBL parameterization. 

Over water 
;+ 

fi E L  
7 . 2  7 . 2  

20.2 19 .7  

41 .2  34.9 

67 .0  53.5 

94.2 72.7  

102.4  78 .3  

108.4 82.4  

112.5 85.2 

Over land 
2, = .08m 

Half land/sea H a l f  land/sea 
z- = .Ohm z, = .32m 

Explanation of t ab l e  : 

R r ad i a l  distance from hurricane center  (km) 

vg magnitude of the  gradient wind 

13 integrated boundary layer  wind speed 

20 meter wind speed 

i n  mixed t e r r a i n  solut ion,  t he  over-sea values a r e  taken 
from rad i a l  over sea extending out from eye ( a t  coast )  
normal t o  coastl ine.  

+ 
IV(1and as above except r a d i a l  extended over land 

A l l  wind speeds a r e  expressed i n  knots. 



is increased about 5% over t h e  all-water case, and about 15% f o r  a land 

z of .32 m. Even grea te r  increases were found i n  t he  l e f t  r e a r  quad- 
0 

rant .  A s i m i l a r  experiment f o r  ac tua l  Camille inputs (not shown) led  t o  

comparable r e su l t s ,  showing an u n r e a l i s t i c  speed maximum i n  t h e  l e f t  

rea r  quadrant, whereas t he  nominal o v e ~ w a t e r  Camille solut ion displayed 

a maximum i n  the  r i gh t  hand quadrant. 

63. It is d i f f i c u l t  t o  explain t h e  precise  cause of t h e  anomalous 

model behavior i n  t h e  mixed-terrain case. Test cases were run with 

modified over-land drag laws derived f r o m  Rossby-number s imi l a r i t y  theo- 

ry but no change i n  t h e  bas ic  s t ruc tu re  of t h e  solution was noted. The 

solution was ver i f ied  t o  be s teady-s ta te  i n  t r i a l  in tegrat ions  car r ied  

out fo r  1600 ra ther  than 800 i t e r a t i o n s  of t h e  vortex model. Indeed, 

the behavior might be a t t r i bu t ed  t o  t h e  bas ic  model formulation, which 

forces a steady s t a t e  solut ion un rea l i s t i c a l l y .  However, i n  an experi- 

ment with a t h r e e l e v e l ,  three-dimensional nested-grid numerical model, 

reported by Moss and Jones (1978), behavior similar t o  t h a t  found here 

has been seen i n  a simulation of an in tense  hurricane approaching t h e  

coastl ine.  In t h e i r  in tegra t ion ,  it was noted that a s  t he  hurricane 

approached t h e  coast l ine ,  even though t h e  sea-level pressure i n  the  

storm began t o  r i s e ,  a t r ans i en t  wind-speed maximum grea te r  than found 

i n  t he  all-water control  case was es tabl ished over water on t he  landward 

s ide  of t h e  vortex and extending t o  t h e  l e f t  s i de  of the  c i rcu la t ion  

(looking down the  t rack toward land) .  

64. Moss and Jones a t t r i b u t e  t h e  anomalous behavior of t he  wind 

f i e l d  'near l a n d f a l l  t o  changes i n  t h e  pressure  f i e l d  induced by grea t ly  

increased inflow i n  t he  p a r t  of t h e  wind f i e l d  over land. In  our s i m -  

ulation,however, the  anomalous behavior is present even though t h e  pres- 

sure f i e l d  i s  fixed. More l i k e l y ,  t he  behavior is  caused by t h e  simpli- 

f ied treatment of t h e  PBL v e r t i c a l  s t r u c t u r e  and the  neglect of boundary- 

l a y e ~ a d j u s t m e n t  processes which occur on v e r t i c a l  scales  of t he  order 

of the  depth of t he  PBL and on hor izontal  sca les  of t he  order of the  

gr id  spacing. 

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

discont inui t ies  in.roughness i s  i n  a remarkably inchoate s t a t e .  



The theories f a l l  i n t o  two classes:  (1) those which t r e a t  surface bound- 

ary layers  only (e.g. E l l i o t t ,  1958); ( 2 )  those which t r e a t  t h e  Ekman 

layer a s  a whole. Nearly a l l  t h e  available f i e l d  data  a r e  r e s t r i c t ed  t o  

the  former case: there i s  considerable evidence t h a t  upon crossing 

a change i n  surface roughness, the  wind p ro f i l e  is  modified from below 

as  a new ( in te rna l )  boundary layer  grows i n  thickness a t  a r a t e  which 

depends upon s t a b i l i t y  and roughness. A s  a crude r u l e ,  the  new bound- 

ary layer  is  established t o  a height given by one t en th  t he  distance t o  

t he  upwind change i n  roughness. If we were t o  extend t h i s  r u l e  t o  t h e  hur- 

ricane PBL, whose height i s  typ ica l ly  500 m, we would expect the  flow t o  

adjust  within 5 km. However, t he  more general Elanan-layer adjustment 

theor ies  (e.g. Taylor, 1969) suggest a more complicated process, i n  

which t he  wind-speed p r o f i l e  near the surface ad jus t s  rapidly  a s  i n  t h e  

surface-layer theor ies ,  but i n  which t he  surface s t r e s s ,  the  turbulence 

s t ructure  and t h e  wind d i rec t ion  take much longer (by near ly  an order of 

magnitude) t o  a t t a i n  equilibrium with t he  new surface. The theory and 

scant avai lable  data  (Jensen, 1978) suggest a l s o  t h a t  t h e  process is no t  

symmetrical with respect  t o  roughness t r ans i t i ons  with t h e  adjustment 

fKrm rough t o  smooth conditions taking place a t  a slower r a t e  than 

from smooth t o  rough. It appears therefore t h a t  t he  basic  process of 

PBL adjustment i n  hurricanes needs t o  be b e t t e r  understood before t h e  

simulation of PBL flow across discont inui t ies  within numerical hurri-  

cane models can be improved. 

Equilibrium Theory Terrain Transformations 

E m i r i c a l  Evidence 

66. The numerical experiments described above indicated t h a t  t h e  

numerical model could not of i t s e l f  provide r e l i a b l e  wind f i e l d s  over 

t e r r a in  of a r b i t r a r y  roughness. This ra i sed  th ree  questions: 

(a )  a r e  f e t c h ~ e f f e c t s  near roughness d i scont inu i t i es  impor- 
t a n t  enough t o  be accounted f o r  empirically i n  the  
spec i f ica t ion  of surface winds i n  hurricanes? 

(b) can o v e s l a n d  PBL winds be prescribed from t h e  over 
water numerical solution? 



( c )  a r e  winds over l akes  such as Pontchar t ra in  and 
Okeechobee d i f fe ren t  from winds over open water, a p a r t  
f r o m  fe tch  e f f e c t s ,  o t h e r  f a c t o r s  being equal? 

67. Extensive empirical s t u d i e s  of t h e  e f f e c t  of f e t c h  on winds 

over water downwind of t h e  coas t l ine  have been repor ted  by Richards 

e t  a l .  (1966) and P h i l l i p s  and I r b e  (1976), who processed l a r g e  data  

s e t s  obtained around and i n  t h e  Great Lakes. Both s t u d i e s  employed t h e  

same a n a l y t i c a l  method. Extensive series of  simultaneous surface  wind 

measurements f r o m  c o a s t a l l a n d  s t a t i o n s  and downwind sh ips  and buoys 

were pa i red  and s t r a t i f i e d  by wind speed, f e tch ,  and s t a b i l i t y .  Both 

s t u d i e s  employed t h e  same f e t c h  and s t a b i l i t y  c lasses .  The s t a b i l i t y  

was parametrized by t h e  temperature difference ( land a i r  minus lake  

water) .  

68.  The problem of concern here is  t h e  adjustment of t h e  surface 

wind over a shallow in land lake  of t h e  dimensions of  l a k e s  Pontchar t ra in  

and Okeechobee ( f e t c h  < 40 n.mi) i n  hurr icane  condit ions.  The P a t t e r  

are charac te r i zed  by winds > 8 m/sec and near-neutral  s t a b i l i t y .  The 

da ta  of P h i l l i p s  and I rbe ,  and Richards e t  a l . ,  i n  those  wind-speed and 

s t a b i l i t y  ca tegor ies  a r e  p lo t t ed  i n  Figure 11. Clearly,  up t o  a f e t c h  

of a t  least 40 n. m i . ,  no s i g n i f i c a n t  t r e n d  with f e t c h  i s  evident  i n  t h e  

wind-speed r a t i o  (over-land i over-water). The r a t i o  tends  t o  be 

s l i g h t l y  l a r g e r  f o r  t h e  more recent  s tudy,  because t h e  over-water winds 

i n  t h e  r e c e n t  s tudy were measured a t  3 meter height  while i n  t h e  study 

of  Richards e t  a l .  t h e  anemometer he igh t  was 10 meters. Since t h e  first 

f e t c h  c l a s s  covered t h e  range 0-5 n.mi., t h e  implicat ion is t h a t  t h e  

wind speed over  t h e  l ake  i n  t h e  ind ica ted  c l a s s e s  and a t  he igh t s  up t o  

10 m a t t a i n e d  equil ibrium with t h e  l a k e  surface  within t h e  first few 

m i l e s  of t h e  coas t .  This behavior is c o n s i s t e n t  with t h e  height-to- 

f e t c h  r a t i o  of 1:10 noted above f o r  s u r f a c e  l a y e r  adjustment. 

69. It should be noted t h a t ,  i n  both of t h e  s t u d i e s  c i t e d ,  a de- 

pendence of t h e  wind r a t i o  on f e t c h  is proposed. The dependence however 

appears-  mainly i n  data  f r o m  low wind speed ( <  8 m/sec) c l a s s e s  and very 

s t a b l e  o r  uns tab le  s t a b i l i t y  c lasses .  The f e t c h  dependence the re fo re  

probably i s  caused by an adjustment of t h e  turbulence i n  t h e  PBL due t o  

changes i n  s t a b i l i t y  r a t h e r  than i n  s u r f a c e  roughness and i s  the re fo re  



not l i k e l y  t o  be important i n  t h e  hurricane environment. 

70. An in te res t ing  corroborat ive piece of evidence has  been pro- 

vided recent ly  by remote sensing data. The Seasat mission has proved 

t h a t  t h e  marine surface wind speed a s  might be measured a t  10 m height  

from say a data buoy, can be measured by a radar  scatternmeter t o  an ac- 

curacy of 1 m / s  o r  b e t t e r .  The r a d a r  backscat ter  cross-sect ion of t h e  

sea  surface (ao)  therefore  appears t o  be mainly dependent on surface 

s t r e s s  and wind speed (Jones e t  al. 1978). Ross and Jones (1978) re-  

ported severa l  aircraft :  experiments i n  which a scat ternmeter  was flown 

d i r e c t l y  downwind off  t h e  U.S. Eas t  Coast i n  moderately s t rong  offshore 

wind conditions. The oo measurements were p l o t t e d  versus  fe tch  

(Figure 121, beginning within 1 km of t h e  shore l ine .  There w a s  found t o  

be no fe tch  dependence a t  l e a s t  t o  40 km offshore, which suggests  t h a t  

t h e  surface s t r e s s ,  t h e  f r i c t i o n  ve loc i ty ,  and t h e  surface wind speed 

adjus ted  quickly t o  t h e  su r face  roughness. 

71. The above s t u d i e s  a l l  suggest s t rongly  t h a t  t h e  adjus-tment 

s c a l e  f o r  near-surface wind speed i n  strong-wind, near-neutra l  condi- 

t i o n s  is  a f e w  kilometers a t  most, which i s  a s m a l l  d i s t ance  compared t o  

t h e  dimensions of lakes Okeechobee and Pontchartrain.  A dependence of 

wind speed on fe tch  may t h e r e f o r e  be omitted. The s i t u a t i o n  with regard 

t o  wind d i rec t ion  is not  as clear. There a r e  no comparable f i e l d  data 

f o r  t h e  adjustment of PBL wind d i r e c t i o n  ac ross  a roughness d iscont inui ty .  

The ava i l ab le  theor ies  suggest a much longer adjustment s c a l e .  In t h e  

adopted scheme, no fetch-dependent adjustment f o r  wind d i r e c t i o n  i s  

incorporated;  however, t h e  case is allowed whereby t h e  wind speed ad- 

j u s t s  t o  t h e  lake  roughness immediately while throughout t h e  lake ,  the  

wind d i rec t ion  is  computed i n  accordance with t h e  roughness of t h e  

t e r r a i n  surrounding the  l a k e  (subrout ine  BREEZE/SPECIAL). This i s  

cor rec t  i f  t h e  adjustment scale f o r  wind d i r e c t i o n  i n  t h e  PBL is l a r g e r  

than t h e  lake  dimension. F i e l d  measurements a r e  requ i red  t o  t e s t  t h i s  

hypothesis.  

72. Apart f r o m  f e t c h  considera t ions ,  t h e  su r face  winds over a 

l a r g e  l ake  i n  hurricanes might be  d i f fe ren t  from equivalent  over-ocean 

winds because of  d i f ferences  i n  t h e  surface roughness between a lake and 



-.. . ape- 54%. .:.=L _s, t h e  drag  c o e f f i c i e n t  ove r  a l a k e  might be d i f f e r e n t  

..A 2.r. tne &-a& c ~ e f f i c i e n t  ove r  open s e a ,  p a r t i c u l a r l y  f o r  uniformly 

- ?  ;:1ck. :.akes i n  which t h e  su r f ace  wave s t rucrL?e  can be expectec t c  

d i f f e r  s i g n i f i c a n t l y  f o r  a g iven  wind from deep-water su r f ace  waves. 

Unfortunately,  t h e  c o r r e c t  drag  formula t ion  f o r  a shallow l a k e  is  much 

less  c e r t a i n  than f o r  t h e  s e a .  Whitaker,  Reid and Vastano (1973) have 

i n f e r r e d  a drag law f o r  Lake Okeechobee which i s  q u i t e  d i f f e r e n t  from 

t h e  -om pmposed by G a r r a t t .  The scheme adopted below t h e r e f o r e  in-  

c iuaes  t h e  allowance f o r  t h e  s p e c i f i c a t i o n  o f  over-lake winds r e l a t i v e  

t o  a s  a l t e r e d  l a k e  s p e c i f i c a t i o n  o f  s u r f a c e  roughness.  

The Transformation Model 

73. In t h i s  s e c t i o n  a s impie model is proposed t o  de r ive  t h e  su r -  

face  wind and s t r e s s  ove r  t e r r a i n  of  a r b i t r a r y  roughness from t h e  numer- 

i c a l  wind - f ie ld  s o l u t i o n  computed e x c l u s i v e l y  from t h e  rev ised  over- 

water  drag  formulation.The approach is  t o  employ equi l ibr ium PBL t h e o r y  

tc r e i a t e  t h e  o v e p w a t e r  i n t e g r a t e d  PBL wind t o  t h e  flow a t  t h e  t o p  of 

t h e  PBL and then t o  employ a c o n s i s t e n t  equ i l i b r ium model t o  compute t h e  

su r f ace  wind s t r e s s  from t h e  wind a t  t h e  t o p  o f  t h e  PBL f o r  t e r r a i n  

( i n c l u 2 i n g  l a k e s )  of  a r b i t r a r i l y  s p e c i f i e d  roughness.  The model pro- 

posed assumes t h a t  t h e  PBL over  l and  o r  i n l a n 2  l a k e s  i n  a hur r icane  is 

n e u t r a l l y  s t r a t i f i e d .  

74. The t r ans fo rma t ions  a r e  l e r i v e d  q x i t e  simply from consider-  

a t i o n  o f  t h e  a l t e r n a t e  forms o f  t h e  s i m i l a r i t y  F B i  theory adapted i n  

t h i s  study.To parameter ize  t h e  su r f ace  d rag  i n  t h e  numerical vo r t ex  mod- 

e l  we app l i ed  equat ions  10a  and 10b which r e l a t e  t h e  s t r e s s  t o  t h e  i n t e -  

g r a t e d  PBL wind. A l t e r n a t i v e l y  (Arya, 1977),  t h e  su r f ace  drag may be 

rseierencea To t h e  wind a t  t h e  t o p  of  t h e  PBL I+, , vh : 

kvh - =  - B s i g n  f 
u?: 

o r  t o  t h e  su r f ace  g e o s t r o p h i c  wind components 



kv J= - B s i g n f  
0 

U* 

A s  noted by Arya, A. and Bo may be expected t o  d i f f e r  from A and B 

due t o  the  presence of baroc l in ic i ty  and a l so  i n  very low l a t i t udes  

where winds a r e  s t rongly geostrophic . In  hurricanes, baroc l in ic i ty  i n  

the PBL may be ignored, but t h e  flow a t  t h e  top of the  PBL is more 

nearly i n  gradient balance. The e f f ec t s  of curvature on A , B have 

not been studied,  but t h e  success achieved with t he  s imi l a r i t y  PBL the- 

ory in the  over water case suggests t h a t  such e f fec t s  a re  not large.  In 

t h i s  model, d i f ferences  between A , B and AO , BO a re  ignored. 

75. The re la t ionsh ip  between Ao, Bo and Am , 
Bm 

i s  given 

by Arya (1977) a s  derived from t h e  equations of mean motion f o r  a baro- 

t rop ic  atmosphere i n  which t he  momentum f lux  is  assumed t o  vanish a t  

z = h :  

For t h e  r e s t r i c t e d  case of fh/u* = 1 , which we have adopted only f o r  

the  purposes of a t t a i n i n g  a workable parameterization, it can be shown 

simply from equations 10 ,  20 and 21  t h a t  t h e  flow a t  t he  top of t h e  PBL, 

z = h , i s  r e l a t e d  t o  t he  ve r t i ca l l y  in tegrated flow through 

In the  coordinate system adopted ( s ee  Figure 13 ) ,  vm is negative,  u* 

is  always pos i t ive  s o  t h e  wind speed a t  t h e  top of the PBL is always 

larger  than and turned clockwise ( i n  t h e  Northern Hemisphere) with re- 
+ 

spect t o  t h e  mean l aye r  wind V . 



76. Given t h e  wind a t  t h e  level  h , t he  consistent  s imi la r i ty  

theory defined by equations 20a and 20b may be solved f o r  the  surface 

s t r e s s  and surface layer  wind i n  a neutra l  PBL over t e r r a in  of specified 

roughness zo . For a neu t ra l ly  s t r a t i f i e d  PBL, A. and Bo a r e  re-  

duced simply t o  constants (1.39, 1.95 + k ,  respect ively) .  If zo is a 

c o n s t a t ,  a s  say over a homogeneous land surface,  u:: may be obtained 

d i r e c t l y  f r o m  equations 20a and 20b. However s ince  over a lake,  the  

roughness probably depends on u* , zo may i n  general  be prescribed i n  

terms. of u* using t h e  general  form proposed by Cardone (1969). 

where C1 C2 , C3 a r e  constants t o  be chosen t o  impose a 'des i red  drag 

law. (For example, f o r  a Chmock law, Ci = C3 = 0 , C2 = a/g ; f o r  

land, C 1 = C 2 = 0 ,  C3 is  t h e  roughness parameter f o r  the  t e r r a i n  

type). 

77.  The implementation of the  above model i n  the  specif icat ion of 

hurricane surface wind f i e l d s  over t e r r a in  of a rb i t raxy  roughness o r  

lakes  is coded a s  subroutine UPDOWN, which allows f o r  t h e  calculation of 

transformations f o r  up t o  s i x  t e r r a in  categories,  f o r  each of which 

mughness constants C1 , C2 , C3 have been specif ied.  The procedure 

followed is: 

a.  Given t h e  integrated boundary layer  wind u , v and 
the  condit ions of a given hurricane over water 
(h  . Ba - go , f , k , a ) compute u, from the  revised .. 
over water s imi l a r i t y  parameterization. 

b. From equations 22a, 22b, compute t h e  wind speed and 
d i rec t ion  a t  l e v e l  h , t he  top of t h e  PBL. 

c. For each t e r r a i n  roughness,specified i n  terms of equation 
23, use t h e  neu t ra l  s imi la r i ty  model (20a, 20b) t o  com- 
pute t h e  f r i c t i o n  velocity appropriate t o  the  t e r r a i n  
roughness, u , the r a t i o  u * ~ /  , and t h e  angle be- 

fit 

tween t h e  surface s t r e s s  and the  integrated wind. The 
r a t i o  and t h e  turning angle a r e  computed f o r  

= 0.8( .8 180.0 mlsec, f o r  each roughness category and 

s tored f o r  use i n  the  spec i f ica t ion  of surface winds i n  
a given simulation over a g r id  covering d i f f e r en t  t e r r a i n  
types. 



78. The overal l  behavior of the  transformations is  exemplified i n  

Figure 14,  which shows the  r a t i o  of surface wind speeds a t  20 meters 

(over-land + over-sea) and the  difference between the  over-land and 

over-sea inflow angle f o r  two t e r r a i n  roughnesses: .04m, .32m. For 

comparison, Figure 14  shows the  r e su l t s  f o r  the  wind-speed r a t i o  derived 

f r o m  numerical mixed-terrain and over-water solut ions  f o r  a symmetric 

s ta t ionary vortex ( radius  and pressure drop a s  i n  Camille 1. To a r r ive  

a t  t h e  indicated quant i t i es ,  t he  surface wind speed and direct ion along 

a r a d i a l  extending north of t he  eye over land i n  t he  mixed t e r r a i n  case 

was referenced t o  the  (symmetrical) solution along the  r a d i a l  f o r  open 

ocean. It should be reca l led  t h a t  i n  the  mixed-terrain solut ion,  t he  

wind f i e l d  over land looked qui te  reasonable. Apparently, t h a t  solution 

can be re t re ived qui te  simply from the over-water solut ion using the  

equilibrium model described above. It is a l s o  i n t e r e s t i ng  t o  note t h a t  

the  form of the  dependence shown i n  Figure 14 conforms qu i te  closely t o  

the  empirical wind-speed r a t i o  derived from measurements i n  hurricanes 

i n  and around Lake Okeechobee ( U. S . Weather Bureau, Hydrometeorological 

Section, 1954). 

