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This paper presents a modified Fresnel s c a t t e r  model and compares the 
revised model with observations from, the Poker F la t ,  Alaska, radar,  the SOUSY 
radar  and the  Jicamarca radar. The modifications t o  the o r ig ina l  model have 
been made t o  b e t t e r  account fo r  the pulse-width dependence and height dependence 
of backscattered power observed a t  v e r t i c a l  incidence a t  lower VHF. Ver t ica l  
p r o f i l e s  of backscattered power calcula ted using the  revised model and rout ine  
radiosonde data show good agreenent with observed backscattered power p ro f i l e s .  
Rela t ive  comparisons of backscattered power using climatological  data  fo r  the 
model agree f a i r l y  well  with observed backscattered power p ro f i l e s  from Poker 
F l a t ,  Jicamarca and SOUSY. 

INTRODUCTION 

Since the f i r s t  observations a t  v e r t i c a l  incidence of enhanced specular- 
l i k e  echoes a t  lower VHF (GAGE and GREEN, 1978; ROTTGER and LIU, 19781, the re  
has been considerable debate and controversy concerning the  nature  of the 
sca t t e r ing / re f l ec t ion  mechanism responsible f o r  these echoes. A s  discussed i n  
GAGE and BALSLEY (1980), the enhanced echoes obtained a t  v e r t i c a l  incidence ,by 
VHF radars  might be a t t r i b u t e d  t o  some combination of anisot ropic  turbulence 
s c a t t e r ,  Fresnel r e f l e c t i o n  from regions of strong r e f r a c t i v e  index gradients ,  
and from Fresnel sca t t e r ing  from a volume f i l l e d  with s t a b l e  laminae of radio  
r e f r a c t i v e  index coherent t ransverse  to  the probing wave. Subsequently, GAGE e t  
a l .  (1981) presented a model for Fresnel sca t t e r ing  which enabled the  para- 

- meter izat ion of radar  echoes using ordinary rawinsonde data a s  input. While 
t h i s  model seemed t o  simulate the dependence of echo magnitude with s t a b i l i t y ,  

- - . -  -- it did not properly account fo r  the pulse-width dependence of the observed 
echoes (HOCKING and ROTTGER, 1983 ; GREEN e t  a l . ,  1983). Also, it now appears 
t h a t  the height-dependence (BALSLEY and GAGE, 1981) was not properly accounted 

. f o r  i n  the  o r ig ina l  model. This paper presents a modified Fresnel sca t t e r ing  
model which takes i n t o  account the contr ibut ions  of FARLEY (19831, LIU (1983) 
and DOVIAK and Z R N I C  (1984) a s  wel l  as HOCKING and ROTTGER (1983) and hopefully 
co r rec t s  these def ic iencies .  The revised model i s  compared t o  observations of 
the Poker F l a t ,  Alaska MST radar  as  wel l  as  the SOUSY radar located i n  the 
Federal Republic of Germany and the Jicamarca radar located i n  Peru. 

A MJDIFIED FRESNEL SCATTER WDEL 

A s  o r ig ina l ly  presented i n  GAGE e t  a l .  (1981) the  Fresnel s c a t t e r  model 
assumed a coherent sca t t e r ing  from the half-wavelength Fourier component of the 
r e f r a c t i v i t y  s t r u c t u r e  di rected along t h e  beam. This procedure was j u j t i f  i ed  by 
GAGE e t  a l .  (1981) i n  order to  account f o r  a pulse length squared (Ar) 
dependence of backscattered power which was observed i n  ear ly  VHF radar  s tudies  
of specular echoef (GREEN and GAGE, 1980). Subsequent s tudies ,  however, have 
shown t h a t  a (Ar) dependence i s  more typical  (GREEN e t  a l . ,  1983). 
Theoretical  arguments i n  favor of a l i n e a r  dependence on A r have been advanced 
by HOCKING and ROTTGER (19831, LIU (1983) and FARLEY (1983). Clearly,  the 
Fresnel s c a t t e r i n g  model must be modified t o  account fo r  th i s .  
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Under conditions of s table  s t r a t i f i c a t i on  gradients of radio re f rac t iv i ty  
tend t o  be concentrated i n  th in  layers tha t  a r e  horizontally coherent. Under 
these circumstances it i s  appropriate t o  consider the backecattered power Pr 
tha t  a r i ses  from a pa r t i a l  ref lect ion process. This i s  given by the radar 
equation 

rn a 

where PT i s  transmitted power (per pulse), be i s  effect ive antenna area, 
a i s  an efficiency factor,  r i s  the range t o  the target ,  A is  radar wavelength 