Results f o r  Test Storms 

79. In  t h i s  sect ion,  t h e  r e s u l t s  of calculat ions  of t h e  en t i r e  

h i s to ry  of the surface wind f i e l d  i n  se lected hurricanes a r e  checked a t  

measurement locations a t  which representative surface wind measurements 

a r e  available.  Indeed, t h e  storms were chosen because over-water wind 

measurements and, i n  some cases, representative over-land wind measure- 

ments were available,  and because extensive analyses of storm pressure 

and t rack  charac te r i s t i cs  had been performed i n  previous s tudies .  Re- 

s u l t s  a re  presented f o r  hurricanes Camille, 1969; Betsy, 1965; Delia, 

1973; Belle, 1976; Anita, 1977; and the  Lake Okeechobee (LO) storm. of 

1949. Comparisons against  over water winds a r e  made i n  Camille, Delia, 

Belle,  and Anita. A l imi ted  evaluation of over-land and over-lake winds 

i n  Camille and t h e  LO storm is made. Finally,  sample r e s u l t s  f o r  Betsy 

a re  presented without comparison against  measurements, a s  no represen- 



t a t i v e  measured winds over land o r  l ake  a r e  ava i l ab le  i n  t h a t  stor?n. 

Camille 

80. Hurricane Camille played a c r u c i a l  r o l e  i n  t h e  c a l i b r a t i o n  of 

the  method developed by Cardone e t  a l .  (1976)~ because a t  t h a t  time, t h e  

wind t r a c e  i n  Camille from Rig 50 was deemed t o  be t h e  only ex tan t  rep- 

r esen ta t ive  oveswate r  wind t r a c e  i n  an i n t e n s e  hurricane. Indeed, t h e  

empirical  law developed by Cardone et  al .  t o  s c a l e  in tegra ted  boundary 

l a y e r  winds t o  standard anemometer height  was based l a rge ly  on t h a t  wind 

t r a c e .  I n  t h e  present  scheme, t h e  ass ignable  model parameters a r e  

physica l  q u a n t i t i e s  r e l a t e d  t o  fundamental p roper t i e s  of t h e  planetary 

boundary l a y e r  model (PBL height ,  s t a b i l i t y ,  roughness parameter formu- 

l a t i o n ) .  Also, t h e  method provides t h e  wind speed a s  might be measured 

a t  any height  i n  t h e  constant -s t ress  surface  boundary l ayer ,  which i n  

hurricanes may extend t o  a height  of a t  least 50 meters. 

81. The comparison of measured and modelled wind speed a t  Rig 50 

a t  measurement height  i n  Camille is  shown i n  Figure 15. The agreement 

is a t  l e a s t  as good as t h a t  achieved by Cardone e t  a l .  (1976). Results 

f o r  two boundary-layer heights  are shown. The numepica1 so lu t ions  dif-  

fer l i t t le ,  except nea r  t h e  eye, where t h e  lower height  (h  = 500 m) 

matches t h e  peak measured wind b e t t e r .  This may r e f l e c t  t h e  f a c t  t h a t  

near t h e  eye of in tense  hurricanes,  t h e  PBL height  lowers s l i g h t l y .  

Since t h e  s o l u t i o n s  d i f f e r  l i t t l e  ou t s ide  t h e  eye, it is perhaps prudent 

t o  use a PBL height  of 500 m i n  s imula t ions  o f  s trong storms i n  the  Gulf 

of Mexico. 

82. To genera te  modelled surface-wind t ime h i s t o r i e s  a t  land 

sites r e q u i r e s  knowledge of t h e  roughness parameter representa t ive  of 

t h e  t e r r a i n .  Typical zo values f o r  va r ious  t e r r a i n  types have been 

given by s e v e r a l  workers (e.g. Figure 16 after ESDU 72026, 1972). The 

roughness parameter i s  very s e n s i t i v e  t o  t h e  t e r r a i n  type within a few 

kilometers of  a given measurement site,  and the re fo re  of ten  v a r i e s  s i g -  

n i f i c a n t l y  with wind d i rec t ion  a t  a s i t e . F o r  t h e  sites a t  which winds 

have been measured i n  t h e  se lec ted  hurr icanes ,  t h e  roughness parameter 

has n o t  been determined experimentally. We the re fo re  depic t  modelled 

time h i s t o r i e s  covering a reasonable range of roughness parameters a t  



-, 
L . d c  . ~ n c  sites. Also, with t h e  exception of t h e  lakefront  compar- 

-1n i c  1 2 i i i l l e ,  comparisons a r e  r e s t r i c t e d  t o  only those measurement 

. F S  st whick. the  anemometer was recorded on s t r i p  c h a r t ,  from which 3G- 

~ninutuaverage  wind speed and d i rec t ion  could be ext rac ted .  

83. Figure 17 compares measured and modelled winds a t  Keesler 

A i r  Force Base, Biloxi ,  !< i s s i s s ipp i .  The anemometer a t  Keesler i s  

mounted 1 6  f e e t  above t h e  runway surrounded by f a i r l y  l e v e l  t e r r a i n  but 

with the  coast l e s s  than a block away t o  the  southeast .  The anemometer 

measured winds up t o  t h e  t i m e  of  eye l a n d f a l l  a t  0000 CDT. Measured 

wind d i rec t ions  support an over  land t r a j e c t o r y  up t o  about 2300 CDT and 

ove? water t r a j e c t o r y  t h e r e a f t e r .  The modelled wind h i s t o r y  f o r  zo 

of .Li m,  compares favorably wi th  t h e  measurements up t o  2300 CDT; a f t e r  

which t h e  measurements agree  b e t t e r  with an equivalent  ovepwate r  h i s -  

--. :.T ( a l s c  shown i n  Figure 17). Modelied wind d l rec t ion  i s  genera l ly  
;;' 7 hir  ~ 0 '  of t h a t  r.eesured. 

- . The anemometer a t  Burwood CGS, Southwest Pass, i s  i n  a  com- 

p lex  evqr+rc~nlent ,  with a t  l e a s t  some influence of  land t o  be expected, 

e spec ia l iy  fc: ~ i n d  L i rec t ions  between northwest and nor theas t .  The 

wind cmpar i5-  -.s i n  Figures 18 and 1 9  show b e t t e r  agreement i n  wind 

d i r e c t i o c  f o r  ar, assumed o v e r w a t e r  exposure. For wind speed, however, 

o v e r l a n d  h i s t o r i e s  agree b e t t e r ,  but t h e  e f fec t  of a s h i f r  i n  wind 

d i r e c t i o n  t o  an off-water d i r e c t i o n  (1800-2000 CZT) can c l e a r l y  be seen 

i n  t h e  measured wind speed. 

85. Since fe t ch  e f f e c t s  a r e  no: k u i l t  iczo the  present  model, t h e  

Burwood and Keesler comparisons present  worst-case examples of l i m i t e -  

t i o n s  of t h e  present  scheme. Nevertheless, t h e  r e s u l t s  appear accura te  

enough f o r  spec i f i ca t ion  of o v e ~ l a n d  winds i n  t h e  coas ta l  zone. 

86. An important func t ion  of t h e  present  model i s  t o  specify 

winds over Lake Pontchartrain in hurricanes.  The scheme adopted in-  

cludes t h e  provision f o r  t h e  s p e c i f i c a t i o n  of winds over t h e  l ake  d i f -  

f e r e n t  from winds over open water i n  two ways. F i r s t ,  sur face  wind 

speeds may be computed r e l a t i v e  t o  a  zo 
spec i f i ed  f o r  l akes  which d i f -  

f e r s  from t h e  Charnock l a w  assumed over water. Second, t h e  program 

accomodates t h e  condit ion,  discussed e a r l i e r ,  whereby the  surface l a y e r  



wind speed and s t r e s s  a r e  assumed t o  ad jus t  t o  the lake roughness on 

length scales  small compared t o  the  lake width, but the PBL wind direc- 

t i on  is  governed by the  roughness of t h a t  t e r r a i n  upwind of t h e  lake.  

87. There is v i r t ua l l y  no data on t h e  roughness proper t ies  of 

Lake Pontchartrain. Whitaker, Reid and Vastano (1973) have deduced a 

drag law fo r  Lake Okeechobee which d i f f e r s  substant ia l ly  i n  l e v e l  and 

wind dependence from equation 3. Their form was f i t  t o  equation 23, and 

w a s  used t o  provide t e s t  wind h i s to r i e s  a t  measurement s i t e s  around and 

i n  the  lakes i n  the  t e s t  simulations. (The form of equation 23 does not 

provide a par t i cu la r ly  accurate f i t  t o  t h e  odd form proposed by   hi taker 

e t  al., but is within about 20% over t he  range 10-50 m / s . )  

88. The model was used t o  specify surface wind speed a t  the  loca- 

t i o n  and measurement height of Lakefront Airport, New Orleans, i n  

Camille, f o r  both water and lake roughness laws (Figure 20). The wind 

d i rec t ion  was computed f o r  the water z and f o r  the spec ia l  case de- 
0 

scr ibed above, assuming an upwind t e r r a i n  roughness of 1 m. Observed I- 

minute hourly surface winds from the  a i r p o r t  s t a t i on  a r e  a l so  plot ted.  

Quant i ta t ive  comparison of wind speeds is not warranted because the  mea- 

surement is poorly averaged and t h e  measurement s i t e  may not be repre- 

s en t a t i ve  of over-lake conditions. The reported wind direct ions  should 

be more representative;  t h e  comparisons t he re  suggest t h a t  there  may in- 

deed be a l a rger  inflow angle f o r  winds over Lake Pontchartrain i n  hur- 

r i canes  than returned by t h e  nominal over-water o r  over-lake transfor-  

mation. Higher qua l i ty  measurements i n  the  lake  i n  storm conditions a r e  

required t o  ver i fy  t h i s  poss ib i l i ty .  

89. Figure 20 a l s o  shows the  wind speed over downtown New Orleans, 

a t  8 5 f e e t ,  calculated with a zo of 1 m. Time-averaged measured winds 

a r e  not avai lable  f o r  comparison. 

Delia - 
90. F o r r i s t a l l  e t  a l .  (19771, using the  method of Cardone e t  a l .  

(19761, ran a simulation of hurricane Delia i n  order t o  produce a wind 

f i e l d  a s  accurate a s  possible ,  permitting t he  simulation of t h e  surface 

wind and current a t  Buccaneer tower, offshore sf Galveston, Texas. Thus 



the storm parameters and track were adjusted, within t h e i r  range 

of uncertainty, t o  produce best  agreement between measured and modelled 

winds a t  the tower. Those storm-parameters and t rack were used,without 

a l tera t ion,  a s  input data t o  t h e  pFesent scheme and t h e  wind f i e l d  was 

com~uted. The boundary layer  height was specified a s  500 m. 

91. The comparison of measured and modelled wind speed and direc- 

t ion i n  t h i s  s t o m  is shown i n  Figures 21 and 22. The agreement in wind 
0 speed and direct ion is  generally excellent ,  except f o r  about an 10-20 

excess of inflow i n  t he  modelled wind directions.  S l igh t  a l t e r a t i o n  of 

the  input parameters and t rack of t h i s  poorly organized highly e r r a t i c  

storm would probably have-provided even be t t e r  agreement. 

Belle - 
92. The wind and wave f i e l d s  i n  hurricane Belle have been mod- 

e l led  by Cardone and Ross (1979),using both the  methods of Cardone e t  a l .  

and simpler parametric schemes. Belle moved rapidly up along the  ea s t  

coast. A s  it d id  so, t h e  cen t ra l  pressure rose  sharply and t h e  eye di- 

ameter increased. This storm, therefore, provides a c r i t i c a l  t e s t  of 

the  present method, which simulates such time changes i n  terms of a 

se r ies  of steady-state numerical solutions. 

93. The center  of Belle passed d i r ec t l y  over two NOAA data buoys, 

one EB15 located offshore South Carolina; t he  other ,  EB41, located eas t  

of New Jersey. A s  f o r  t he  Delia simulation, the  storm input parameters 

and storm t rack determined by Cardone and Ross (1979) was used without 

a l t e ra t ion  t o  dr ive  t h e  present model. Four steady-state solut ions  were 

u t i l i zed  t o  attempt t o  accomodate the  rapid changes i n  storm in tens i ty ,  

shape and speed. 

94. The modelled and measured time h i s to r i e s  a r e  compared a t  sen- 

sor height a t  EB15 and EB41, in Figures 23, and 24. Agreement i s  gener- 

a l l y  excellent. The departure between modelled and measured wind direc- 

t ion ear ly  i n  t h e  EB41 his tory  is re la ted  t o  t h e  presence of a f r o n t a l  

trough of low pressure which was located off t h e  New Jersey coast and 

which dis tor ted t h e  pa t te rn  of isobars i n . t h e  forward quadrants of t he  

storm. 



Lake Okeechobee Storm of 1949 

95. The Lake Okeechobee s t o m  of 1949 has been t h e  s u b j e c t  of much 

pas t  study. I t  i s  p a r t i c u l a r l y  important because winds were measured 

over t h e  lake  with ca l ib ra ted  anemometers mounted a t  10 meters height.  

The wind data  had been reduced t o  10-minute averages by t h e  Hydrometeo- 

r o l o g i c a l  Section,  U.S. Weather Bureau. For t h e  comparisons shown i n  

t h i s  s tudy,  t h e  data were reduced fu r the r  t o  30-minute averages,  t o  be 

more cons i s t en t  with t h e  implied averaging i n t e r v a l  of modelled winds. 

96. Storm input  parameters were spec i f i ed  as o b j e c t i v e l y  a s  pos- 

s i b l e  from t h e  data published on t h i s  s t o m .  While t h e r e  i s  c o n s i d e r  

ab le  storm data  from t h e  l a k e  s t a t i o n s ,  t h e r e  remains some uncer ta in ty  

i n  t h e  p r e c i s e  storm t r a c k ;  p a r t i c u l a r l y  e a s t  o f  t h e  Flor ida  coas t  and 

a s  t h e  storm recurved northwest of t h e  lake.  There i s  a l s o  some uncer- 

t a i n t y  i n  t h e  f i l l i n g  r a t e .  I n  our simulat ion,  no f i l l i n g  is appl ied  

u n t i l  j u s t  after t h e  eye of  t h e  h m i c a n e  has crossed t h e  lake .  Storm 

pressure  input  parameters - p = 954 mb, R = 22 n.mi.) p r i o r  t o  t h e  f i l l -  

ing  s t a g e  were taken d i r e c t l y  from Graham and Hudson (1960), while t h e  

s t e e r i n g  flow was est imated from h i s t o r i c a l  Northern Hemisphere Surface 

Analyses. The four-parameter (Ape , R , Vc , V ) pressure  i n i t i a l -  
g 

i z a t i o n  scheme was adopted s i n c e  t h e  storm appeared t o  t r a n s l a t e  i n  t h e  

d i r e c t i o n  of t h e  s t e e r i n g  flow. There d id  n o t  appear t o  be s u f f i c i e n t  

da ta  i n  t h i s  storm t o  es t imate  ~p and R by quadrant.  Storm t r a c k  

w a s  taken from published t r a c k  char t s ,  though it is not c l e a r  whether 

t h e  t r a c k  relates t o  t h e  pressure  center  o r  t h e  cen te r  of surface wind 

c i r c u l a t i o n .  

97. Surface winds were measured r e l i a b l y  a t  two l o c a t i o n s  within 

t h e  l a k e ,  s t a t i o n s  14 and 16, shown i n  Figure 25. The same f i v e  shows 

t h e  path  of  t h e  storm schematically. Surface winds were computed f o r  

two roughness ca tegor ies :  (1) t h e  over-water Charnock l a w ;  (2 )  t h e  

roughness spec i f i ca t ion ,  equation 23, with constants  c o n s i s t e n t  with t h e  

Lake Okeechobee drag law o f  Whitaker e t  a l .  (1973). 

98. Measured and modelled winds a t  t h e  l a k e  s t a t i o n s  are shown 

i n  Figures  27 and 28. The h i s t o r i e s  cover t h e  period from about 8 hours 

before  t h e  occurrence of max imum wind on t h e  l a k e ,  a t  which t i m e  t h e  



storm center was between Nassau, Bahamas and West Palm Beach, Florida, 

and t h e  8-10 hour period a f t e r  t h e  occurrence of maximum winds, when the  

storm was f i l l i n g  rapidly and recurving northward over cen t r a l  Florida. 

99. The wind speed comparisons show t h a t  i n  general  t h e  lake 

roughness h i s to r ies  compare b e t t e r  with t he  measurements then t h e  over- 

water specification.  There i s  one serious discrepancy between modelled 

and measured wind speeds: t h i s  occurs over a twehour  period j u s t  a f t e r  

t he  occurrence of maximum winds, when the  modelled winds show a signi-  

f i c an t  drop before rejoining t h e  measurement history. The measurements 

a l so  show a drop but t o  a much 1esser.degree.  The double maximum sug- 

ges t s  t h a t  t he  s t a t i ons  l1entered" t he  eye b r i e f ly  on t h e  western s ide  

of t h e  h m i c a n e  and t h a t  t h i s  a f fec t  was accentuated i n  t h e  simulation 

perhaps because the  o f f s e t  between the  wind c i rcu la t ion  center  and the  

pressure center was l a rge r  i n  t he  numerical model than ac tua l ly  occurred. 

Another poss ib i l i ty  is t h a t  t h e  pressure f i e l d  i n  t h i s  storm was simply 

more complex than could be described by th ree  parameters. 

100. The modelled wind directions agree well  with measurements 

a t  S ta t ion  14 i n  t he  forward quadrant of t h e  storm and at  Stat ion 16 i n  

t h e  rear quadrant of t he  storm; otherwise systematic departures of 

20-40' a r e  evident. The sense of t h e  discrepancy is t h a t  there  is l e s s  

inflow than modelled i n  t h e  forward quadrants and more inflow than model- 

l ed  i n  t h e  r ea r  quadrants, over t h e  lake. Fr ic t iona l  e f f e c t s  associated 

with t h e  presence of roughness boundaries a r e n o t - a s  l i k e l y  t o  be the 
cause of systematic e f f e c t s  of t h i s  nature as a re  differences between the  

ac tua l  l a rge  sca le  pressure f i e l d  i n  t h i s  storm and t h e  one simply 

modelled. 

Betsy 

101. Hurricane Betsy served t o  t e s t  the  complete h i s to ry  program, 
including the  specif icat ion of surface wind f i e l d s  over a rectangular 

high resolut ion gr id ,  each hour, throughout a 24-hour h i s to ry  run. In- 

put da ta  and sample output f i e l d s  a r e  included i n  Appendix C. 

102. A s  a pa r t  of t h e  t e s t ,  surface wind h i s to r i e s  were calculated 

a t  severa l  locations around Lake Pontchartrain. Figure 28 displays 

sample wind h i s to r i e s  f o r  Lake Pontchartrain a t  Lakefront (open water 



roughness), Lake Pontchartrain a t  Lakefront (Whitaker e t  a l .  lake rough- 

ness),  New Orleans Moisant Airport ( z  = .16 m )  and the  U.S. Weather 
0 

Bureau Office c i t y  o f f ice ,  New Orleans ( z  = 1 m) . No attempt is  made 
0 

t o  compare these calculated h i s t o r i e s  t o  measurements. 

Anita - 
103. Hurricane Anita was one of t he  most intense hurricanes of 

h i s t o r i c a l  record t o  cross the  G u l f  of Mexico. The storm formed i n  t h e  

east  c en t r a l  Gulf of Mexico on August 28, 1977 and moved west-southwest- 

ward i n t o  Mexico on September 02, 1977, sparing populated areas from i ts  

m. Anita passed about 50 nimi. north of NOAA buoy EBO4 on the  30th 

a s  a poorly organized but deepening t r o p i c a l  storm and about 10 n.mi. 

south of EB71 ear ly  on September 01. A s  t he  storm moved past  EB71, it 

was mush b e t t e r  organized and undergoing explosive development. The 

general path of the  storm and t h e  time h i s to ry  of cen t r a l  pressure a r e  

shown i n  Figure 29. 

104. Four steady-state solut ions  were generated for  Anita, 

corresponding t o  the  stormst parameters a t  t h e  times indicated i n  Figure 

29. The rad ius  t o  maximum wind i n  Anita contracted fiom 30 n.mi a t  t h e  

time of t h e  first solution t o  1 5  n.mi. a t  t h e  l a s t  solution.  The four 

solut ions  were used t o  in te rpo la te  winds i n  space t o  t h e  buoy locat ions  

over a 48 hour period. 

105. The modelled wind s e r i e s  a t  t he  locat ions  of the  buoys a r e  

compared t o  t h e  winds measured a t  20 meter height i n  Figures 30 and 31. 

A t  EBO4, t h e  agreement is surpr is ingly good considering the  poorly orga- 

nized nature  of t he  storm during t h e  period shown. Agreement is  

generally very good a l so  a t  EB71. A s  suggested by the  Belle t e s t ,  t h e  

steady-state model provides reasonably good simulations even when applied 

t o  storms undergoing rapid changes i n  i n t ens i t y  and s t ructure .  



PART 111: THE COMPUTER PROGRAM 

Program Description 

. The program task which produces t rop i ca l  storm wind h i s t o r i e s  

a t  spec i f ied  locations i s  divided i n t o  two main programs. The first, 

SNAP, produces snapshot wind f i e l d s  on a nested gr id  and wr i tes  them on- 

t o  an output data f i l e  from which t h e  second program, HIST, obtains 

nested-grid wind f i e ld s  f o r  each hour of t h e  storm's his tory,  using 

l i n e a r  in terpolat ion i f  necessary. HIST then ge t s  and p r i n t s  t h e  wind 

h i s to ry  a t  each measurement s t a t i o n  specified,  and, i f  requested, wri tes  

the  wind h i s to ry  fo r  a di f ferent  g r id  onto an output data fi le.  

. The programs were *it ten i n  Fortran V and were run on a 

UNIVAC 1108 computer. Each snapshot t akes  approximately 6 minutes of 

computer time, and execution of program HIST usually takes l e s s  than 3 

minutes. Some mass storage is  required,  t he  amount varying with t he  

number of snapshots, the  number of in terpolat ions  between snapshots, t h e  

length of t h e  history,  and whether o r  not winds a r e  t o  be interpolated 

t o  an output grid;  250,000 words is su f f i c i en t  f o r  most storms. Substi- 

t u t i on  of t apes  f o r  mass storage is possible ,  but efficiency would be 

decreased. 

. Program SNAP is  composed of:  

MAIN - Together with its subprograms, produces 
one o r  more snapshot wind f i e l d s  on a 
nested g r id  according t o  card input 
specif icat ions .  It p r i n t s  t h e  computed 
winds and writes them onto an output 
f i le ,  and it optionally p r i n t s  corre- 
sponding pressure f i e l d s  and i n i t i a l  
guess winds. MAIN i t s e l f  reads a l l  in- 
put  cards, c a l l s  subroutine CCROSS which 
sets up tab les ,  c a l l s  BLOWUQ which con- 
t r o l s  computation of t h e  winds, and 
wr i tes  t h e  f i n a l  snapshot wind f i e l d s  
onto t h e  output f i l e .  

SUBROUTINE AANGEL - Converts g r id  components (UN , VN) of 
in tegra ted  wind t o  speed (VTN) and di-  
r ec t i on  ( A N G )  f o r  a l l  points of t he  
21 x 2 1  x 5 wind grid.  In  addi t ion,  if 



t h e  switch v a r i a b l e  I20 # 0 , AANGEE 
reduces t h e  speed (VTN) t o  a height 
of 19.5 m ;  TWIST, t h e  necessary corree- 
t i o n  t o  ANG, is  computed by in te rpo la t -  
ing t h e  a r r a y  TURN; un is  computed by 
in te rpo la t ing  t h e  a r r a y  UXV containing 
u*/V, ; anemometer wind is  computed from 
u* ( c a l l e d  UXX i n  t h e  code) by the  
usual  logar i thmic  p r o f i l e .  
Arguments : inpu t ,  typing impl ic i t  

120: Flag, i f  non-zero winds a r e  
reduced t o  19.5 meters. 

SUBROUTINE ABCC - Computes Arya's Am , B, , C, (ca l l ed  
AM , BM , CM i n  t h e  FORTRAN program) 
and W , t h e  square  of t h e  in tegra ted  
wind speed, a l l  as funct ions  of  t h e  
f r i c t ion  v e l o c i t y  u* . This is  passed 
i n  common from CCROSS a t  locat ion 
UX(K123) , where K123 = 1 , 2 , o r  3 
a t  various s t a g e s  o f  t h e  i t e r a t i o n ,  The 
code is  s l i g h t l y  more general  than need- 
ed i n  t h e  hur r i cane  model, ca te r ing  f o r  
unstable, n e u t r a l ,  and s t a b l e  wind pro- 
f i les (indexed by t h e  s i g n  of HL ). I n  
computing Am ,and B, , t h e  r a t i o  
fh/u* is taken e q u a l  t o  unity.  

SUBROUTINE BLOWUQ - Controls computation and p r in t ing  of a l l  
output on t h e  n e s t e d  g r id .  It is c a l l e d  
once f o r  each snapshot wind f i e l d .  

SUBROUTINE CCROSS - Computes t h e  upwind and crosswind drag 
coef f i c ien t s ,  t h e  r a t i o  u*/Vm , and t h e  
angle between surface wind and in tegra t -  
ed wind, f o r  a l l  Vm = 0.8(0.8)80.0 . 
Values f o r  in termedia te  Vm a r e  l inea r -  
l y  in terpola ted  when required  ( l i n e s  
72-83 of COMQUT; l i n e s  27-37 of AANGEL). 
The computation implements Arya's theo- 
ry. The numerical method is an i n i t i a l  
guess a t  u* , followed by an i t e r a t i v e  
s e r i e s  of c o r r e c t i o n s  by inverse in te r -  
polat ion.  The i t e r a t i o n s  proper, and 
t h e  computation o f  Arya's , Bm , Cm , 
t a k e  place i n  subrout ine  ABCC. 

SUBROUTINE COMQUT - Solves equations which determine the  fi- 
n a l  wind f i e l d s  on t h e  nested gr id .  For 
each snapshot, COMQUT is c a l l e d  as many 
times a s  s p e c i f i e d  i n  input  NAME3. A t  
each c a l l i n g  a g r i d  l e v e l  is  spec i f i ed ,  
and computation is done on t h a t  l e v e l  



ail6 a i l  finer-meshed l e v e l s  on ly ,  s o  
t h a t  wind computation on t h e  innermost 
n e s t  on ly  i s  computed NF t imes .  
Arguments: i npu t ,  ryping i m p l i c i t  

LEVEL: Input  1 s LEVEL 5 . 
Grid d is tance  is doubled a t  
each increase  o f  LEVEL. Compu- 
t a t i o n  is done on a l l  g r i d  
l e v e l s  5 LEVEL. 

STxR3UTINE G a D  - Computes t h e  r a d i a l  an t a n g e n t i a l  gra- 
d i e n t s  aP/ar and - aP/a6 of ar. 
exponen t i a l  p ressure  f i e l d  and conver t s  
them t o  r ec t angu la r  g r a d i e n t s  aP/ ax 
and aP/ay . 
Mathematical Method: 
1, Compute po la r  coord ina tes  

( r  , cos 6 , sir 0 )  of t h e  
2 1  x 21 x 5 g r i c  p o i n t s .  

2 .  Convert d i r e c t i a c  cf t r a c k  t o  
r a d i a n s .  

2. Convert forward speed t o  meters  
p e r  second. 

4 Compute x- and y- components of  
forward speed. The method he re  
d i v i d e s  i n t o  two cases :  c i r c u l a r l y  
symmetric pressure  f i e l d  (JA(6) = 0) 
and quadranta l  p re s su re  f i e l d  
(JA(6) # 0) . 
A: C i r c u l a r l y  symmetric p re s su re  

f i e l d  . 
The governing e q ~ a t i o n  

y i e l d s  on d i f f e r e n t i a t i o n  

aP/ar = A P R ~ ' ~  exp (-R/r) . 
5. Convert R t o  k i lometers .  
6. Compute P . 
7 .  Compute aP/ar , a w a x  , aP/ay . 

B:  Quadranta l  p re s su re  f i e l d .  

AP , prescr ibed  i n  f o u r  quadrants ,  
is expanded as t h e  t r igonometr ic  
p o l p o m i a l  

a + a, cos  8 + a s i n  8 
0 - 2 

+ [a3  cos 281 

and then smoothed by removing t h e  



bracketed term. R i s  s imi la r ly  ex- 
panded and smoothed. Subst i tu t ing 
these tr igonometric polynomials i n  
(*I y ie lds  

P =  Po + (ao + a  cos 6 
1 

+ a s i n  6 )  exp (-bo + bl cos e 
2 

+ b2 s i n  6 ] / r )  

and t h e  r a d i a l  and t a n g e n t i a l  gra- 
d ients  

a ~ / a r  = (ao + a1 cos 

+ a 2  s i n  e)(bo + bl COS 0 

+ b2 s i n  6 )  r2 e q  (-lbo 

r-l ap/ae = . [r'l(-42sin e 
+ a cos 8 )  + r (bl s i n  0 2 

+ by cos B ; b2 s i n  e l l r )  

8. Convert R t o  k i lometers  i n  each 
quadrant. 

9. Compute AP t o  millibars i n  each 
quadrant. 

10. Compute t h e  c o e f f i c i e n t s  i n  trigono- 
metric polynomials. 

11. Compute aP/ar and r-1 a w a e  . 
12. Compute aP/ax and aP/ay . 
Arguments: none 
Variables (not  i n  common): 

AD a ~ / a r ,  r-1 ap/ae, 
aP/ax, a w a y  

AE ,AF ,AG ,AH Temporary s torage  

AP, CR, CD Coeff ic ients  i n  t r igo-  
nometric polynomials 

AT, CT Direct ion cosines of 
motion of  storm 

BA,BC J A ,  f l o a t e d  and convert- 
ed t o  metric u n i t s  

BP Temporary s torage  

DEG Radian measure of 1 deg. 



I C ,  I D ,  I E ,  Do-loop indexes 
I G ,  I H  

LU Logical un i t  number of 
standard p r i n t  u n i t  

545 Circular s i n e  of  45O 

SUBROUTINE OUTBYl - Sets  ou te r  boundary winds f o r  t h e  next 
time l eve l .  It i s  ca l l ed  once f o r  each 
cycle of  wind computation and m i d  l e v e l  
if t h e  g r i d  l e v e l  is  not  t h e  outermost 
computed a t  t h a t  t i m e .  
Arguments: typing impl ic i t  

NEST: Input - g r i d  l e v e l  a t  which 
boundary t o  be s e t .  

SUBROUTINE OUTBY2 - Sets  outer  boundary winds f o r  t h e  same 
time l eve l .  It is ca l l ed  once f o r  each 
cycle of wind computation f o r  t h e  coars- 
est meshed g r i d  l e v e l  being computed a t  
t h a t  time unless  t h a t  g r i d  l e v e l  is t h e  
outermost i n  t h e  e n t i r e  gr id .  
Arguments: typing impl ic i t  

NEST: Input - g r i d  l e v e l  a t  which 
boundary t o  be set. 

SUBROUTINE OUTFLO - Operates on t h e  e n t i r e  f i e l d  of  
21 x 21 x 5 wind vectors ,  r o t a t i n g  ev- 
e ry  vector  clockwise ( i n  t h e  northern 
hemisphere)'by 80 . Extensive numerical 
experiment with e a r l i e r  versions of t h e  
hurricane wind model has indicated  t h a t  
t h e  f i n i t e  d i f ference  scheme used l e a d s  
t o  excessive inflow; t h e  8O r o t a t i o n  
approximately removes t h a t  b ias .  

SUBROUTINE OUTQUT - Controls p r i n t i n g  of winds on nes ted  
g r i d .  
Arguments: input ,  typing i m p l i c i t  

120: Passed on t o  subroutine AANGEL. 
If I20 # 0, wind speed w i l l  be 
adjus ted  t o  19.5 meters. 

NAME: 4-character name of storm 
IDENT:4-character i d e n t i f i c a t i o n  of 

type of f i e l d  (INIT o r  SNAP) 
NSEQ: Snapshot sequence number. 

SUBROUTINE PXYM - Receives t h e  pressure gradients  com- 
puted i n  GRAD, d iv ides  them by t h e  den- 
s i t y ,  and rearranges them i n  t h e  order  
demanded by BLOWUQ. I t  theh computes 
t h e  gradient  wind from t h e  radia.1 pres-  



sure gradient t o  provide i n i t i a l  values 
for  COMQUT. 

Mathematical Method: 
The gradient wind is given by Hess (1959, 

For large r , (*) expresses C as 
the difference of two nearly equal terms, 
and so it is advisable t o  compute the  
equivalent expression 

where f is  t h e  Coriol is  acceleration 
and p i s  t h e  densi ty  of t he  atmosphere. 

1. Coriolis ,  computed i n  SNAP, is  pass- 
ed i n  C1. Note t h a t  t h e  l a t i t ude  
is  taken a s  a constant throughout 
the cyclone; t h i s  approximation is 
inappropriate between k of 
l a t i t ude .  

2. Divide ap/ax and ap/ay by p . 
1.15 x is t h e  densi ty;  
9 x is a conversion factor  
f r o m  mb/km t o  newtons/m3 . 

3. Compute gradient  wind. BC contains 
r i n  .km , and the  f ac to r  1000 con- 
ver t s  r t o  meters. 

4. Resolve gradient  wind i n t o  x- and 
y- components, 

5 .  I f  s t ee r ing  flow is used, add 
(Wc x F)  t o  t h e  vector  p - l d ~  . 

Arguments : none 
Variables (no t  i n  common ) : 

AG ,AH ,A1 Temporary storage 

I Index var iab le  f o r  X 

J, MJ Index var iable  f o r  Y 

NEST Index var iable  f o r  nest  
(counted from inside 
ou t  1 

FADE Attenuation factor  fo r  
s t ee r ing  flow 



SUBROUTINE SHORE - Sets  t h e  land/sea  t a b l e  f o r  t h e  nested 
g r id .  I t  i s  current ly  s e t  t o  ' sea '  
throughout. 

SUBROUTINE TVEL - P r i n t s  t h e  contents  of ar rays  VTN and 
ANG on t h e  g r i d  l e v e l  indicated a s  wel l  
a s  on t h e  next  coarser  gr id  l eve l .  
Arguments: Input ,  typing impl ic i t  

VTN: The top number i n  each p a i r  of  
numbers pr in ted  is taken from 
t h i s  ar ray .  It i s  p r in ted  
with t h e  decimal moved one 
p lace  t o  t h e  r i g h t .  

ANG: The bottom number i n  each p a i r  
o f  numbers pr in ted  i s  taken 
from t h i s  array.  

NBASE: 4-character heading information 
IDENT: &-character heading information 
KSEQ: Header information, 4-digi t  

i n t e g e r  number. 
LV : Finer-meshed (lower nunbered ) 

g r i d  l e v e l  t o  be p r in ted  a t  
t h i s  c a l l  t o  TVEL. 

120: Flag,  control l ing  p r in t ing  of  
t h e  legends "reduced" and 
"not reduced". 

Note heading: 

[NBASE 1 [IDENTI [KSEQI LEVEL LV+I . . 



. Program HIST i s  composed of :  

MAIN - Produces winds a t  s p e c i f i e d  measurement 
s t a t i o n s  f o r  each hour o f  a s t o m ' s  his-  
tory .  I f  requested,  it w i l l  a l s o  i n t e r -  
po la te  winds t o  a g r id .  Af ter  card in- 
put  has been read and t a b l e s  have been 
s e t  up, it wr i t e s  a l l  unique nested- 
g r i d  winds ( i . e .  a l l  snapshots p lus  a l l  
in terpola ted  f i e l d s )  on a temporary f i l e  
i n  t h e  order needed. It next  loops 
through t h e  l is t  of  s t a t i o n s  and, using 
t h e  temporary f i l e  jnst wr i t t en ,  f i n d s  
and p r i n t s  t h e  winds f o r  each s t a t i o n  
throughout t h e  s torm's  h i s to ry .  Then, 
i f  requested, it i n t e r p o l a t e s  winds t o  
another g r i d  f o r  each hour of t h e  storm's 
h i s to ry ,  p r i n t s  t h e  winds on t h e  g r i d  
f o r  any hours ind ica ted ,  and wr i t e s  t h e  
f i e l d s  onto an output  f i le .  

SUBROUTINE ABCCC - ( c a l l e d  by UXXV) Operates exact ly  t h e  
same algorithm a s  ABCC (cabled by 
CCROSS). The only d i f fe rence  i n  coding 
is t h a t  ABBCCC references  t h e  common 
block /C57/ , defined i n  program HIST. 

SUBROUTINE BREEZE - Given LAO, LBO, R0T, LA1, LB1, DX, STHT, 
and LANSEA i n  common block D l ,  BREEZE 
determines t h e  wind a t  point  LAI, L01 
a t  height  STHT on t h e  nested g r i d  wind 
f i e l d  i n  a r ray  XX i n  common block D2 
and re tu rns  t h e  wind da ta  i n  H I ,  THI, 
D, AL, and UST of common block D l .  

Mathematical Method : 
Let a , b , c be t h e  s i d e s  of a spher- 
i c a l  t r i a n g l e ,  and a , $ , y t h e  angles 
opposite;  define s = %(a + b + c ) .  
Then 

hav c = hav ( a  - b)  

+ s i n  a s i n  b hav y ;  

2 t a n  'cpl = [ s i n ( s  - b )  s i n  ( s  - c ) l  

/ [ s i n ( s  - a )  s i n  s ]  
("  

1. Compute d is tance  and bearing. If c 
is  very small, ( s  - a )  and (s  - b) 
are near ly  zero, and eq. (*I i s  
unsuitable f o r  computation; t h e  bear- 
ing can then be computed without sen- 



s i b l e  e r ro r  by solving a plane tri- 
angle. 

2. Reduce bearing t o  rectangular gr id .  

3. Reduce distance t o  kilometers. 

4. Compute rectangular coordinates. 

5 .  Search f o r  the  smallest rectangular 
g r id  i n  whose i n t e r io r  t h e  point 
l i e s .  If point l i e s  without f i f t h  
nest ,  no wind has been computed; s e t  
wind t o  zem. 

6. Interpolate  components of wind, us- 
ing b ivar ia te  l inear  in terpolat ion:  

((x + f1  AX,^ + f 2  by) 

+ flf, ( ( x  + Ax, y + Ay) 

7. Compute wind speed and reduce t o  
anemometer height. The f a c t o r  
3600/1852 converts from m/sec 
t o  knots; t he  M I N  function as- 
sures t h a t  t he  anemometer wind is 
never g rea te r  than the  integrated 
wind. 

8. Compute wind direction and reduce t o  
t r u e  south. 

Arguments: none 

Variables: A l l  variables except 
temporary storage are annotated i n  
t h e  program l i s t i n g ,  

SUBROUTINE I N V J D  - Is the  inverse of t he  function JULIAN. 
Given t h e  Ju l ian  date, it re turns  t h e  
month, day, and year. 
Arguments : 

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

FUNCTION JULIAN - Returns t h e  Jul ian date. 
Arguments : 



MO: Month, type i n t ege r  
DA: Day, type i n t ege r  
YR: Year, type in teger  

SUBROUTINE PRLAKE - Is a grid-dependent subroutine and must 
be changed o r  replaced if the  output 
g r id  is changed. I t  p r i n t s  winds f o r  
each gr id  point ,  with speed on top,  d i -  
rection i n  the  middle, and t e r r a i n  code 
on the  bottom. 
Arguments: Input, typing impl ic i t  

NBASE: 4-character name of storm; 
KHR : Integer sequence number of 

hour of storm; 
ISTART: F i r s t  hour o f  storm, corre- 

sponds t o  KHR = 1 . For- 
mat is  WMMDDHH; 

IZONE: +character time zone of 
ISTART : 

W I N D :  A s  on output f i l e  20; 
LSTAB: Terrain code t a b l e  f o r  

output g r id ;  
MAXI: Number of longitudes i n  

output g r id ;  
W J :  Number of l a t i t u d e s  i n  

output g r id .  

Note: The g r i d  cur ren t ly  used uses un- 
equally spaced meridians and p a r a l l e l s ;  
printed map is d i s to r ted .  

SUBROUTINE RDGRID - Is a grid-dependent subroutine and must 
be replaced o r  a l t e r e d  if  t he  output 
g r id  is changed. Its function is t o  
read l a t i t ude ,  longitude, and t e r r a i n  
code f o r  each g r i d  point  and s t o r e  them 
i n  m a y s  ZLA, ZL0, and LSTAB re-  
spectively. I t  is ca l l ed  only if  winds 
a r e  t o  be interpolated t o  an output g r id .  
Arguments : typing impl ic i t  

ZLA: Output - l a t i t u d e s  i n  radians  
ordered south t o  north.  

ZLB: Output - west longitudes i n  
radians,  ordered west t o  e a s t .  

LSTAB: Output - t e r r a i n  codes f o r  a l l  
g r id  points ;  the  first sub- 
s c r i p t  increases eastward, t he  
second increases  northward. 

MAXI: Input - number of longitudes 
i n  g r id .  



MAXJ : Input - number of l a t i t u d e s  
i n  g r id  

SUBROUTINE UPDOWN - Computes t h e  r a t i o  ut/V, and t h e  angle 

between surface wind and integrated 
wind, a l l  f o r  Vm = 0.8(0.8)80.0 , 
f o r  t e r r a i n s  o ther  than open ocean. The 
program cons i s t s  of two par t s :  "UP" 
( l i ne s  8-19) and "DOWN" ( t h e  r e s t  of 
the  code). UP computes UM and VTOP 
(components of wind a t  t he  top of t h e  
boundary l aye r )  , VW2 ( squared wind 
speed a t  top) ,  and TARN ( tan of angle 
between integrated wind and wind a t  
top).  The computation i n  UP uses 
quant i t i es  computed i n  UXXV (open 
ocean) and i s  consistent  with Aryals 
theory. The assumption is  now made t h a t  
wind a t  t h e  top of t h e  boundary layer  i n  
a hurricane does not "see" t h e  t e r r a i n  
below, so  t h a t  t h e  surface wind over any 
t e r r a i n  can be computed by working UP 
and then DOWN . DOWN follows a l og i c  
similar t o  UXXV : Arya's A. and Bo 

m e  constants (neu t ra l  wind p ro f i l e )  ; t h e  
roughness length i s  computed a s  

2 
Z = AZ/u* + BZu* + CZ . 
0 

SUBROUTINE U)oor - Computes t h e  r a t i o  u*/Vm , t h e  angle 

between surface wind and integrated wind 
and t h e  cosine and s ine  of t h i s  angle,  
a l l  f o r  Vm = 0.8(0.8)80.0 . Values f o r  

intermediate Vm a re  l inear ly  in te r -  

polated when required ( l i n e  73-82 of 
BREEZE). The computation implements 
Aryats theory. The numerical method is  
an i n i t i a l  guess a t  ut; , followed by an 
i t e r a t i v e  s e r i e s  of corrections by in- 
verse interpolat ion.  The i t e r a t i o n  
proper, and t h e  computation of Arya's 
Am , Bm , Cm , take place i n  subroutine 

ABCCC. UXXV works the  pa r t  of t he  algo- 
rithm of CCROSS (ca l led  from SNAP) per- 
t a in ing  t o  sea ,  i . e .  .LS = 2. The 
computations i n  UXXV are  va l id  f o r  open 
ocean only; a l l  o ther  t e r r a in s  a r e  
t r ea t ed  i n  subroutine UPDOWN. 



Remarks 

. In a l l  a r rays  dimensioned 2 1  x 21 x - N  , where N is  a mul- 

t i p l e  of 5 , the 1st dimension increases eastward, t h e  2nd dimension 

increases northward, and t h e  3rd dimension, g r i d  nes t ,  increases with 

g r i d  spacing. Grid spacing doubles with each increasing nes t  level .  

. Logical un i t  numbers fop the  card reader and p r in t e r  a re  5 

and 6, respectively, on t he  system under which t he se  programs were run. 

These uni t  numbers are s e t  by a DATA statement i n t o  var iables  LR and 

LP i n  programs H I S T  and SNAP , and the  p r i n t e r  &it is s e t  in to  LU 

i n  subroutines GRAD and TVEL . 
. Equivalences between snapshot input parameters a.nd array 

JA i n  COMMON block C2 of program SNAP: 

NAME 

I TRACK 

CIELAT 

EYLONG 

DIREC 

S E E D  

IQUAD 

EYPRES 

RADIUS ( 1 

RADIUS ( 2 ) 

RADIUS ( 3 ) 

RADIUS ( 4 ) 

PFAR( 1 )  

PFAR( 2 ) 

PFAR( 3 ) 

PFAR( 4 ) 



Explanation of program organization chams: 

Rectangular box - program element 

Cut-off corner - punched card image 

Diamond - printer 

Barrel - mass storage 

Rounded ends - program stop 



Table 2 

F i l e s  

Unit 
Description Number 

Card Reader 5 

P r i n t e r  6 

Snapshot Wind 13 

Fie lds  on 

Nested Grid 

Ordered Unique 10 

Wind Fie lds  on 

Nested Grid 

Hourly Wind 

F ie lds  on 

Output Grid 

Program Program 

SNAP HIST 
Save 

Size - 

Input  Input 

Output output 

4436 Words each Output Input 4 

Record (Snapshot) 

4411 Words each 

Record (Wind 

F i e l d  1 

Grid-dependent, 

3855 Words each 

Record (Hour) f o r  

Test  Grid 

Work 

output  J 

F3cords i n  f i l e s  18, 13, and 20 a r e  wr i t t en  with Fort ran  unformatted 

kBITE statements. There a r e  f i l e  marks a f t e r  t h e  last  data  records  

i n  output f i l e s  13  and 20. 



Table 3 

Card Input 

Description and order  wi th in  programs of  card  input  groups 

Seq. Name& 
Program Number ( I f  Namelist) NumberIRemarks Description 

SNAP 1 NAME1 1 Processing con t ro l  

SNAP 2 NAME2 Parameters i n  roughness law 
(usual ly  cons tant )  

SNAP 3 NAME3 1 f o r  each wind snapshot Parameters describing wind f i e l d  

HIST 3 
(RDGRID) 

HIST 4 
( R D G R I D )  

NAMES 

Storm i d e n t i f i c a t i o n ,  a l s o  g r i d  
parameters i f  winds a r e  t o  be i n t e r -  
polated t o  an output g r i d  

Terrain c o e f f i c i e n t s  and number 
of  types o f  t e r r a i n  o ther  than open 
ocean 

Only i f  g r i d  conversion Longitudes and l a t i t u d e s  of g r i d  
po in t s .  Card count, format and 
order ing  of da ta  must agree with 
subroutine RDGRID.  

Only i f  g r i d  conversion Code f o r  type  of t e r r a i n  a t  each 
g r i d  point .  Card count, format, 
and order ing  of da ta  must agree  
with subroutine RDGRID.  

* Namelist i s  not  a cons t ruct ion  recognized by t h e  cu r ren t  FORTRAN standard (ANSI X3.9-1978). 
Appendix A conta ins  an account of Namelist a s  used i n  t h i s  program. 



Table 3 (concluded) 

Seq. . Name 
Program Number ( I f  Namelist)  Number/Remarks Description 

One card f o r  each s t a t i o n  S ta t ion  l oca t ion  and height a t  
where wind h i s t o r y  is  which measurements taken. 
needed, terminated by end- 
o f - f  i l e  

One card f o r  each hour o f  Location of eye  o f  storm, 
storm h i s t o r y ,  terminated snapshot i d e n t i f i c a t i o n  
by end-o f - f i l e  



Table  4 

Namel is t  V a r i a b l e  
Name Name 

DTH 

HH 

ZOLAND 

GARR 

PTH 

K35 

Program SNAP n a m e l i s t  i n p u t  

S i z e  i n  Defau l t  
Words U n i t s  Type Value . D e s c r i p t i o n  

Switch v a r i a b l e :  0 s u p p r e s s e s  p r i n t -  
i n g  o f  p r e s s u r e s  and i n i t i a l  winds. 

Number o f  snapsho t  wind f i e l d s  t o  
compute 

2 0 K R 0,-2. 1: Air- land t e m p e r a t u r e  d i f f e r e n c e  
2 :  Ai r - sea  t e m p e r a t u r e  d i f f e r e n c e  

I m R 6 50. Boundary l a y e r  h e i g h t  o v e r  w a t e r  

1 R .08 Roughness l e n g t h  o v e r  l a n d  

R ,0144 Charnock's  c o n s t a n t  

R 300. P o t e n t i a l  t e m p e r a t u r e  

R .35 Karman's c o n s t a n t  



Table 4 (cont inued)  

Namelist  Var iab le  
Name Name 

NAME3 SGW 

NAME 

EYELAT 

EY LONG 

DIREC 

SPEED 

EYPRES 

RADIUS 

S i z e  i n  Defaul t  
Words Uni t s  Type Value Descr ip t ion  

1 m/sec R Sur face  geos t roph ic  wind o f  ambient flow 

Di rec t ion  o f  SGW, counterclockwise from 
snapshot  x-axis 

1 H 4-charac te r  name o f  storm 

1 deg R North l a t i t u d e  o f  eye  o f  storm 

West long i tude  of eye of  storm; f o r  
r e f e r e n c e  on ly  

D i r ec t ion  o f  t r a c k  o f  s torm,  clockwise from 
no r th .  See ITRACK f o r  u n i t s .  

1 kn R Forward speed of storm 

1 mb R Pres su re  a t  eye o f  storm 

PFAR 4 mb 

Exponent ia l  p r e s s u r e  p r o f i l e  s c a l e  r a d i u s  
i n  4 quadran ts .  If t h e  p re s su re  f i e l d  is  
c i r c u l a r l y  symmetric (IQUAD = 0) input  is 
r e q u i r e d  f o r  t h e  first quadrant  on ly  

Far  f i e l d  p re s su re  i n  4 quadrants .  If t h e  
p r e s s u r e  f i e l d  is. c i r c u l a r l y  symmetric 
(IQUAD = 0) i npu t  is r e q u i r e d  f o r  f i r s t  
quadrant  on ly .  

I 800 Number o f  t imes  t o  c y c l e  wind computation 
i n  innermost g r i d  n e s t  

R 5 .  Grid  spac ing  of  innermost n e s t  

R 0 0  Distance from a x i s  t o  % magnitude of: SGW 

(cont inued)  



Table Q (concluded) 

Namelist Variable Size in , Default 
Name Name Words Units .Type Value Description 

NAME 3 ITRACK I I 0 I f  0, DIREC in degrees; i f  1, DIREC in 
points of 11.25 degrees 

IQUAD 1 I 0 Indicator for quadrants of pressure 
f ie ld:  0 ,  circularly symmetric pressure 
f i e l d ;  1 ,  1st  quadrant i s  right front; 
2 ,  1st quadrant i f  forward 



Table 5 

Program HIST Namelist Input 

Namelist Variable Size  i n  
Name Name Words Type ~ e s c r i p t i o n  

NAME4 NBASE 1 H 4-character  name o f  storm - must be same a s  1st SNAP 
namelist NAMEB, item NAME 

ISTART 1 I S t a r t i n g  time of storm, format YYMMDDHH 

I ZONE P H 3-character time zone of  ISTART 

ICNVRT 1 I Flag: i f  non-zero, winds w i l l  be in te rpo la ted  t o  an 
output  g r i d ,  and g r i d  da ta  must be input  

NPRT 1 I I n t e r v a l  i n  hours a t  which t o  p r i n t  winds on output 
g r i d ,  If zero,  winds w i l l  be p r in ted  only f o r  hours 
s o  f lagged i n  t h e  h i s t o r y  t a b l e  

NAME 5 LAKE 

ZCOEFF 

I Number of  types of  t e r r a i n  i n  add i t ion  t o  open ocean. 
0 < LAKE < 5 - - 

R 3 c o e f f i c i e n t s  i n  formula r e l a t i n g  Zo t o  Ufi f o r  a l l  
t e r r a i n s  except open ocean. 
Dimensioned (3,5). 



Table 6 

Propam HIST Fixed Format Card Input 

1) Station location and data: One card f o r  each measurement 
s ta t ion ,  format (514,F6.1,1X,I3) 

1. Degrees of north l a t i t ude  

2. Minutes of l a t i t ude  

3. Degrees of west longitude 

4. Minutes of longitude 

5. Terrain code, same codes a s  g r id  t e r r a i n  code t ab l e  

6. Stat ion height i n  meters 

7. Sta t ion number ( fo r  iden t i f ica t ion  only) 

2) History: One card fo r  each hour, format (614,F8.4,214) 

1. Degrees of north l a t i t ude  of eye of storm 

2. Minutes of l a t i t ude  of eye 

3. Degrees of west longitude of eye 

4. Minutes of longitude of eye 

5 .  Sequence number of 1st snapshot wind f i e l d  t o  be 
used f o r  t h i s  hour 

6. Sequence number of 2nd snapshot wind f i e l d  t o  be 
used f o r  t h i s  hour (blank if  no interpolation 
t h i s  hour) 

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

8. Clockwise rotat ion of snapshot in degrees 

9. Flag: non-zero i f  output g r id  wind f i e l d  i s  t o  be 
pr inted 



Table 7 

Input Cards with Data Defining Program HIST Test  Output Grid 

1) 5 cards with 62 w e s t  longitudes i n  t h e  form DDMM and prog- 

ress ing from w e s t  t o  east. Each ca rd ,  except  t h e  l a s t  has 

15 longitudes and a sequence number i n  format 1615. The 

l a s t  card is blank f i l l e d  between t h e  last  data  f i e l d  and 

t h e  sequence number, 

2) 3 cards with 31 l a t i t u d e s  progressing from south t o  north.  

Form and format a r e  t h e  same as those  o f  t h e  longitude cards.  

3 )  31 cards of t e r r a i n  code. Each card  is  f o r  one l a t i t u d e ,  and 

cards a r e  ordered f r o m  south t o  north.  The format is 213, f o r  

degrees and minutes of l a t i t u d e ,  then 2X,6211, where t h e  

6211's me one-digit numeric t e r r a i n  codes f o r  each longitude 

and progress from west t o  east. A s  used i n  t h e  t e s t  g r i d  

f o r  Lake Pontchartrain,  t h e  codes a r e  as fol lows - 
1: open ocean 

2 lake  

3: marsh 

4: p l a i n s  

5 : woods 

6: cit ies 
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Table 8  (cont inued)  

Block Var iab le  S i z e  i n  
Name Name Words Un i t s  Source D i spos i t i on  Descr ip t ion  

[C31 LW 2205 Land/sea t a b l e :  1 f o r  l and ,  2 f o r  sea 

C 4  CDR 400 

UXV 200 

TURN 200 

C 5 FLAT 1 

PTH 1 

DTH 2 

r a d  

Work a r r a y ,  dimensioned 100 x 2 x 2. 
Drag c o e f f i c i e n t s :  
CDR(I,I,I) is upwind component o f  drag 
c o e f f i c i e n t s  over  l and ,  when i n t e g r a t e d  
wind speed is ( .8*I )  m/sec. 
CDR(I,2,1) is crosswind component over  l and  
CDR(I,1,2) is upwind component over  ocean 
CDR(I,2,2) i s  crosswind component over  
ocean 

Work a r r a y ,  dimensioned 100 x 2. 
UXV(1,I) is - U* over  l and ,  when 

"m 

UXV(I,2) is t h e  same over  ocean 

Work a r r a y ,  dimensioned 100 x 2. 
TURN(1,I) is t h e  ang le  between su r f ace  
wind and i n t e g r a t e d  wind, ove r  land ,  when 
i n t e g r a t e d  wind speed i s  ( . & I )  m/sec. 
TURN(I,2) is t h e  same over  ocean 

C o r i o l i s  f o r c e  
0 K Input  Snapshot wind P o t e n t i a l  temperature  

NAME2 d a t a  f i l e  
0 K Input  Snapshot wind ( 1 )  Air- land tempera ture  d i f f e r e n c e  

NAME2 d a t a  f i l e  ( 2 )  Air-sea temperature  d i f f e r e n c e  

(cont inued)  



Table 8 (cont inued)  

Block Var iab le  
Name Name 

[C51 HH 

S i z e  i n  
Words Uni t s  Source Dispos i t ion  Descript ion 

1 m Input  
NAME2 

Snapshot wind Boundary l a y e r  he igh t  over  water 
d a t a  f i l e  

ZOLAND Input  
NAME2 

Roughness l eng th  over  land 

Index v a r i a b l e  

V e r t i c a l l y  i n t e g r a t e d  wind speeds. 
VV(1) a t  p o i n t  I = .8m/sec x I 

La te s t  3  va lues  of  UfC i n  an  i t e r a t i v e  Poop 

La te s t  3 va lues  of  i n t e g r a t e d  wind speed 
corresponding t o  U* 

DUV I n t e r p o l a t e d  va lue  o f  wind speed squared 
minus d e s i r e d  va lue  squared 

Input  
NAME2 

Snapshot wind Karman's cons t an t ,  t ype  r e a l  
d a t a  f i l e  

2  
K35 , t ype  r e a l  

Acce lera t ion  o f  g r a v i t y  = 9.806 m/sec 
2 

K 2  

G 

G A 

DEN 

vv2 

HL 

K123 

zo 

,1 

1 
2 

s e c  /m Charnock's cons t an t  d iv ided  by G 

Used i n  s t a b i l i t y  l eng th  computation 

VV( I)' f o r  c u r r e n t  I 

HH/s t ab i l i t y  l eng th  

Index v a r i a b l e  

Roughness l eng th  

( continued ) 



Table 8 (continued) 

Block Variable S ize  i n  
Name Name Words Units Source Disposi t ion Description 

[C5] ZLOG 1 ~ o g  (ZOIHH) 

AM 1 Constant i n  Aryats  logari thmic s c a l e  law 

B M 1 .  Constant i n  Aryals logari thmic sca le  law 

CM 1 

FF 1 - 1 
s e c  

Constant i n  Aryats  logari thmic sca le  law 

Cor io l i s  parameter. Retained f o r  
consistency with o t h e r  versions of CCROSS; 
not  used in  t h i s  program. 

Program HIST 

C57 PTH 1 K Snapshot wind P o t e n t i a l  temperature 0 

da ta  f i l e  

DTH 1 K Snapshot wind Air-sea temperature d i f fe rence  
0 

da ta  f i l e  

HH 1 m Snapshot wind Boundary l a y e r  he ight  over water 
da ta  f i l e  

ZCOEFF 15 

LAKE 1 

Input NAMES 

Input NAMES 

3 c o e f f i c i e n t s  i n  formula r e l a t i n g  Zo t o  
U* f o r  a l l  t e r r a i n s  except open ocean, 
where G a r r a t t ' s  formula is used 

Number of  t e r r a i n s  o t h e r  than open ocean. 
In tege r ,  0-5 

V e r t i c a l l y  in teg ra ted  wind speeds a t  point  
I: (VV(1) = I x .8 meters/sec 

UX 3 m/sec Lates t  3 values of  UR i n  an i t e r a t i v e  loop 

( continued) 





Table 8 (cont inued)  

Block Var iab le  S i z e  i n  . 

Words Units  - Name Name Source Dispos i t ion  Descr ip t ion  

[CS7] TURN 600 r ad  Turning ang le  between s u r f a c e  wind and 
i n t e g r a t e d  wind f o r  each I ,  t e r r a i n  type  

Cosine o f  TURN f o r  c u r r e n t  t e r r a i n  

S ine  of  TURN f o r  c u r r e n t  t e r r a i n  

COST 

SINT 

D l  LAO 

100 

100 

1 r a d  La t i t ude  of storm eye a t  c u r r e n t  hour, 
t ype  r e a l  

LOO 1 r a d  West l ong i tude  o f  storm eye a t  cu r r en t  
hour ,  t y p e  r e a l  

ROT Clockwise angle  t o  r o t a t e  snapshot wind 
f i e l d  

La t i t ude  o f  1 p o i n t  a t  which wind i s  
wanted, t y p e  r e a l  

1 r a d  

1 rad  West longi tude  of  po in t  of  which wind is 
wanted, type  r e a l  

Snapshot wind 
d a t a  f i l e  

Grid spacing of  innermost n e s t  

STHT 

LANSEA 

Height o f  measurement a t  cu r r en t  l o c a t i o n  

Ind ica t ed  s e a  o r  t ype  o f  t e r r a i n  f o r  
c u r r e n t  l o c a t i o n  

Wind speed a t  c u r r e n t  l o c a t i o n  

Meteorological  wind d i r e c t i o n  

Distance between l o c a t i o n s  LA0,LOO 
and LA1,LOI 

(cont inued)  



Table 8 (concluded)  

Block Var i ab l e  S i z e  i n  
Name Name Words Un i t s  Source D i spos i t i on  Descr ip t ion  

Bearing o f  p o i n t  LAl,LO1, from po in t  
LAO,LOO, c lockwise from no r th  

US T 1 m/sec F r i c t i o n  v e l o c i t y  a t  c u r r e n t  l o c a t i o n  

D2 XX 4410 Snapshot wind . Winds on n e s t e d  g r i d  a t  c u r r e n t  hour 

D 3  NSNAP1 100 d a t a  f i l e  1st wind snapshot  sequence number 

PCT 100 

I P I  100 

2nd wind snapshot  sequence number 
( 0  i f  none) 

I n t e r p o l a t i o n  d i s t a n c e  between snapshots  
NSNAPl and NSNAP2 

Flag:  non-zero i f  l i s t i n g  of  winds on 
ou tpu t  wanted 

NHT 1 Number o f  hours  i n  storm h i s t o r y  

I N T V N  1 Not used 

I NTV I 1 hours  

LGRID* ILAT 3 I 

I LONG 6 2  

I n t e r v a l  a t  which t o  p r i n t  winds on 
ou tpu t  g r i d  

L i s t  o f  ou tpu t  g r i d  l a t i t u d e s ,  sou th  t o  
n o r t h ,  i n  t h e  format DDMM 

L i s t  o f  ou tpu t  g r i d  west l o n g i t u d e s ,  west 
t o  e a s t ,  i n  t h e  format DDMM 

*Not i n  main program, i n  sub rou t ines  RDGRID and PRLAKE only .  



Table 9 

Description of Program HIST arrays not i n  COMMON 

Station data arrays - a l l  dimensioned 100 

MAD 

MAM 

MMOD 

MOM 

LLAKE 

STAHT 

KSTA 

Y LA 

YLO 

Location, from card input - degrees of north l a t i t ude  

Location, from card input - minutes of l a t i t ude  

Location, from card input - degrees of west longitude 

Location, from card input - minutes of longitude 

Temain code, from card input 

Height i n  meters, from card input 

Sta t ion number ( identif ication1,from card input 

Latitude i n  radians 

Longitude i n  radians 

History t a b l e  arrays  - a l l  dimensioned 100 

NAII Location of eye of storm, from card input - degrees 
of north l a t i t ude  

NAM ' Location of eye of storm, from card input - minutes 
of l a t i t u d e  

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

NOM Location of eye of storm, from card input - minutes 
of longitude 

IROT Grid rota t ion angles, from card input  

KDATE Date i n  form YYMMDD 

KTIME Hour of KDATE 

JSEQ Sequence numbers of nested gr id  winds on work f i l e  

Output g r id  data arrays a s  used with t e s t  g r i d  

ZLA L i s t  of l a t i t udes  of g r id  points ,  south t o  north,  
i n  radians 

ZLO L i s t  of west longitudes of g r id  po in t s ,  west t o  
e a s t ,  i n  radians 



Table 9 (concluded) 

ZANG Deviation between t r u e  north and g r i d  nor th  f o r  
each g r i d  point  - zero throughout t e s t  g r i d  

LSTAB L i s t  of t e r r a i n  codes of grid points .  

Other amays  

XY Dimensioned 21 x 21 x 10. Contains 2nd snapshot 
wind f i e l d  when needed 



Table 10 

Pro~ram Stops 

Stop 
Propam 

SNAP 

HIST 

HIST 

HIST 
( RDGRID 1 

Number Interpreta t ion 

Normal completion of run 

Normal completion of run 

Emor i n  reading s t a t i on  o r  history input 
card 

Error i n  reading mass storage work f i l e  
of wind f i e l d s  on neeted gr id  

Snapshot interpolat ion distance out 
of range ( < 0 o r  > 1 1. 
Input card and snapshot data f i l e  storm 
ident i f ica t ions  a r e  d i f fe ren t  

Too many s ta t ion  input cards ( > 100 1 

Too many his tory input cards ( > 100 1 
Error i n  reading g r id  longitude card 

Error i n  reading g r id  l a t i t ude  card 

Error i n  reading g r id  t e r r a i n  code card 

* If running a FORTRAN t h a t  requires STOP number t o  be 
oc ta l ,  subs t i tu te  777. 



Table 11 

Output D a t a  F i l e  Record Descr ip t ion  

Snapshot wind f i e l d  r eco rd  from program SNAP 

Var iab le  Accwnula t ed Applicable  
Name (Dimension) S i z e  Word Count Un i t s  Format * Descr ip t ion  

UN (21,21,5)  2205 2205 m/sec F4.1 X- component 1st dimension in-  
of boundary c r e a s e s  wi th  
l a y e r  wind inc reas ing  x 

2nd dimension in-  
VN (21,21,5)  2205 4410 m/sec F4.1 Y- component c r e a s e s  wi th  

of  boundary i nc reas ing  y 
l a y e r  wind 3rd dimension ( g r i d  

n e s t )  i n c r e a s e s  with 
g r i d  spacing 

NAME 

D X 

deg 

deg 

s e e  JA( 1 )  

* Format a p p r o p r i a t e  f o r  p r i n t i n g  t h i s  v a r i a b l e  
o r  a r r a y .  

A4 4-charac te r  name o f  storm 

F3.0 Grid spacing o f  innermost n e s t  

I1 1: I n d i c a t o r  f o r  coding of (4) 
If 0, ( 4 )  i n  degrees ;  i f  1, (4) i n  
p o i n t s  o f  11.25 degrees .  

F5.1 2: North l a t i t u d e  of eye o f  storm 

F6.1 3: West l o n g i t u d e  o f  eye o f  s torm 

F4.0 4: D i r ec t i on  o f  t r a c k  of  storm, 
'clockwise from n o r t h  

F5.1 5 :  Forward speed o f  storm 

I1 - 6 : . I n d i c a t o r  f o r  quadran ts  o f  
p r e s s u r e  f i e l d  



Table 11 (cont inued)  

Var iab le  Accumulated Applicable  
Name (Dimension) S i z e  Word eount  Un i t s  Format Descr ip t ion  

SGW 

DTH 

H H  

G ARR 

PTH 

K35 
I 

0 - c i r c u l a r l y  symmetric pres- 
s u r e  f i e l d  

1 - 1st quadrant  i s  r i g h t  f r o n t  
2 - 1st quadrant  is forward 

mb F6.1 7: P re s su re  a t  eye of  storm 

nm F4.0 6-11: Exponent ia l  p r e s su re  p r o f i l e  
s c a l e  r a d i u s  i n  f o u r  quadrants .  If 
JA(6) is ze ro ,  ~ ~ ( 9 1  - JA(11) may 
no t  con ta in  v a l i d  d a t a  

mb F5 .O 12-15: Far  f i e l d  p re s su re  i n  f o u r  
quadran ts .  If JA(6) is ze ro ,  
JA(13) - JA(15) may n o t  con ta in  
v a l i d  d a t a  

m/sec F3.0 Sur face  geos t roph ic  wind o f  
ambient flow 

deg F4.0 D i r ec t ion  o f  SGW counterclockwise 
from snapshot  x-axis  

km F5.1 Distance from a x i s  t o  % magnitude 
o f  SGW 

0 
K ( 1 )  Air-land tempera ture  d i f f e r e n c e  

( 2 )  Air-sea tempera ture  d i f f e r e n c e  

m Boundary l a y e r  h e i g h t  over  water  

Charnock's cons t an t  
0 

K P o t e n t i a l  t empera ture  

Karman's c o n s t a n t ,  t ype  r e a l  
( con t inued )  



Table 11 (concluded) 

Tes t  o u t p u t  g r i d  wind f i e l d  r e c o r d  from program HIST 

Var i ab l e  Accumulated Word Applicable  
Name (Dimension ) S i z e  Count Uni t s  Format - 

NBASE 

KHR 

ISTART 

I ZONE 

I M A X  

J M A X  1 6 I 2  

GRIDHT 1 7 m F6.1 

NOD 1 1 0  I4  

NOM 1 11 I 2  

W I N D  ( 2  , M A X I  ,MAXJ) 11+2xMAXPxMAXJ 
(3844 f o r  (3855 f o r  
P e s t  g r i d )  tes t  g r i d )  

Descr ip t ion  

4-charac te r  name o f  storm 

Sequence number of  hour o f  storm 

S t a r t i n g  time o f  storm i n  format 
YYMMDDHH (Time a t  which KCiR=I) 

Time zone of  ISTART 

Longi tud ina l  dimension o f  ou t -  
pu t  g r i d  

L a t i t u d i n a l  dimension o f  ou tpu t  
g r i d  

Height t o  which wind speeds a r e  
s c a l e d  

Location of  eye o f  storm - 
degrees  o f  n o r t h  l a t i t u d e  

Location o f  eye o f  storm - 
minutes  o f  l a t i t u d e  

Location o f  eye o f  storm - 
degrees  o f  west l ong i tude  

Location of  eye o f  storm - 
minutes  o f  l ong i tude  

Wind a t  s p e c i f i e d  he ight  on wave 
g r i d .  If 1st s u b s c r i p t  i s  1, 
va lue  is wind speed i n  knots .  
If 1st s u b s c r i p t  is  2,  va lue  is 
d i r e c t i o n  i n  degrees  toward 
which wind blows counterc lock-  
wise from n o r t h  



Pr in t ed  O u t ~ u t  

. Pmgrarr. SNAAP i n i t i a l l y  p r i n t s  c a r a  input  daza anL f i n a l l y  

p r i n t s  an end-of-job message. For each snapshot it p r i n t s  card input  

d a t a  pe r t i nen t  t o  t h a t  snapshot ,  a  p re s su re  f i e l d  and an i n i t i a l  guess 

win2  f ie id .  i f  yequested, and a  f i n a l  snapshot wind f i e l d  on t h e  nes t ed  

g r i d .  Snapshot win2 speeds  a r e  p r i n t e d  i n  t e n t h s  of  knots ,  d i r e c t i o n s  

a r e  ro reo ro log ica l ,  a?d west  is  a t  t h e  t o p  of  t h e  page. Each snapshot 

is p r i n t e d  both with wind speeds as computed and wi th  wind speeds 

s c ~ l e d  t o  19.5  meters .  

. Frogran! HIST p r i n t s  ce rd  input  d a t a ,  t h e  wind h i s t o r y  a t  

each requested s t a t i o n ,  wind f i e l d s  on t h e  output  g r i d  f o r  hours 

reques ted ,  and an end-of-job message. Output g r i d  wina speecs a r e  i n  

knots  and d i r e c t i o n s  a r e  meteoro logica l .  Ter ra in  types a r e  i nd ica t ed  

by blank f o r  type  1, 'f:' f o r  2 ,  ' = f  f o r  3 ,  ' - '  f o r  4 ,  '+ '  f o r  5 and 

I $ '  f o r  6.  



Table 12 

Program Changes Needed f o r  a New Output Grid 

1 )  Subroutine RDGRID 

2 ) Subroutine PRLAKE 

3 )  COMMON block LGRID (used i n  'RDGRID and PRLAKE only) 

4 )  In  program H i s t :  

a )  Parameters MAXI,  MAXJ, and IGRDHT, where MAXI i s  

the  longi tudinal  dimension of the  gr id ,  MAXJ is  

the  l a t i t u d i n a l  dimension, and IGRDHT is i ts  

height i n  t en ths  of meters. 

b9 ZLA, ZLO become two-dimensional i f  rows and columns 

do not f a l l  on l a t i t u d e ,  longitude l i n e s ,  and t h e  

s e t t i n g s  of LA1 and LO1 i n  the  DO 111 and DO 310 

loops w i l l  be a f fec ted  

c9 h a y  ZANG, t he  angle between t rue  meridian and g r i d  

meridian, may become non-zero. 



PART IV: CONCLUSIONS AND RECOMMENDATIONS 

. A method is developed t o  specify t h e  surface stress and the  

wind speed and direct ion i n  t h e  planetary boundary layer  of a t r op i ca l  

cyclone from meteorological storm parameters ava i lab le  f o r  h i s t o r i c a l  

hurricanes. The method is based upon a numerical primitive-equation 

model of t he  planetary boundary layer  i n  a moving t r o p i c a l  cyclone. The 

complete time h i s to ry  of t he  evolution of t he  surface wind f i e l d  is de- 

scribed from a s e r i e s  of cha rac t e r i s t i c  wind f i e l d  s t a t e s  calculated a t  

d i s c r e t e  times i n  a storm's h i s to ry  by the  steady-state model. 

. A surface drag formulation, based upon a contemporary s i m i -  

larity model (Arya, 1977) coupled with a roughness parameter specifica- 

t i o n  f o r  a water surface consis tent  with Cardone's (1969)  law, is b C 0 r -  

porated i n to  the  numerical model. A s  a r e su l t ,  t h e  model was found t o  

produce a consistent descr ipt ion of the  integrated planetary boundary 

layer  wind, the  magnitude and direct ion of the  surface s t r e s s ,  and the  

wind speed and direct ion a t  anemometer level ,  without recourse t o  

a r b i t r a r y ,  empirical ca l ib ra t ion  schemes. The surface winds calculated 

i n  severa l  recent hurricanes a r e  found t o  be i n  exce l len t  agreement with 

ava i lab le ,  representat ive  surface wind measurements made from offshore 

platforms and data  buoys. 

. Transformations based upon an equilibrium planetary- 

boundary-layer s imi l a r i t y  model a r e  developed t o  specify  the  surface 

wind over t e r r a i n  of specif ied roughness, including lake surfaces ,  from 

the  over-water wind-field solution.  Calculated over-land and over-lake 

winds a r e  compared t o  the  l imi ted  measurements ava i lab le  f o r  several  

recent  storms. Agreement i s  generally good. 

. The pr inc ipa l  l imi ta t ion  of the  model is t h e  neglect  of 

f e t ch  e f f e c t s  i n  the  adjustment of the  PBL across roughness disconti-  

nu i t i es .  Adjustments i n  near-surface wind speed, however, a r e  believed 

t o  occur su f f i c i en t ly  rapidly  t h a t  accuracy over homogeneous t e r r a i n  

and lakes  t h e  s i z e  of Pontchartrain and Okeechobee should not be 

s ign i f i can t ly  l imited.  The adjustment scale  f o r  wind direct ion,  however, 

might be much larger .  



. The p r inc ipa l  obs tac le  t o  f u r t h e r  development and evaluation 

of t h e  method developed here is t h e  l ack  of high-quality measurements of 

surface winds over t h e  lakes  of i n t e r e s t  i n  w e l l  documented storms. AS 

p a r t  of an in tens ive  f i e l d  program conducted i n  Lake Pontchartrain by 

t h e  U.S. Army Corps of Engineers during t h e  p a s t  year ,  wind data  was 

apparently col lec ted  a t  severa l  points  i n  t h e  l a k e  during t h e  passage of 

two hurricanes (Bob and Frederick, 1979). Even though only t h e  

per iphera l  p a r t s  of those  storms were sampled, it is s t rongly  recommend- 

ed t h a t  those  measurements be ca re fu l ly  processed and t h a t  t h e  method 

developed in t h i s  study be appl ied  t o  t h o s e  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) 



Figure 2. Radial distribution of tangential velocity (V,) and radial velocity 
(V,) for a frictionless, symmetrical, stationary storm given by Ap = 50 mb and 
R = 40 km, computed from Chow's numerical model. Analytical (gradient wind 
solution) solution (V,,) for specified pressure field is shown (from Chow 1971) 



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 4. Computed depth of the planetary boundary layer versus radial distance 

from the eye for Hurricanes Daisy (1958) and Inez (1966) 
(from Moss and Rosenthal 1975) 
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Figure 5. Computed depth of the planetary boundary layer in a mature, steady- 
state tropical cyclone (from Chang 1977) 



Figure 6. Garrattts (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 

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 7. Drag coefficient with respect to the vertically integrated planetary 
boundary layer wind versus integrated boundary layer wind from Arya's model for 
alternate air-sea temperature and roughness parameter specifications and/or the 
case of restricted scaleheight ratio. The form used by Chow (1971) is shown 

for comparison 
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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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Figure 11. Ratio of overland/over-water wind speedversus fetch for near neutral 
moderate-high wind speed data of Richards et al. (1966) and Phillips and 

Irbe (1977) 
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Figure 12. Radar scattering cross section a. as a function of fetch at an 
incidence angle of 40 deg for wind speeds of 9.0 m/sec (above) and an incidence 

angle of 53 deg for wind speeds of 13.0 m/sec (below) 



Figure 13. Coordinate system and relationship of wind stress components in the 
equilibrium model PBL over rough and smooth (sea) terrain 
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Figure 14. Ratio of the surface wind speed at the 20-m height overland to over 
sea (above) and the difference between the overland and over-sea inflow angle 
(below) from the equilibrium PBL model for two terrain roughnesses, from the 
numerical vortex model and the empirical wind speed ratio derived from 

measurements in hurricanes at Lake Okeechobee 
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Figure 17. Comparison of measured and modelled winds at Keesler Air Force Base, 
Biloxi, MS, in Camille 
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Figure 18. Comparison of measured and modelled wind direction at Burwood, LA, 
in Camille 
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Figure 20. Comparison of measured and modelled wind speed (above) and wind 
direction (below) at New Orleans Lakefront Airport in Camille. Modelled wind at 

New Orleans for roughness paraxneter of 1 m shown 







Figure 23. Comparison of measured and modelled wind speed and direction at 
buoy EB15 in Belle 
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Figure 24. Comparison of measured and modelled wind direction at buoy EB41 
in Belle 
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Figure 25. Location of measurement stations in Lake Okeechobee and path of the 
1949 Lake Okeechobee hurricane 



Time (EST) 

Figure 26. Comparison of measured and modelled wind speed and direction at 
station 14 in the 1949 Lake Okeechobee hurricane 
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Figure 27. Comparison of measured and modelled wind speed and direction at 
station 15 in the 1949 Lake Okeechobee hurricane 
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Figure 28. Modelled wind speed and direction for various terrain roughnesses in 
Hurricane Betsy 
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Figure 30. Comparison of measured and modelled wind speed and direction at 
buoy EB04 in Hurricane Anita 
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Figure 31. Comparison of measured and modelled wind speed and direction at 
buoy EB71 in Hurricane Anita 



APPENDIX A :  NAMELIST 



1. Source. The material  below is abridged from'06.4 of "Sperry 

Univac Series 1100, FORTRAN V Level 4 R l ,  programmer reference", edi t ion 

of April 1979. 

2. The nonexecutable NAMELIST statement and t h e  associated forms 

of the  formatted input/output statements provide a s impli f ied means of 

transmitting an annotated list of data t o  and from peripheral  uni ts .  

The input/output statements take the  form 

READ (un i t ,  x)  

and 

WRITE (un i t ,  x) 

where x is a namelist name. The list of items i n  t h e  namelist is  used 

on input t o  specify those items which may have t h e i r  values defined i n  

t h e  records t o  be read. Not all items of t h e  namelist list need be used 

i n  t h e  input records nor m i s t  the  input f i e l d s  be i n  t h e  same order a s  

t he  list items. On output,  each list i t e m  of t he  designated namelist i s  

formatted i n  a standard fashion f o r  output i n  the  order specif ied by the  

list. 

3. Namelist Statement. The general form of t he  statement is 

where X, Y ,  Z,.. .. a r e  namelist names and A ,  B, C ,  D ,... . a r e  simple 

variables,  subscripted var iables ,  o r  a r ray  names. An ar ray  must be 

dimensioned before appearing i n  a namelist. The following rules apply 

t o  defining and using a namelist: 

a. A riamelist name cons is t s  of  from one t o  s i x  alphanumeric - 
characters ,  t he  first of which must be alphabetic. 

b. Within a NAMELIST statement, a namelist name is enclosed - 
i n  slashes.  The list of var iables  associated with a name- 
list name ends when a new namelist name enclosed i n  - 
s lashes  is encountered o r  with t he  end of the  NAMELIST 
statement. 

c. A namelist name may be defined only once i n  a routine by - 
its appearance i n  a NAMELIST statement. In  t h e  routine i n  
which it is  defined, a namelist n e e  may appear only i n  



input/output statements and i n  the  defining NAMELIST s t a t e -  
ment. 

d. A namelist name must not be t he  same as  any other  name in  - 
the routine i n  which it appears. 

e .  A variable name, a r ray  element name, o r  an array name may - 
be assigned t o  one o r  more namelist names. Array names 
m ~ s t  have been previously declared. 

f .  The subscr ipt(s)  of an a r ray  element must consist  sf - 
constants. 

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

t h a t  contain the input data f o r  the  var iab les  and arrays t h a t  belong t o  

the  namelist name X t o  be read from input u n i t  i. For READ ( i , X )  

the first character i n  each da ta  record t o  be read is  always ignored. 

The second character of t he  first record of a group of data records t o  

be read must be a $ immediately followed by the  namelist name and a 

blank. The remainder of t he  first record and following records may con=- 

t a i n  any combination of t he  l e g a l  data items which a re  separated by cQm- 

m a s  ( a  coma after the  l a s t  data  group is ignored), The l a s t  input rec- 

ord is terminated by a blank followed by SEND. 

5 .  The forms the data items may take  are:  

a. Variable Name= Constant. Variable name i s  - a  simple vari-  - 
ble name. 

b. Subscripted Variable=Conatant. The array element appears - 
i n  the NAMELIST statement. The subscripts i n  the  input  
record must be constants. 

c. Array Name=Set of Constants. The s e t  is represented by - 
constants separated by commas, o r  kficonstant may repre- 
sent  k constants (k is an unsigned integer) .  The number 
of constants must be l e s s  than o r  equal t o  t he  number of 
elements i n  t h e  array.  

6. Constants used i n  t h e  data  items may take any of t he  following 

f o m s  : 

a. Integer constants. - 
b. Real constants. These a r e  wri t ten with a decimal point ,  - 

and, optionally,  they a r e  wr i t ten  with an exponent consis t -  
ing of E , + , o r  - , o r  a combination of E and s ign  
( for  example, E+2, E2, +2). 

c. Holleri th constants. These a r e  writ ten a s  nHhhh.. . .h  - 
where hh....h is  a s t r i n g  of n alphanumeric characters ,  
including blanks. Six characters can be s tored in  one 



location.  If l e s s  than s i x  characters remain they a re  
s tored l e f t - j u s t i f i ed  with t he  r e s t  of t he  computer word 
f i l l e d  ou t  with blanks. 

7. Holler i th  constants may only be associated with integer  o r  r e a l  

variables. The data items t h a t  appear on t h e  input records need not ap- 

pear i n  the  same order  a s  t he  corresponding var iable  o r  array names i n  

the  namelist. All variable  o r  array names of t h e  namelist need not have 

a corresponding data  item i n  t h e  input records; i f  none appears, the  con- 

t e n t s  of the var iable  o r  array are  unchanged. Names t h a t  are  equivalenced 

t o  these  names may no t  be used i n  the  input records unless they a re  p a r t  

of t h e  namelist. Blanks must not be embedded i n  a constant o r  a repeat  

constant f i e ld ,  but may be used f ree ly  elsewhere i n  a data record. The 

name of an array and t h e  value of its first elements must appear on t h e  

same record. The l a s t  item on each record t h a t  contains data items must 

be a constant followed by a comma. The comma is opt ional  i n  t he  record 

t h a t  contains o r  precedes t h e  SEND sent inel .  

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

of var iables  and a r rays  ( a s  w e l l  as t h e i r  values) t h a t  belong t o  t he  

namelist name X t o  be wr i t t en  on the  output un i t  i. In  the  

WRITE (i,X) statement, all variables and arrays,  and t h e i r  values be- 

longing t o  t h e  namelist name, a r e  writ ten out according t o  t h e i r  types. 

The output data is wr i t t en  such tha t :  

a. The name of a var iable  and i t s  value are  writ ten on one - 
l ine .  

b. The name of an a r ray  i s  wri t ten,  with t he  values of t he  
elements of t h e  array wri t ten i n  a convenient number of 
columns, i n  t h e  order of t he  array i n  main storage, t h a t  
is, with t h e  lef t  dimension [varying f a s t e s t ]  . 

c. The da ta  f i e l d s  a r e  large enough t o  contain a l l  the  s ignif-  
i c an t  d i g i t s .  

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



APPENDIX B: PROGRAM LISTING 



- 
4 2  -* 3 - C . 4  

OCUU n N '3 V) N 
a * *  - 0  r c W m 
crr4-  W O O  W Z cO 

a m  * d N  u - 4 
o U . u  r 0 -  * Z 3 \ 

Z w Z r c  0 ) R  * - a 
0 3 ( U  r t r w  + - 0 0 
ccw * 0 - -4 (U Y 0 
I-0-4 Z W Y  * z r r w o  iD 
U = V ) N  a d  * 3 * z  P) 
w c  -- 3 * A  cI *a a *  - 
r r r c z  C-o= I- o n 9 ~ u  2. 
n t - C U C  * Z  * V1 a *(3N 
O A  * >  - 4 N  W aD V) u o  I- i CI 

U r )  - a d >  Z * W *  N V) * V) 
* ry-  - a >  - 0  ZZLLU W A 

o V ) r m  O N  * 3 zr -4-4 0 2  0 - 
Z X  > - 0 - 2  - a  3 L O *  a - 4  

- Y C  - 4  ..t S Lt W -  - r w e ( m 3  t- O\ - 
O e S r c y  "I0 - =  W O W  * LO > 
C U a  ln- w - -  Z .a - l c C V ) O -  W C x 
M W O  - 4  X - u  a a 2 ~ s t - C -  z 

w 
c 3 

- w C U r ( C U  3 W t 3  >-  0 Z * * 
a cu- * -  - c u o a z o c  3 .  on- 

.a V)  C * * - 1 1 3  x n -  CUO(UXc9> - - 0 C-V) 

.W U c c L  N + *  LD Q a  • Z S  cc I- M A  
- 0  N *  e W C O  4 U o 0 0 1 l  u V ) m W *  
t t Q u - n  N)=c 4 - 4  l t ~ 1 l t  t t l t - I - =  Z W 0 2 4  
U. W ~ O V )  - I I C V N  - w e  a -  C I  c & z  -- 
u * - O I - m  + - * C - Z C  * * m a  .I- > O, - 0 7 2  

- 4  a % m C U f A d L (  m - v r  a a V ) U W W r n  * . Y 3 W - e z  
W = V ) P ) C U < U  4 - Y Y W I I  11 U ~ U O P - W W W Z W O ~  I - Z H D  
;Z u c w c  - r = n -  z m z o ~ ~ z a n  * Z = N & C L U  r u t ?  
n ~ ) ~ ) \ r c c c  w u n m  - I ( - o m * V ) V )  -0-.&Ju Z rr), 

C C U  N N  3 A C h M O O ~ Z 7 - 3 d N 3  0 3 r , r c V ) V ) = L P . ~ I I  'J\ 
. 3 d C - Z - ~ Z U C L - X 0 3 O t  - 2  * -:.il,.JN * A & >  
o w a a x 3 0  O ~ O > - C ~ - O P - ~ U U - - O I I  11 II Y I I ~ O  



9 1 0  I F  ( K P P  * G E *  1 0 0 )  G O  T O  9 2 0  -- - 
UXX = V T N I I , J ~ N ~ S T ) * ( ( ~ . - S P P ) * U X V ( K P P I L S ) + S P P * U X V ~ K P P + ~ * L S ) )  
T U I S T  = ( 1 . - S P P ) * T U R N ( K P P v L S ) + S P P * l U R N ( K P P + l r L S )  
G O  TO 9 3 0  

920 UXX = V T N ( I q J v N E S T ) * U X V ( l O O q L S )  
T Y I S T  = TURN(1UOvLS)  

930 220 = 1 9 * 5 / L O L A N D  
I F  ( L S  * E Q *  2 )  220 = 1 9 * 5 / ( G A * U X X * * 2 )  
V T N ( 1 , J q N E S T )  = ( 3 6 0 0 * / 1 8 5 2 r  ) * A M I N 1  

S ( U X X / K 3 5 * A L O G ( Z 2 0 )  t V T N ( 1  i J 9 N E S T ) )  . 
A N G ( 1 r J v N L S T )  = b N G ( I i J , N E S T ) + 5 1 ~ 2 9 5 7 8 * T V I S T  
I F  ( A N G ( 1  v J t N E S T ) . L T  0.1 A N G ( I * J v N E S T )  A N G i I v J , N E S T ) + 3 & 0 .  

PO00 CONTINUE 
RE TURN 
END 





5 6  I F  ( H L - 2 . )  5 7 , 5 8 9 5 9  
57 AN = 1 .3d65736 - .403286R+HL 

B M  = 1 * 9 5 3 2 8 8 + . 3 7 3 3 5 5 9 8 * H L  
CM = 2 r  5 4  65736-HL+.9232RG8 
G O  T O  6 0  

58  AH = 0 5 0  
D M  = 2 . 7 0  
CH = 0 7  
G O  T O  bO 

5 9  YLOG = ZLOG+4.7 
HL = .25* (YLOG+SQRT(  Y L O G * * 2 + 8 o * H t I * D E N / ( U X ( K 1 2 3 ) * * 2 * P T H )  1 )  
AH = AMAXl f2 .5 - .96*HL. -99 .1  
BM = A H I N l ( l e 1 + . 8 * H L q 9 9 . )  
CM = 4.7-2.*HL 

6 0  UV(K12.5) = U X ( K 1 2 3 ) * * 2 / K 2 * ( ( Z L O G + P H ) * * 2 + H W * * 2 9  
DUV( K123 I = IJV(K123)  -VV2 
IiETURN 
EhD 



SUBROUT I I J E  - A ~ C C C  
COHMOh / ~ 5 7 /  P T H ~ D T H I H H ~ Z C O E F F ( ~ ~ ~ ) ~ L A K E , V V I ~  00)  ,Ux t3 )  ~ U V ( ~ I  , 

S O U V ( ~ ) , K ~ ~ ~ K ~ ~ ~ ~ G A ~ O E N ~ V V ~ ~ H L , K ~ ~ ~ ~ Z O ~ Z L O G ~ A M ~ B M ~ C M ~ U X V ( ~ ~ ~ ~ ~ ) ~  
T U R N ( 1 0 0 ~ 6 ) ~ C O S T ~ 1 0 0 ) ~ S I N T ~ l O O )  

HEAL K29K35 
ZO = GA*UX(K123)**2 /Ht I  
ZLOG = ALOG(Z0) 
tIL = - H H * D E N / ( U X ( K 1 2 3 ) * * 2 * P T H * ( Z L O G + C H )  
I F  (HL+2o)  54,55956 
HLOG = ALOG(-HL) 
At! = AMIN1 (HLOG+laS,-aH75*ZLOG) 
B M  = l o B * L X P ( a 2 * H L l  
CM = A M I N 1  (HLOG+3*7,-*875*ZLOG) 
G O  T O  60 
AH = 2 0 1 9 3 1 4 7 2  
bM = 1.2065761 
CM = 4.3931472 
GO T O  6 0  
I F  (HL-2.) 57958959  
A M  = 103b65136-a4032868*ML 
kt1 = la953288+a37335598*HL 
CH = 205465736- t l L *a9232868  
G O  T O  6 0  
AH = 058 
bM = 2 0 7 0  
CM = 07 
GO T O  6 0  
YLOS = ZLCG+4o7 
HL = a 2 5 * ( Y L O G + S Q R T ( Y L O G * * 2 + R a * H H + D E N / ( U X ( K 1 2 3 ) * * 2 * P T H ) ) )  
AM = AHAX1 (2.5-.96*HL9-99.) 
B H  = A H I N l ( l a l + a B * H L , 9 9 a )  
CM = 4.7-20*HL 
UV (K123)  = U X ( K 1 2 3 ) * * 2 / K 2 *  ((ZLOG+AM) **2+RH+r2 
UUV(K123) = UV(K123)-VV2 
RETURN ' 
END 
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SUBROUTINE BREEZE 

* * * *  T H I S  VLHSlOi \ I  OF i3REEZE USES TURNING .FRON TERRAIN TYPE 6 * * * *  
* * + *  F U R  T E R R A I N  TYPE 2 * * * *  

REAL LAO *LA1 r L 0 0  qL01 r L B 9  L L  
COMMON / C 5 7 /  PTHqDTH t H H q Z C O E F F ( 3 v 5 )  t L A K E s V v ( 1  0 0 ) r U ~ ( 3 )  r U V ( 3 )  r 

J D U V ( ~ ) ~ K ~ ~ ~ K ~ ~ G ~ G A ~ O E N ~ V V ~ ~ H L ~ K ~ ~ ~ ~ Z O ~ Z L O G ~ ~ M ~ B H ~ C M ~ U X V ( ~ ~ O ~ ~ )  
S T U R h ( 1 0 0 ~ 6 ) r C O S T ~ 1 0 0 ~ ~ S I N T ~ 1 0 0 ~  

HEAL K 2 t K 3 5  
COMHON / D l / L A O r L O O r R O T * L A l  * L O 1  r D X r S T H T ~ L L N S E A  r U 1  r T H l 9 D q A L p U S T  
COMMOh / D 2 /  X X ( 2 1 1 2 1 9 1 0 )  
EQUIVALEtt 'CE ( U 1 r X Y ) r  ( V l r X Y ( 2 ) ) r  ( U X X r U S T )  
LAOrLGO A R E  L A T 9 L O N  OF L V E ( P T 0 )  I N P U T  ( R A D I A N S )  
L A 1 9 L O l  APE LATILON OF P O I N T  AT U H I C H  U I N D  I S  U A N T E D ( P T 1 ) - I N P U T ( R A 0 )  

LONGITUDE I S  Y O S I T I V E  VEST. 
DX I S  G H l O  SPACING O F  INKCRHOST NEST - I N P U T ( K I L 0 M E T E R S )  
U1 IS M I N D  SPEED AT F T l 9 2 0  HETERS - OUTPUT(kN0TS)  
D IS DISTANC'E B E T V E E R  P T O  PNO P T ~  - OUTPUTO<HI 
R O T  t S  ANGCE FROM TRUE NORTH TO Y-AX-IS OF NESTED RECTANGULAR 

G R I D  U I  ~ J D  F l E L O  ( CLOCKLI~SETDEGREES) 
T H l  I S  D I R E C T I O N  TO WHICH B I N D  BLOUSr  CLOCKUISE FROM SOUTH(DEG1 
AL I S  BEARING OF P O J h T  1 FROM P O I h T  CI CLOCKUISE FROM NOKTH(DEG) 
LANSCA I S  T E R R A I N  C O C E  AT P O I N T  1 

1 1s  OCLANI 2 TO 6 ARE VARIOUS GROUNDS AND LAKES 
O l M E N S l O M  X Y ( 2 )  
h A M E L I S T / b r j G Z / I  r J r F 1  r F 2 r X Y  ~ S P P ~ L A N S E A , U X % V T U I  S T ~ S T H T V G A V K ~ ~  
H A V ( X )  = ( S I b ( * S + X ) ) * f 2  
AHAV(X1  = 2 * * A S I N ( S O R T ( X l )  
S U R U ( X )  = S Q R T ( A B S ( X ) )  
L L  = L A O t L A 1  
L B  = L A O - L A 1  
H = A H A V ( H A V ~ L B ) + C B S ( L A 0 ) * C O S ( L A l ) * H A V ( L U 0 - L 0 1 ~ )  
I F ( H a E O a 0 . )  GO TO 16 
I F  ( R e L T e l E - 4  1 AU = ATAN2(  ( L O O - L O l ) * C O S O . 5 + L L ~ ~ - L B l  
Ab = ABr.5 
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. VJ \ 
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z VJ 4 d nl 0 
a  a c E  c 
C A f- a rl 4 

* 0 * .  
u n m  l l m s  -t 0 A 

earn m u  -4 c n 
II I < A N +  u 0 u 

2 n * u * .  - - > a  C .  CI 
3 A O i 0  +F- W W X  C3 v 
Q - D f - - I D f i  OO-rr + 

+ d m  0 - u  - rV)u CI N X 
mu7 CnOAlr) zV)gU m - + 
ir . .cU C * X  - 0 u  - u - 3 
I -t- .OCUO. inuu.. . 4 I I 

W W C 9 + C a m *  * + C U  W It u A A 

-la . L 7 J I = 3  O O X A a . 4  J A - ~ N  
* U  * A  U * + + - a  ~ I I d N - v  

W u d  4 4 5  1 1 I I Z  U N r l  0 0  - - > >  
0 = 3 N J V *  4 4  U ~ U U  N O O O  z ~ > * x x  
* a ~  Q ' a  A -  Q  o w II NII).UXX 
rr 3 - II - If I  I d a I - I I  C - I I I 3 -I w 
- r A  I  I  v u 

II I t  
4 + - t1 I1 
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- G I 1  = ( l . - F l ) * f l . - F 2 )  
% 1 2  = ( 1 m - F 1 ) * F 2  
G 2 1  = F 1 * ( 1 . - F 2 )  
G22 = F l * F 2  
D O  1 4  I A  = 1 9 2  
IB S+IA+IZ-5 

1 4  X Y  ( I A )  = G ~ ~ * % X ( I + I ~  ~ + l r  I H ) + G ~ ~ * x x ( I + ~ , J + ~ , I B ) + G ~ ~ *  
* X X ( I + ~ ~ J + ~ ~ I B ) + G ~ ~ * X X ( I + ~ ~ J + ~ ~ ~ ~ )  

15 U 1  = U l * U l + V l * V l  
I F  (U l *EO.Um) GO TO 1 1 0  
U 1  = SORT(U1)  

C REDUCE V 1  T O  STATION HEIGHT 
9 0 0  SPP = l . L 5 * k l  

KPY = SPP 
SPP = SPP-KPP 
LSSUB=LANSEA , . 
IF (LSSUB.EQ.2 )  LSSU6=6 
I F  ( K P P  mNE. 0 )  GO T U  9 1 0  
UXX = U 1  * U X V ( l r L A N S E A  1 
T U l S T  = T U R N t l r L S S U B )  
GO T O  9 3 0  

9 1 0  I F  ( K P P  .Gf. 1 0 0 )  GO TO 9 2 0  
UXX = U l *  ( (1  O-SPP)  *UXVtKPPrLANSEA)+SPP*UXV( I (PP+ lqLANSEA)  1 
TWIST = (1 . - S P P I * T U R N ( K P P I L S S U P ) + S P P * T U R N ( K P P + ~ ~ L S S U B I  
G O  TO 9 3 0  

9 2 0  UXX = b l * U > V ( l U O r L A N S E A l  
TU I S T  = T U H N ( 1 0 0  qLSSUB) 

5 3 0  I F  (LAIJSEA .EQ. 1)  ZO = GA*UST**2  
. 

I F  tLA? iSEA l NE. 1) ZC = ZCOEFF(1,LAWSEA-1)IUST+ 
3 ZCOEFF(2 rLANSEA-1)  * U S T + r Z + ? C O E F F ( 3 r L A N S E A - l 1  

2 2 0  = STHT/ZO 
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SUBROUTINE COMQUT ( L E V E L  
CUMMON/Cl /DM1(2)  r D X r O T r F ~ D H 2 ( 2 1 9 U C 9 V C 9 D M 3 ( 5 )  

r r S T 1 2  
COMMON /C3/ U ( 2 1 r 2 1 r 5 )  r V ( 2 1 r 2 1 r 5 ) r U N ( 2 1 r 2 1 r 5 )  r V N C 2 l r 2 l r 5 )  

1 9 P X ( 2 1 r 2 1 9 5 ) 9 F Y 1 2 1 r 2 1 r 5 )  9 V T t J ( 2 1 , 2 1 r 5 ) t A N G ( 2 1 r 2 1 9 5 )  
2  t L U ( 2 1 ~ 2 1 9 5 )  

COMMON 
$ 1 ~ 4 1  C D R ( 1 0 0 , 2 t 2 )  r U X V ( l O @ r 2 )  r T U R N ( 1 0 0 9 2 )  
S / C 5 1  F L A T r P T H r D T I i ( 2 )  9 H H ~ Z O L A N D r L S ~ V V ( l O O )  9 U X ( 3 ) 9 U V ( 3 )  9 

S D U V ( 3 )  r K 3 5 r K 2  9GrGA t D E N r V V 2 t H L  t K 1 2 3  r Z O r Z L O G r  PM9BM9CMrFF 
DIMENSION t l K L ( 2 1 r 2 1 )  rDRAG(2)  
DATA E l r E 2 1 J . 5 r 0 . 5 /  
DATA V O N K / 0 . 4 /  

C  SQQ I S  APPHOXIMATION TO SQRT OF SUH OF SQUARES 
S Q O ( A r B )  = ( A B S ( A ) + A H S ( R ) ) / 2 . 5 1  + ( A B S ( A + H ) + A B S ( A - B ) ) * 0 . 7 0 7 1 / 2 . 5 1  
00 U U U  NC = 1 q L E V E L  
NEST = L E V E L - N C + l  
0 0  72U I = 1 9 2 1  
DO 7 2 0  J = 1 9 2 1  
U(  I v J r N E S T )  = U N ( I 9 J r N E S T )  
V ( 1 , J r N E S T )  = V N ( I , J r N E S T )  

7 2  0  CONT If4UE 
I F  (NEST .FIE.LEVEL) GO TO 7 2 1  
I F  (NESTeNTeS)  CALL OUTt!Y2(NEST) 

' G O  T O  7 2 2  
7 2 1  CALL OUTHYl (NEST9 
7 2 2  CONTINUE 

DXL = 2 e 0 * * ( h E S T ~ 1 1 * D X + 1 0 0 0 0 0  
D X L 2 = D X L * * 2  
D T L = 2 e O * *  ( N E S T - 1 ) * D T  
F T L = F * D T L  
F T L l = F T L * f 2 + 1 ~ 0  
F C L = 2 . O * V O N K * * 2 * ( D X L / 2 . 0 ) ' * 2  

C INNER BOUNUPRY 
I F  (NEST . E Q .  1) GO T O  731i 
DO 7 2 4  J = l r l O  
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~ a u ~ l z  

- Q ~ W H  
* a w o I :  
w a n  
*en Z W  

CU L L M >  
- 0 0  u 
or W I  
u a *  
- o z L i c  
n - V )  
U I I  OLLS - O O E :  
* m a  - -  W W  

x n a  
4 0033 
*W&.k -C  

c u d  I n  
- m a + +  
Q < ' O < Q  
- - t a d  
* a u  
a u u r x  
U > M C +  - o a ~  

X 2 3 0 
w u - z v )  
U C  - 
zrV)V) 
w 3 - u  
JV) 
u X C  
> V ) U U  
w - u J  
3 a u  
a m + *  
w w c l w  

e - 
- u L L  
I3 0 
t-C 
C * 3 W  
00 A 
2-(3 
- 2  = u 
*o 
n\LL 
.\ n  0 
a n  
3 v, 

V) C 
v)-U 
I 

n V) 
-4- 
a .-I 
+ + -  
Y Y  4 
- - - I  
H + +  
- 4 7  + +  C 
3 3 -  
C C C  

4 - 8 -  
-id4 
+ + +  
m u m  
U W Y  

m Q U  
Q u a  



a c 
Vl n 
C C 

V) m IC 
ad 0 -  - a 
Z . m  *a 2- 

* =  - 3  J 
O 4 W  A )  Z n 
U t r r ) W  0 a 
ZCLu ' W  U 
W C J I  44: X M 

W -  3 P  0 rn 
.J Z - + U 
,! r . a w  \L u 
U Z J  2 -  0 U 

3 m u  O C  c. a2 
- x  > A#'. Z P + 
- 3 3 -  *a i2 n C* 

L L * +  d b G  M c U 
C MU u u  C 

C( - 
Z W  LLI -u U I C 
" Z C L  - 3  Z W r+) 
o a z a )  A c 3 H Y 

C V ) - W  (Yo L C In U - u 
LC:= -3 

u - U (U m 
-0 - + 

3 7 a V) 0- - 4 n 
L c w W - U 4 U 

W 5, C cr U - m  u Y 
4 * -  2 - 9 -  + L1 rn 

e V) A n n  U - 0  r .J N in cV 
Z =3 & d m N  + CJ U W  2 - Ln '4 CI 

4. c-, +In- VJ c ...I- - 4 a U 
0 a u r  M n C - U  c 

LL CI. -*u c '4 C1 u u  . 4  a m  4- + P 
= Z j y  P m o o  .c 

9 r -1) 7 4 4 u-- I t I O N  * W  A cu 
n C C  0 I - !d G A 1 U 

z Y, - 4 C x  \ Z CJ 0 - - 4  - a m 3  U a  M 0 - - f 3 W U  M . C U  u - C J C L i m  c e k J J  c C 
m - - ' & I L L  ( F a 2  Y " m u  -0 C,J u .  Y U  4 

= = L a  NlcV) C 0 -Urn r, < N O  04 r 0 
m 4 u u m -  m , n * u  4 a o + - -  - 3 x  u ~1 " r U w  * U 1 0 - J  3 + I - Q V Q  3 3 a2 - 4 C3 

4 t a w n  ~ 4 3  A C'd =SO< 4 d m - -  c~ w a 
A 3 C C n -  + I - Z F ~ L L M ~ * O V ) ~  I 0 3 - J  - 2 %  * a 

c n - - a  c ( J < ~ J * C U ( U * C ~  : I f  * * L  L? 
4 f- O W  * X  * * -  I I  11 II U.0. * I1 N + u - 4  0 a e a d d d ~ 1  u p  W W w O d ~ l  N * Q  
7 V ) W < ?  M ' O A A C .  3 Z Z a u  n e w  

3 U 3  * \ \ \ x i 1  I 1  $ 1  11 U . O I O 1 1  L1 w a(; 0 1 1 - 4  4 1 )  . 
M a- - 2  c V ) ~  '3 r r * & ~ - r ~ m  P 9 - a -  4 II - - * 3 W U 3 \ c J L n  c 3 - U O - - - . 1 - - - W C C I W  C.( d U +  + W U A 1 0  

U J W - ; ~ ) W ~ . I A I - ~ ( - I - C ;  . r ) d N W c , 3 l I - ! t  - - m U U 3 - O -  
4 4 i ~ U a 0 J o V J t  - U l d * C C  - 2  - u Z  c-)C + + W W - 2  3 3 L 3 N C J  < U U U ~ U r r n 3 n 7 ~ u r u ~  - 3  
I+ J L 1 O O Z U 4 4 i + - # M 4 d I I  ~ ~ M ~ ~ r , + ~ r ~ ~ < V Q d : k - N d ~  - - u 3 - - t t C z  - - - -  U Z "  e P m z  - 
u U WCY a u u 0 3 0 0 0 W L ' ~ U U o U ~ u L u ~ ~  o e  LL 
Q. 4 X'U 4 0 Q U 0 3 0 0 Q ~ U ~ Q ~ d U X ~ ~ - ~  ;)QU- 

+3 * 





A D ( I C T J )  = A D ( I C I ~ ) * A C ( I C ~ ~ ~ I D ) - A D ( I C ~ ~ ) * A C ( I C ~ ~ , ~ ~ )  
A D ( I C 1 4 )  = A D ( I C t l ) * A C ( I C ~ 2 ~ I D ) + A D ( I C i 2 ) * P C ( I C ~ I ~ I D )  
.GO T O  3 4 1  
A D ( I C 9 2 )  = 0 .  
ClRCULARLY SYMMETRIC PRESSURE F I E L D :  ZERO TANGENTIAL  GRADIENT 
A D ( I C , l )  = E X P ( - A P ( 1  9 1  )/AC(ICiIE+2~ID))*APt1~2)*AP(lil)/ 

AAC ( I C t I E + 2 t I D ) * * 2  
A D ( I C 9 3 )  = A D ( I C t l ) * A C (  I C t l t  I D )  
A D ( I C i 4 )  A D ( l C , l ) * A C ( I C i 2 t I O )  ' 

CONTINUE . 
A B ( I C , I D , I E + l O )  = A D ( I C t  1 )  
A B ( I C , I D v I E ) ' =  A D ( I C ( 3 ) .  I 

A B ( l C , I D , I E + S )  = A D ( I C 9 4 )  
I F  ( I t 3  . E O o  0 )  G O  TO 3 8  
I F  NO P R O G R A M  CtiANGES, NORTH I S  P R I N T E D  AT TOP 
OF PAGE*  WEST AT L E F T *  ETC. 
U R l T E  ( L U 9 3 6 )  A D  
FORMAT ( 4 ( 1 X w l P 2 1 F G . 2 / 1 )  
CONTINUE 
I F  ( I H  o E Q .  O )  G O  TO 4 0  
WRITE ( L U 9 3 9 )  
FORPIAT ( / / / / / I  
CONTINUE 

RETURN 
END 



* * * *  T H I S  I S  M A I N  PROGRAM HIS1 * + * *  
I 

AmCeEa P R O G R A M  TO FIND U I N O S  A T  S T 4 T I O N S  

I N P U T  CARDS: 
1 . tJAHELISTS NAME9vNAMES 
2. HINDCAST L C C A T I O N S  REOUESTED: L A T - D E G w L A T - H I N q L O N - D m  

LON-MIN*  T E R R A I N  CODE* STA HT I N  HETEHSI 
S T A T I O N  I O E N T I F I C A T I O N  NUMBER. 
( 5 1 4 9 F C o l w I 4 )  
UEST L b N G I T U D E  I S  P O S I T I V E .  
1 CARD PER LOCATION. TERFIINATED B Y  & € O F *  

3 .  ONE CARD FOR EACH IIOUR OF STORM. 
LAT-DTG OF E Y E v L A T - M I N  OF EYEwLON-DEG OF 
EY EI LON-HI  N OF EYE ,SNAPSHOT 1 RECORD SEQUENCE 
NUMBER I N  F I L E t S N A P  2 HEC SEQ NBR* 
ROTATION ANGLEIDEG .CLOCKVISE 
T O  ROTATE U I b D  ON NESTED G R I D ) ,  
I N D I C A T O R  - I F  NONZERO MIND ON UAVE GRID  I S  P R I N T E D *  
( 6 1 4 w F b . 4 * 2 1 4 )  
UEST LONGITUDE I S  P O S I T I V E  TERMINATED BY aEOF 

I N P U T  F I L E S :  
l a  F I L E  l J ( L S N A P 1 :  SNAPSHOTS F O R  STORM (R.A.F.) 

OUTPUT F I L E S :  
l a  F I L E  2 0 t L T H n U T ) :  WlND DATA ON ICOSAHEDRAL GRID  (RoAeFm 1 

TEMPORARY F I L E S  
1. F I L E  1 0 f L T E M P )  A L L  SNAPSHOTS PLUS ALL INTERPOLATED U I N D  F I E L D S  

STANDARD U N I T S :  5 ( L R )  I S  CAPO READER, f i ( L P )  I S  PRINTER.  . . . 

TERRAIN  CODE ( L L A K E I  1 - 6 9  L A K E  0-5. 



- 
n n 
a 0 * 0 

- 0  I- rl 
n o  V) u 

m - 4  3 0 - 
w u * J n 
> > A * n 

3 x 4 C I- 
* 3 o n n Y 
n C a 0 0 * u 
m z  - 0 0 n -a 
..r 0 4 r( 4 n * 
X * I c. Y m m  
3 E c C cr - W - m - 0 A u ez 
C. c 4 a > '3 a 
0 5 =r C( - CS * +- 
0 4 * C 0 '3 C3 W 
4 C e - 0 X 2"  i- - a Id 0 0 e 0 - P: 

0 V) - 0 4  5. A - a 
J 2 n - w  c > n 2 

* N O - 5 : -  C( d 9 c 
W - -I 0 s o 0  X - v  * 
Y 0 - 4 o t o  u - 4: z 
4 N C u Z - H .  - - 3  5 
J - x I- * n u  c. 0 A *  2 

0 - m  I- U - o w  a 0 m a  0 
o - C U  V) a o o z  z 4 - a  n 
4 LQ 4 - u - u 3  C 
I t  m y - -  X ->- I -+  N U 3 C  W 
C- m * a  0 J c - o x  * Cm Z 
S - - - I 0  c O Z O O -  * V) C -  Q 
3 LLxd 4 4 W O I I A  n Y U C n  N 
aZ LL - w  3 u * Z E O  - * 2 - L .  Y 

'3 W C U W  A C U z - C O  X - wnCU * - O > Z  - t L > - - d n  u CJ >Ln.rc C- 
* U > u  4 < C O O - - T  5 1 6  - & Y c .  ZLL 
4 h; -V) e Z Z O O W %  - 3  - - < a  - 4 LL 
rrg - 2  r 4-u)uc(dCu O x  A - 7 3  \ b - U  
II X U -  - O Z - - u q t  A e  C n o -  M - C n C  
7 5 0 0  CPI - + - t X E : 0 -  N Z  u O 0 :  4 S n u  
X *a 3 r r r zu  u x w  - 3 0  1)LLe- .* + -nl 
4 x u 4  a - 4 0 ~ ~  E - X  - W  4-  - W L =  \O cu W -  
II b C 3 -  - ( Y O * -  * - U  n X  -0  x L Q Z  \ * 44 CnW 
C a'*+ A O - 4 0 O n O 5  3 4 0  O m - -  COm N a =  

CU r9UJ 0 0 ~ ~ 0 0 0 0 -  X Z  C V M  4 -  - 2  P\ P a <  
9 z -0 O A N d O O 3 4 C U  u - - - a  r - c  L 7 Q  u 2-4 
II + N U  4 - u P r c 4 4 - Y  == - C u l t - . n n +  U \ Z  \ \  
M q _ y r  - 0 X U - u - O O  U N X o c r - Z X  t U Z \ O V )  -7UY 
X - n  ! d < X Z - E D W Z  U C  - U - c . U - u  e V ) O N X  I A L J  
4 ~ L n 9  Y - I  4 A Q e U V ) r - c  J V )  2 - *a  J I 5 S  
E + ( C ) * L n < \ \ Z W Z S T >  N-1 XU3 - 3 W U 3 W  01 - \CC(  4 U  

. S U O m J 4 C V %  U 3 - U  \ q & 3 Q  Z Z  
a U * S X - I C 3 O M  Z Z Z Z  Z Z  Z Z  2 2  * O Z  d Z 0 4  'c-  
tJ \ o d e  \\a 0 0 0 0  00 0 0  O W U D W  f -UJP:z b-C 
C r J 3 u N a Z  k r c c - . ~  k w  W - M J L I ~ J  0 z b - + v )  M Q  
w Z Y Z Y U Z Z Z  ~ v ) v ) v )  m ~ o e u a u  V J A J X  u -  
E O > C i  3 0 0 0  Z Z Z Z  Z Z  z Z = > - U >  A A 

~ : = ) ~ J W S Z S Z  w w w w  w w  W W U H O Q -  u u u u a  L J W  
O: E O + U C E : Z Z  ~ ~ E z 5 . r  S Z  E X z 3 - - 2  c ~ c - ~ r  Sz 
c 3 U Z D D O  n u w ~  - - w r r a  3 e u u u a  u u  
I v C Z ~ U U O  n c a m  CIO o a a w  w n n o a n  z z  

4 CU 4 4 CU * * * * * 
# * * * 
U b) u 



~ A M E L I S T / ~ ~ H E P / D T H , H H , L A K E  , G ; ~ C O ~ F F , G A R R  q p ~ ~ q  K35 
Gti  IDHT=FLOAT ( I G H D t i T )  / l o .  
IMAX=MAX I 
J M A X = N A X J  

4 00 5 J = l v M A X J  
DO 5 I = l r H A X I  
L S T A B ( 1  ,J)=O 

5 Z A N G ( I 9  J l = O e  
DTH=-2r 
HtI=65U. 
LAKESO 
13=9e806 
GARR=.035 
P T h = 3 0 0 e  
ti35=.35 
0 0  1 0  J = l r 5  
UO 1 0  I = l r 3  

1 0  ZCOEFFf  I p J ) = O e  

R E Y i N D  LSNAP 
H E U I N D  LTEHP 
HEAD (LR vNAHE4) 
U H I T E  ( L P V N A M E S )  
P K I N T  I t 9 9  N d A S L t I S T i l ( T ,  ILONC 

, R E A D  (LSFIAP) X X r K A M E ~ D X ~ J A , S G U p A N I ~ S T 1 2 p D T H I , H H , G A R R ~ P T H r K 3 5  
HEAD (LH tNAME5)  
IFf1CNVRTeNt:eO)  CALL R D G R I D ( Z L A , Z L O , L S T A B , M A X  I q M A X J )  
GTtl=DTHI (2) 
u ~ I T E  ~ L P ~ N A M E  P )  
K 2 = K 3 5 * * 2  
GA=GARit/G 
O T = l O e O * D X  
CALL U X X V  
CALL UPDOUN 
I F ,  (NBASE.~IE~FJAME S T O P  5 1 5  
rJ h R = 1) 



s - 
0 E 
r 0 
C 
n 

Z * 
H n + 4 
e + 
m k * 
z z -  - 
a rc - +. 

' 0 at- 
r 0 x 
E 
C * Z Z * v 

n .A t- 
4 Q: & a  . + m + cz 
LL Z C U  
p1 C. X r 
Z -  = ' ,  2 -  
- 4  0 YC( 

E +  Z r + 
uaz * u h- 
=in a Z I 
- 2  az * z --  m n - 
rcu 2 .  Z 2 r(C 
+ C L  0 3. + U 
a m  D u u 

V) 
I- a 

a X  0 N o  \S X r 
c Z -  r - a  -;T) 1 z r  
ct - -  r -  o m  0 2  W d  

u arc * a  *zc * u  o + 
U a +  A m  O F  - 0  sC C 

C 
x a z  u 9~ ZI 
a m u  - +  

3 
Z 

-z Z U  n *  . - I  c. n u  
'a 0 -  U C  n - 4 1  u3 . O W  
Z - c U C  ZV) =I(  a- r- m a  n 
u t l L  e x  a n  ;D= 1 11 a o 

4 0 4  r - Z X  z 9  C O Z  tn o n &  
v) 2 c -  
w 

- 2  fL v) Z V) ;-4 d o 0  - m w w  - a  = z  ~e !J z - o m  
o = a  q r  00 2 5 cI c o nHr (  

P S -  m Z  = a  - 4 U.) - + ecr c -- 
C O U d -  2 -  U J  u p  W U & 4 O a n C *  
u + A +  - C  I -+-+- c 4 + 3 cn* o a x  

m t t a  ~ S - U O - ~ O  -. ' t- II c i3 ~ O O U  - 
0 rxm < ~ - a o a o e  cc 2 a L =  + r c ~ t 3  
-I hCCZ E t - Z j m m - r c -  3 P S 2 n \ D \ \ V I Y  

O W -  a m  L C Z & J  2 W - C) a + C C M  - 
I- o * W  h - 2  + J C I  + • C1 4 - 4 o L n * a x Y z  
a . ~ L D Y  0-1. J 6 0 ~ -  0 a& H 9 0 4 U 3 Y  
4 - 9 4  I-CZCixoOXQ: > = a n  l d d C C 3 -  
L) C 3 r c - J  + C j < - a ~ - ( D  W -1 -42-4 I- * \ ~ ~ v ) z z  
B w *-lo * Z S  I I m ~ l l Z  2 . X  - V ) +  H J  Q t - m r c l l  U 

* P :  - +  q-- n ~ v a r r . f i w .  2 a = + +  o r - i d ~ a u - n -  
a J - a ~ W m  c c - m 0 : 0 ~ 3 a  -3 J - X C C C ( D - Q [ - - . - ( J  

r: m - d m - u m c n a m s 3  zrn r Wn.Exzinz + a n - s  
Z + Z i J U U  Z 4 4 Z Z 3 c l Z  3 -4-22 w w U 0 o w ~  

a u O Q I I C J c - .  - s - - Z C C - -  3 I I O + ~ I I - ~ C - - ~ - U Z : ~ E I I  
U U Q e u J l l  U - l l  0- Z 4 t U k L T C  02- II I1 11 M P  
w L L W L ~ ~  J J L L L A L L O O  u W I X I C ( L I - O O ~ : ~ ~ C ~  
z U ~ L - Z ~  x + u x r r c c ~ -  x z x z  Z U ~ U ~ ~ Z X Y Y X  

. 4  4 4 C U  





b-4 

W 
z 
u 
Z 
C * 

X 

n 

CL 
a 
Z 
V) Id 
-1 3 - Z 

CII 

at- 
=$ z 
W 0 
S L L )  



' I -  







COMPILER o ! ) . l = l ) t t E Q U 1 V = C H h ! )  
SU6ROUTINE I N V J O  ( J , M t D , Y )  

C  R E V E R S E  O F  F U N C T I O N  ' J U L I A N ' .  
C COFIPUTES INVERSE J U L I A h  DATE J F R O M  
C  MONTIi (M1 vDAY ( 0 1  ?AND YEAR ( Y  1  I N P U T .  

IhTEGER J t M t D t Y  t T J t T M t T D , T Y ( n T D  
T J = J - 1 7 2 1 1 1 9  
T Y = ( 4 * T J - 1 1 l 1 4 6 0 9 7  
T J = 4 4 T J - l - l 4 6 0 9 7 * T Y  
T D = T J / 4  
M T D = 4 * T D + 3  
T J = M T D / 1 4 6 1  
T D = M T D - 1 4 6 1 * T J  
TO=( TD+4 1  / 4  
HTD=S*TD-3  
T H = H T D / l S 3  
TD=MTD-153*TM 
D = ( T D + S 1 / 5  
Y = 1 0 0 * T Y + T J  
IF (TMmCE.10)  GO T O  2 

1 M=TM+3 
RETURN 

2 FIf TM-9 
Y = Y + l  
El'  TURN 
Ch'D 







L. n n - 
C A I L. I 

L3 nnC)4 nn*4  
c e n +  + nn + + 
4 rld)--+ 4 d C - C  
N + + m V )  
C I 

+ + m m  
C t W W  C t W W  

r l M  V)V)ZZ 
N - u)vrZZ  

L i W  - - W W  - - - r( Z Z J S  2 2 9 9  
Z C U  - r +  + - o d d  
5 * a \ 0 - ' 3  9 b n  * - 

. -rr  + +  - *  c - (U a m +  + 
rn - r e H . 4  + + u- - (3 9 a - -  C . ) - Y Y  

4 2 - - Z Z  W r Z Z  
CN 4 2233 - e 

Z Z > J  

c(n 
3 > +  + = a > +  + 
+ + - a  + + n n  
n - 4 4  nndd - 4 4 +  + . d m + +  , 

2 4 -- + +I-+ 
- 3 o J  

- - + + I - +  
- A ~ ~ - c c v ) ~ )  - m r c r t r t m V )  

- I-- d w +  + m w u u  4 4 +  + m m u A  
W h  cc . + + t + ' d W Z Z  + + C C W l $ Z Z  
> m CJ + + V ) W Z Z  - . -  C t V ) W Z L  - - 
W 0 -  ~ V ) W L u  - * r n L 7  V ) V ) W W  - -99 
2 4 2  w w z z L C ) u > +  + 

I- 
w I d z z a a 4 . 4  

2 2 - r + + 3 ~  Z Z * * L - - C  
W - 5  n-  - * y ! g 1 ) - r  r * **O 9 Inn L7 'a 
r-4 - 4 a a *  + r -a* \Dart& t + + + 
-tan + +  ++33a9 . -44  c c - -c.(nc~r) 
c - L ?  C C  - 3 ~ - r w ~ U . .  3 . 3 \ O a - - - -  

=, - m V )  * * \ D ' O Z Z Z Z  + + + + Z Z Z Z  
- w r - 4  W U  . 5 9 4 4 3 > > 3  k m M b l D > > = )  
+ S A R I  2 2  - - - Y Y v u Y  Y Y Y Y Y V I Y  

w e s  - *,. r z z z + r  a * Z Z Z Z  * 
L J m - r c  \Oa 2 a > 3 m m i , n m  3 > > 3 r n ~ ? l n ; n  
Z .-4N * *  41 I 1  I 1 4 1  r 11 1) II I 1  • . • 
-*a- a *  - a n n o a o o  n a n n O 0 0 0  
a Q * * +.* t- t- (1 18 11 11 +.I- 4- c II 11 11 11 
* - d L  . Z Z  V l V ) V ) V ) n n n -  V ) V ) V J V ) n a n o  
3 c J -  3 L J d i J W t C C - t  W W W W I - c t - C  
+ * - - - I 4  I1 O Z Z Z Z m m W V )  o Z Z Z Z . V ) m V ) m  
3a3 tn~no-4  - . -  r ~ * J U W W  c - - L ~ ~ J L ; ~ @ L ,  

O U '  - * t +  rrcL.(C)C)z==Z C C C d Z Z Z Z '  
3 x e r l W V ) 4 +  + + + - r - r ~ - ( c c a ~ y  ~y r. r r 

L J Z ~ C ) C U U W ~ ~  3 7 3 - 3 3 ' 3 - 3 7  It c c r  - c( r( 

L 3 U  r - Z Z T *  * r u - r c d d d c r r c m ~ ~ i l  
@ 3 x d M  - -  C U N C U C U ~ U ( U R I C U L >  + + + + * r r - 3  
c m  c u c u ~ r c o  - - c - - r - * Z O - U ~ W U ~ ~ - Z Z  
3 . Z - w  r e -  4 c( - d w ? n a & a U * a * * U *  
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0 0 0  
( U ( U C U  

C  - C  

* t o 4  
- C C  

3 0 0  
L l w w  
V ) m w  
2 2 2 .  
C C C  

C C C  
Z Z Z  
y w w  
- o n  
r n Y U  
C C . 0  



c, 
H 
H 
P 
3; 
rQ 
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+ + 
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m 
r 
I 
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2 .  

. rc) 
C 

I I 
I I 
I I 
I - 
m z  
C Y 

* V) 
* W  * 0 
I0 
K'x - II 

L. 

Z N 
CI * 

SiLd  
rc) vl II 
\Lie 

. W  0 A 
axtL 
0 Z 
x u  

Z 0 
4 - a  
c LL 
4 W G  
o a c  

C 

n 
X - N 

0 C  
t- r.9 
u + u  
A m -  - - *  
C A N  
4,- 
- l o x  
m + +  
- u  0 

-A\ 
N U ,  
'3 c a n  

r e -  
H d  * 
3 - 0  
I I  r 
3 - ; n  
- N L  
- 3 *  
C rnJ 
U d  - 
d f ) U  
r I I  cr 
-ax - 
* r x  

r ( n - 4  
V C  r  
m u \  
Z d  - 
4 - m  
3 x -  
- 9 -  

*NFi 
n w  
+ o m  
U Z L  
d - q  
- 3 m  
C -  C 

u m u  
2 l s - l  
W C  0 

- e x  
I n - I d W  
m - r r I 3  

+ + Z  
+ u 4 -  
z a s c  
--aZz 
c .30 
[Z LLU 
d 





I F  ( S T 1 2  oGTo U )  GO TO 3 4  
D O  3 3  1 = 1 9 2 1  
00 33  J = 1 9 2 1  
P X ( I 9 J t h E S T )  = P Y ( I v J t I J E S T ) + A H  

3 3  t'Y ( I r J 9 N C S T )  = P Y ( I 8  J,NEST)-AG 
G O  TO 5 0  

3 4  C02 = C 0 2 + C 0 2  
S12 . =  S 1 2 + S 1 2  
00 36  P = 1 9 2 1  
A1 = ( I - 1 l I * S I 2  
D O  3 5  J = 1 9 2 1  
AJ = ( J - l l ) * C 0 2  
FAGE = - 0 6 9 3 1 4 7 1 i 3 * ( A J - A I 1 * * 2  
FADE = E X P t F A O E )  
I F  (FADE . L E O  0 . 1  GO TO '35 
P X ( I 9 J q N C S T )  = P X ( I 9 J 9 h E S T ) + A H * F A D E  
P Y ( 1 , J t N E S T )  = P Y t I 9 J 9 E I E S T ) - A G * F A O E  

If! 35 C O N 1  I N U L  
Q, 36 CONTI  tJUE 

5 0  COluTINUE 
9 9  HETURN 

EfjD 



n 

3 
X 
u 
5 
C 

N 

W 
n 
in 

X u 
q. 
'E n - PI 

d 
c 1 CJ a n 0 
C1 (U C(Y  0 N U 
4 9 Q r-3 W \O * n u  
I- U W FJd V) d 

m a  - 3 - 3 -  
UJ m * X 0 - S  

- J Z  - Y 11 * c 
C 

Z U V) 
- 3  x - a  A 3 v3 x Zzz  

LI O J n U  - 0 N A Y - '  \ N :-d 
d d 7 E  CU a aZ 9 ' -  r o n l ;L) 
N * X U  M w e  - * - 0  n Z  11 - 
--a 0 . + " LJ C2 n m r )  n w n d  
a d z 4  4 b3 0 2 m r l  d 0  rr=) 
A m  -tW m 

Cc C J Z +  Q m a  \ ~ u j * a  u g z 2 L ~  
h r r ~  r 11 3 W d r t W  4 0 4  rrr 
-cS<n cc . o a k  a =  3 0"  I I o 1 I a V )  0 0 * A d -  - 
q e ~  - c - z  - - + z  U C U I - x  c a  0 - L N - x  

1 A Z X  n u CII - L 3  0 - C -- u .-43+ *.a 
. W O W <  Cr 3 -  4 W O J  - O a O . - n O V )  \ W A I I  c 
S iUY - a - 0  \O * O m  u C 1 u ( 1 r c w L 3 Y  n C A ~ r r c  
W - 4 -  C3 c I W r C  r u w M C  c 3 n 4 -  * C J u  
30l-4: 4 Z - - J a  O m n u  + A C - - - X A C  X ~ J C C U N  
z + o r n ~ u a  Z W ~ W  a - u ~ k o m a  u - ' - ' u ~ t a  

r A N u r t )  A H  * V )  0 * o w  A r~ 0 4 -  6 J  S C - W O  0 -  c 
W ;3 - 4  m * D a x r  ~ m a x  - w u u d  ~ 3 -  - a 3 ~ - l - ~ x  
Z A Z Z d *  - 4 d  r c  - - w e  Y ~ Y Z M ; ~  r r l *  r c A r J L 2 - 0  
w \ O O l ) r r e  0 -  r e \  1 4  r C U  e m  r r c 0 -  0 0  W I I  n Z w u  0 4  
t : 3 c u ~ ~ 3 ~ - 0 c u ~ m m : : n o r - ~ o c u r r , 3 3 ~ - 1 t  c o w  
3 z w m .  l + , + c u  b - n J Z * + W  c ' d ~ w 4 w m c W  N 2  f A w . - u a t -  
5 0 Z z m 3 4  < W t a  - u a c  v).  V) U Y , ~  - ' , 7 ~ ) m 3 : ,  -r 
~ ~ w w ~ - ~ ~ E ~ z z ~ + o ~ ~ z ~ ~ Y ~ x o E Y z o - c ~ ~ ~ - ~ ( D ~  
Q Z E Z  I l I I ~ Q - ~ ~ O Z U ~ r . w O U ~ u ~ u ~ ~ r O Z  ~ r r u - U O  
= ~ O - C - ( O ~ ~ J ~ L J ~ ~ L L ~ ; ~ C O W O L P : ~ W L L W L L J ~ L L ~ C - O O  I I  I I . . J L L ~ O  
~ u n a a ~ u a ~ ~ ~ ~ m u a ~ u c a a r ( ~ ' - ' ~ ~ ~ ~ n a ~ ) u c ~ r ~ ~ r ~ ~ ~  







* * * *  T l l I S  I S  M A I N  PROGHAH SNAP a * * *  

M A I N  PROGRAM F O R  SNAPSHOT U l N D S  Otl NESTED GRID. 
INPUT l r i  IS S ~ I T C H  VARIABLE I B  = u T O  SUPPRESS PRINTING 

OF PRESSURE FIELD 
AND I N I T I A L  U IND F I E L D  

NZ I S  BUMbER 'OF U I N D  SNAPSIIOTS TO PRODUCE. 
FOR T H t  Q U A N T I T I E S  EOUIVALENCfO TO J A ,  SEE COMMENTS TO 

SURROUTINE GRAD. 
NM I S  NUMbER Of TIMES TO CYCLE WIND COFIPUTATIOH 1 N  

INNERMOST G R I D  hEST. 
S G U  I S  MAGhITUDE OF SURFACE GEOSTROPHIC UIND (MTRS/SEC) ' 

AN1 I S  D I R E C T I O N  OF SGU, COUNTERCLOCKUISE F R O M  EAST (OEG) 
S T 1 2  I S  OJST ( K M )  FROM A X I S  T O  1 1 2  HAGNITUDE OF SGWfl )  FROM A X I S  T O  1 ,, 

DX I S  G R I D  DISTANCE OF INNERMOST NEST (KILOMETERS).  
NAME I S  ShAPSIfOT NAtiE FORtiAT YYL (YY=YEAR,L=lST LETTER 

OF HURRICANE NAME). 
FOR ALL nKRAYS I N  COMMON C 3  : 

1 S T  OIHENSION INCREASES F R O M  UEST T O  EAST 
2ND D I H E N S I O N  INCREASES FROH SOUTH T O  NORTH 
3RD D l  MENSIOtJ (NEST NUMEER INCREASES FROH 

INNERMOST TO OUTCRMOST 
C O M M O N / C l / N A M E q N S N A P ~ D X ~ D T q F r S G U ~ A N l  r U C ~ V C r U G r V G r C S r N M r I B r S T 1 2  
COMMUN/C2/3A(15)rAR(21r21i15)~AC(2lr7v21~ 
CbhHON / C 3 /  U t 2 1 r 2 1 9 5 )  , V ( 2 1 r 2 1 r 5 )  ,UPJf21,2115) r V N t 2 1 r 2 1 r 5 )  

1 v P X ( 2 1 r 2 1 , 5 ) , P Y ( 2 1 r 2 1 q 5 )  v V T k ( 2 1 , 2 1 , 5 ) q A I 4 G t 2 l q 2 1 ~ 5 )  
2 r L W t 2 1 r 2 1 ~ 5 )  

C U M M O N  
$ / C 4 /  C D U ( 1 0 0 r 2 , 2 )  q U X V ( l O b r 2 )  r T U R f J ( l O 0 ~ 2 1  
$ / C 5 /  F L A T g P T H r D T H ( 2 )  ~ t l I i ~ Z O L A N O ~ L S ~ V V ( l O O ) r U X (  3 ) r U V ( 3 )  v 

D U V ( 3 )  qK35qK2,GvGA i D E N ( V V 2 r t l L , K 1 2 3 , Z O , Z L O G ,  AMtBHrCMqFF 
REAL R A D I U S ( 4 l * P F A R ( 4 )  
EGUIVALENCE ( I T R A C K *  JA) , t C Y f L A T , J A ( 2 ) ) ~ I E Y L O N G , J A ( 3 ) 1  9 

$ ( D I R E C . ~ J A ( ~ ) ) , ~ S P E E D ~ J A I ~ ) ) V ( I O U A D ~ J A ( ~ ) ) ~ ( E Y P R E S ~ J A ( ~ ) ) ~  
S ( R A D I U S r J A ( I \ )  ) , t P F A R q J A ( 1 2 ) )  



HEAL K 3 5 r K 2  

DATA L R ~ L P I L S N A P ~ L S H O R E / S , ~ , ~ ~ , ~ ~ /  
DATA P T H / 3 0 0 * /  
' D A T A  H H / 6 5 0 0 /  
~ A T A  Z O L A N D / . O & /  
DATA K 3 5 / . 3 5 /  
DATA G/9 .805 /  
DATA G 4 R R / * 0 1 4 4 /  
OATA D T H / O a , - 2 . 1  t 

N A h E L I S T / N A M E l / I R i k Z  
N A M E L I S T / N A M ~ ~ / D T H I H H ~ Z O L A ~ D ~ G A R H  qPTt tqK35 
N A M E L I S T  ' / N A M E 3 /  S G V , k N l  *NAME, 

S E Y E L ~ T ~ L Y L O ~ G , D I R E C ~ S F E E U ~ E Y P R U S ~ R A D I U S I P F A R ~  
1 NH,DX 9 ~ ~ 1 2 ,  I T R A C K ,  IQUAD 

H C U I  ND LSNAI' 
hE AD (LR v NAEIE 1 )  
WRITE ( L F I N A M E I )  
FORMAT (2x5) . 
HEAD ( L H , N A M E 2 )  
U k l T C  t L P , N A n E 2 )  
K Z = K J t r r  *2 
G A  = G A R k / G  

00 2 0  NSIJAYZ 1 v N 2  
WRITE ( L 1 ' , 1 5 )  

N H  = B i l O  
DX = 5 .  
S T 1 2  = 0 .  
ITRACK O 
ICUAD = 0 
READ ( L 3  c.NkFtE3) 
U h I T t  ( L P v N A M E 3 )  
DT = 1 0 * [ r * D X  





u z  
I( 

aa  
an  C- 
u V) 
> A  u 
C W  Z 

- c a >  . 
O U ~ U ~  
( U W  kbi 
- .  u u t  
- c a t  3 
>Wee - 0  
,I W C  u 
- e 3 L 3 V )  

a w o e u  
w z a n  
m u m  4 
x z = L L +  
* -.m 0 > - w  rc. (V I I > > ' L C  I I - I I L  

- .  
V ) % I - C  N H  x n .  C V )  3 m r ~ x m  ' 32% 
u - a u z -  c m - A  3 c C Z Z ~ L L  - a m  
m a 0  w o  + X N  r o -1-4 - 2  J - -  
2 Z . I Z Z  I- Z n r c r  w - s . r w o ~  o 0 0  

- +  + x u 0  id * r r r  u r n  C I ' C  C . Y  w n  
r a ~ m a c  c z  n u d x  Z L L  i ~ z ~ . r r l ~ ) m  Z U J ~  
Z d U O  o x  w e 1 1  3 ' I - &  j C L 9 . 3 7 ) 4  I - -& 
U V ) Z V ) I n u  - - 3  - > d  N > r r c C *  a d &  
cC3U c u  C -  W X  N - -  r c r c ( ~ r c x  r l l d -  

Z Z W W  4 -  V ) W  r w  c w  r - I I d u r p  - > w \  
c u a u n ( ~ ~ .  u c - 4  I ~ . * r n \  
w - 0  s W  * .w 04- (y  - c  e m  C Z  , *  W a c *  
' Z Z f L C r c U  2 4  d (V CU - - N O  Q N O  
,I+- ZcU3 C L .  C AC( r c n f L - w z  " > H Z  
w >  LL--p a n x a x  0 - 4  r * > >  - 4  t -a -4  
> z u a z u  o o o o + m ~ x r c  C U U ~ - I X \  u - x \  
e m 0  L C %  0 oN(U4 c N 9  * d(U r . - w n  . C J ~ . E A  

> X  4 -  c'4 *+ ~ r c d  C H .  C 4 r l - 2  L O  4 ) - 3  
:JUV)2)V) \ C -  c( - 0 c o l l  ~ 0 1 1  rc * c - O  .QO 
Z Z Z I - U Z Z \ ~ Z ) =  + 3 = 3 = n 3 = n  . 3 J W Z L D U 3 w r ? O  
" Q W  o o \ J 4 4 0 A 4 d d  J d  4 n J u ~ w b ( U d Y 4 k W  
l - U ~ + > u ~ ~ - w + ~ - - u ~ ~ ~ v ~  1 ~ w w u - n d v a - a ~  
3 w U J V ) C O J  + > -  b- 8-w + U ~ - - H  3 2 l - 0  Z l - 0 2  
o z n  L Z  U U J I I W U W U ~ W U ~ J +  a c I W Z C U - ~ W U U U -  
O Z ~  C C W W U C E  I t  ~ e T k I ~ C t d u ~ C U u + ~ > ~ ~ + C - Z ~ C  
33 ~ m V ) S s t r c a 3 ~ o r c a u x  w q :  I I r l  - - c c r c ~  
J > I L Z w W c ( w u ~ O > C U ~ 3 a C ) O ~ O O J 3 W L L U :  0-0 OPC 3 0 
~ ~ a x z 0 0 0 ~ L ~ ~ - 3 ~ 3 L 1 ~ L L o W ~ ~ u = r  IL a 3  LL '3 

. . 4 r( 4 

0 0  0 0 0  N J \u i- c: 
a o m 0  - C U *  e u u * . r  
0 0rl .N . C V ( U C U  N.  rn CU 1.4 

U U U U  4 c u d 4  4 - 4  4 4 - ( l M  



- C 

n J J 
n CI m .- 

, n 4 C C 

m N PI CI 

m .  C .4 4 
4 7) CU (U 
C d C C C 

4 I I * X P 
' 11 1, 4 in rl 
3 C 11 * I I 
C n 1 3 - .  3 
a .& \ C 0 * 
a > - . n A 

> J o n rn P 
J * X > - L  > 
C 3 4  A *  Q. 
7 L \  -n O C n 
0 CI C 2 4  - 7 4 
U c. a * C U A Q n  C N  

u C X a * - * -  J C  

a Z M  u l c t u X 0  -F- 
Z u * - M C m  w w  
a - 0 
w 

2 1 1  u \ m  Z I I  
C .  t ' , r ccyLL  C 3  

L w M  > , C I I w t  > c  
n C LL v r r Z  C O  v r  
N - a  C Q  C - u  C L  

4 40  -5 -x=3  - >  
c CJ - J a m  - A  
.-( -0I C U r J - r  C U C  
I I r r ) ,  C 3  C O X  - * 3  
7 4 X Q - 2  *ln J C  
C 11 u 4 d  -In\ 4 J  

A 3 M  I t  cc W  I& - 11 U. 
a. * \  Z - U O O  Z r  
> * CU - 0 - 4  - 0  
J L u n Z L 3 w I I )  - 2  
r - > U Z V ) L  a u  
3 A A J-u -CQ Jr 
c 4 - X r - X 4  c  
n N 3 L9 Z c c,-)- ;: r 
v L A  C C C a n  Cm -n 
Z r r ) -  - 0  \ D O r c r c n  0 4 
I- r ( X  - • l-u<Y<Yo - 
.> r r l l 5 3  Z ; n  m r - c * x  z?? - x - a -  CLL d z u e m m  z u  - t n - c v  > a  r ~ r c c c ~ ,  r t - 4  

.- 4 3 -  - 4  \ D > I I I I L O  > I t  . u r u u  u u  ICuzz*= - 2  
0 m .  m m C C V . 4  C 

C ) A C I X A  c L I C  C I C . - A ~ \  m e  

cUoo.4ox 0 x 4  r e > >  C -  ) C >  

C N m \  U C u 7 L 7 f i s - i  N I - J A X X  b J  
f - w 7 )  - m 4  - m r c -  * R e  -.mln m -  
4 w - d ~  - 4 4  - 4  f 9 - Z Z  C *  42. 
11 r -r c o  11 - 0 1 1  ' 4  c - - 0 0 0 0  c c 
'- '=)2d3=-3r-d 3 3 W Z  .*33 

J J u A r l  J4  4 ~ A u ~ 1 d t n ~ J n  
O u u  - u r n r u m  I 4 w - u W L d u u  
0 C C U  + w L . - - 4  *3Z I -L  L" 
m ~ ~ u w u m W u m + * C  I W Z C U 3 0 W Z  
H . + + - r ~ E 4 + s H n c J < u - + u  z - E - I - I - e  

- u a m %  H &  I 1  l l l l w u ~ - b C ~  d- 

~ X ~ G ~ ~ C ~ O O J ~ W L Q  3 3 x  
~ ~ ~ L ~ I L o ~ L o ~ - ~ - J ~  L 3 3  

4 4 

3 0 0 m o o  
9 rn d * a r c  
m r q  -3 m m m  
-4 4 H 4 d W  







SUBROUTINE UXXV 
' C U ~ ~ N U N  I ~ 5 7 1  P T I I ~ D T H ~ ~ ~ H ~ Z C O E F F ( ~ ~ ~ ) ~ L A K E ~ V V ( ~ O O ) ~ U Y ( ~ ) ~ U V ( ~ ) ~  

S DUV(3)  r ~ 3 5 r K 2 r G r G A  ~ D E ~ U ~ V V ~ ~ H L ~ K ~ ~ ~ ~ Z O ~ Z L ~ ~ ~ A H ~ B M ~ C M ~ U X V ( ~ O O ~ ~ )  9 

S T U R N ( 1 0 U r 6 ) ~ C O S T ( 1 0 0 ) , S I N T C l O O )  
HEAL K 2 9 k 3 5  
DATA A125/1.25/  
DO 1 0  I A  = 1,100 

V V (  I A )  = FLOAT(1A)  /A125  
1 0  CONT I NU€ 

DEN = f f K 2 * D T H  
DO 4 0  I A  = l t l b O  

I b  = 1 0 1 - I A  
VVL = V V ( I 6 ) * * 2  
TOL = 1E-4 fVV2  
I F  ( I A  ebiEe 1) G O  TO 2 0  
C M  = 2.55 
K123 = 1 
U ) c ( l )  = 2.74 
CALL A b C C C  
K 1 2 3  = 2 
U Y ( 2 )  = U X ( l ) * R O . / S Q R T ( U V ( l ) )  
G O  T O  3 0  

2 0  U X ( 1 )  = U X ( 3 )  
U V ( 1 )  = U V ( 3 )  
DUV(1 )  = U V ( 1 ) - v v 2  

I 

K 1 2 3  = 2 
U X ( 2 )  = U X ( 1 ) * V V ( I O ) I V V ~ I B + 1 )  

30  CALL AGCCC 
KSTOP = 0 
K 1 2 3  = 3 

3 1  I F  ( D U V ( 1 ) e t l ) .  D U V ( 2 ) )  G O  T O  32 
U X ( 3 )  = A t ! A X l ( ~ ' i f A P I I N l  ( U > . ( l ) r U X ( 2 )  ) r  

$ 9 M I N 1 ( 2 o * A M A X l  ( U X ( 1 )  , U X ( 2 ) ) r  
S t.UX(l)*DUV~2)-UX(2)*DUVtl))/(DUV(2)-DUV(l)~~l 





APPENDIX C: PROGRAM HIST LISTING 
OF TEST STORM (BETSY) INPUT 
AND SAMPLE ANNOTATED OUTPUT 



C 

Y)L.  a 
-*I 11 - .- L 

u - a  & - a 2  - a 3  3 
I  .b*  U 

- a  = -  h 
u *  . * I  . - .. , I  e L? . 
-.-.4* m.1  
A i)l.uns ,dl 

>:f ;:p::o, - " C  An-&< d  
d l *  "L ." 
x .. - .e 
2 \ 







I S  I l ~ I 1 I I I 1 I I I 1 1 I 1 1 1 I I 1 1 C C C C 5 i C Z E C t C ~ C C C I I l l l l l l I t l l l l l l l I l  LL 4: 
I f S I  t t t t t ~ t ~ f l I f f t l ! l t t i C C C i C C Z C C f Z C C i C E Z C ~ l t l l t I  91 6: 
O f S l  I l ~ l l l l l l l l t l l l l l l ~ E ~ i C ~ l l l l t l l I C C ~ ? E Z C l I l l I l 1 l l I l l l l I  b t  6' 
6 0 S 1  l l l l l l l l l l I f Z C C C l l I 1 C l I l l l l l I 1 l l l l l l l l l l  60 52 
b O S l  0 1 1 1 1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 I f l l l l l I I l l l l ~ l l I l l l ~ l ~ l 1 ~ l l l I l l l l l ~ l ~ ~ ~ l ~ ~  CO 6? 
l O S l  1 l l I 1 l 1 l l l l l 1 I l 1 l I l l l l l l l I I l l l t l ~ l l l l l l l l l l t l l t l t  9 5  42 
90S1  l l 1 1 1 1 l l l l 1 1 l l 1 f l l I f l l l f ~ 1 I ~ ~ f ~ ~ I ~ I l I ~ I ~ l l I  L )  Y Z  
LOSI 6 1 I I l 1 1 l l l 1 l l l l ~ l 1 l f t I l l I l l l l I l ( l l l l l t l l l l l l l I l  I t  r Z  
bOS1 I I I 1 1 1 I I l I 1 I ~ I I I I 1 I I 1 l l l l l I I f l l l l l l l l l l l ~ ~ ~ ~ ~ ~ ~ l l 1 l l l l l l ~ l ~ l l ~  1 2  a ?  
COSI I I I I ~ I I I~~ I I I I I I I I ~~ I I I~ I I I I~~ I I I I I I I I I I I I I I I I I I I I I I I I I  11 JZ - 
2001 1 1 1 1 1 1 1 1 1 1 I 1 I 1 I I I I I f I l l l l t t l t l l l l I l I I f I l t t I l t l l l 1 t l t  r 4  a t  
I D S 1  l l l l t l l t l l l 1 f l I l l I 1 l t l l l I t l l l l l l l l I l l l l I l I l l l t t l t l l I  OF 11 
c 5bJC 
z L C O C  c c o c  VJZOC IZJC j t ~ c  CIJC 010: UOJ. )?IC conc  i ; s ?  rcbr 3 5 5 :  SCS: 
I 9CbZ ZCiZ t Z b Z  :ZSZ 316: b t r z  606: tuc: l i q z  I w Z  t c d :  6 ? 1 e  n !uz  r rq2  1 ~ 1 :  
r, 1;Lu 9b14 
b z s i e  i s i v  r o i q  E i i i  o i o u  s r a u  t z i u  s z v r  s c i u  i r u n  :r.rr i r r r  3539  104a 
C SOLO 6060  2161  9 I L O  126)  t i 4 8  1260  IC6Y SC60 L C L I  CbhY Lbbd  t i 4 4  5 5 6 0  91104 
f CIO6 lZOb ICOL b b J 6  9506  9016  b t l l  1216 L Z I L  1C1b k t 1 6  L C I 6  O l l i  SQIC 9 b l b  
I 0516 SSf6  1126 6OL6 OICL 6226 0 2 6  ZSZL bfl:G 7 I C b  l t C S  'lbC6 CFF6 r o b 6  n?b% 

0 1  'l'J1t10d I U l l * t O H q  







f 

- ~ - ~ ~ ~ ~ ~ ~ * Q C ~ - - ~ ~ L O ~ U ~ O . L ~ ~ C O C . O Y - - -  n ~ ~ ~ a m ~ m ~ m m m ~ m m ~ m m ~ n m m m m m m m m m o , ~  

w L ~ C C I - W O &  ~ o n o - r . n m c r - , , n m r l r r .  o u r n .  
1 - - N n n r u *  r n n - a  h n r m  n n r m  - n  

. ~ - ~ - ~ a ~ ~ ~ a a ~ h - - - - - u ~ ~ ~ ~ m ~ o  m m o & i )  
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Sample l i s t i n g s  of time h i s to ry  of 

surface wind f i e l d  a t  individual  s t a t i o n s  

65B1 Storm i d e n t i f i c a t i o n  
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Fr ic t ion  v e l o c i t y  (cmlsec) 

Sta t ion number, l a t i t u d e  (deg , min) longitude (deg, min) 

Eye l a t i t u d e  and longi tude  (aeg,  min) 

Terrain roughness category 

Anemometer height  a t  s t a t i o n  
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Sample l i s t i n g  of s u r f a c e  wind speed d i r e c t i o n  on Wes g r i d :  

, Six pages o f  output a r e  requi red  t o  l ist  t h e  wind f i e l d  a t  

one time level .  Grid po in t s  a r e  i d e n t i f i e d  on each page by l a t i t u d e  

(deg, min), l e f t  s i d e  margin, and longi tude  (deg, min), top  margin. A t  

each g r id  point  l o c a t i o n  a r e  p r i n t e d  t h e  wind speed a t  1 0  meter height  

i n  knots ( top) ,  t h e  wind d i rec t ion  i n  degrees (middle) and t h e  t e r r a i n  

c l a s s i f i ca t ion  code of t h e  g r i d  po in t s  (bottom). The sample l i s t i n g  

shown is f o r  t h e  24th hour of the t e s t  Betsy simulation, f o r  t h e  

rectangular  g r i d  system provided by WES. 
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