2 
and lp 1 i s  a power ref lect ion coefficient which depends upon the re- 
f r ac t i v i t y  s t ructure i n  the volume of the atmosphere being observed. The 
conventional approach t o  pa r t i a l  or Fresnel ref lect ion is  t o  determine the 
re f lec t ion  coefficient deterministically based on a par t icular  gradient 
structure. Since the detailed structure of individual layers i s  unknown, t h i s  
approach i s  of limited value for  the real  atmosphere. More importantly, i f  the 
backecattered power were due t o  a single thin layer,  there would be no Ar- 
dependence. The implication of the observed increase i n  backscattered power 
with hr i s  clearly that  the volume i s  f i l l e d  with many thin layers. Further- 
more, the re f lec t iv i ty  of t h i s  layered s t ructure is  greatly enhanced i n  hydro- 
s t a t i c a l l y  very stable regions of the atmosphere. 

The ref lect ion coefficient pertinent t o  a medium f i l l e d  with horizontally 
layered s t ructure can be determined i n  the context of a one-dimensional 
scat ter ing problem following LIU (1983) and FARLEY (1983). The voltage 
re f lec t ion  coefficient p i s  given by 

where R i s  the thickness of the region of layered structure and k(= 2n/h) i s ,  
radar wavelength. 

When the layered s t ructure which gives r i s e  t o  the specular echoes i s  the 
r e su l t  of ver t ica l  displacement due t o  e i ther  turbulence or waves, it is  
appropriate t o  replace n i n  Equation (2) by the generalized potential refract ive 
index n (OTTERSTEN, 1969). Then, Equation (2) can be re-expressed as  

where M = dnldz i s  the gradient of generalized refract ive index and An i s  the 
f luctuat ing component of refract ivi ty .  The power ref iect ion coefficient 
pertinent to  a radar observing a t  ver t ica l  incidence with a probing pulse of 
length A r  i s  

which leads t o  

where aq(k) i s  the ver t ica l  wave number spectrum of generalized potential radio 
r e f r ac twe  index 



For purposes of modeling the  backscattered power i n  a way t h a t  can be 
evaluated from meteorological da ta  it i s  convenient t o  introduce the  mean 
gradient  of generalized p o t e n t i a l  index of r ad io  r e f r a c t i v e  index 

-6 g a En 0 1 M g-77.6 x 10 (7 

where P i s  atmospheric pressure  i n  mi]l{ibars, 'I' i s  absolute  temperature, i s  
p o t e n t i a l  temperature [€I E ~ ( 1 0 0 0 / P )  1 ,  and q i s  s p e c i f i c  humidity. M(Z) 
and (k )  a r e  r e l a t e d  through the spectrum of v e r t i c a l  displacements ~ ~ ( k )  
( V A N Z ~ D T  and VINCENT, 1983). 

Combining Equation (8) with Equation ( 5 )  we f ind  

and def in ing 

we ob ta in  

1 l p 1 2  = Z  A r  F(2k,z) 2 . 
For gene ra l i ty  i n  Equation (10) and Equation (11) we have indicated  an a l t i t u d e  
dependence f o r  F and Ec. Subs t i tu t ion  of Equation (11) i n  Equation (1)  leads 
t o  the  backscattered power 

n " .  

The height dependence of Pr can t e l l  us much about the  height dependence of F 
and E . To inves t iga te  the height dependence of Pr, i t  i s  necessary t o  
consi5er the height dependence of each f ac to r  i n  Equation (12). Since 

it i s  c l e a r  t h a t  t h ~ ~ h e i g h t  dependence of Pr i s  dominated by the pair2(=) 
f ac to r  i m p l i c i t  i n  M . 

I f  ES(k) were due t o  a spectrum of v e r t i c a l l y  propagating waves tha  con- 
served t h e i r  energy. i t  would follow t h a t  E( - %ir h and P a psi ( z ) / r  . 
I f  however, the  growth with a l t i t u d e  of Ec were united by Bqe saFyration 
process, Ec would become independent of a l t i t u d e  and Pra pair ( z ) / r  . 

BALSLEY and GAGE (1981) explore_d2thq height dependence of P and found 
t h a t  i t  decrea ed  more rapidly  than M. / z  . Indeed, they reporfez  the 
obsemed P o a / z 4  and suggested t h a t  t h i s  might be the r e s u l t  of . r 



r e f l e c t i o n  from s t ructures  l imi ted i n  t h e i r  horizontal  dimensions (by t h e i r  
hor izonta l  coherency length) t o  a f r ac t ion  of Fresnel zone. A s  pointed out by 
D O V W  and ZRNIC (1984) the re  i s  no reason f o r  the  horizontal  dimensions of the 
r e f l e c t i n g  region t o  be l imi ted by the hor izonta l  coherency length. I f ,  indeed, 
the height dependence observed by BALSLEY and GAGE (1981) i s  r e a l ,  it must be 
explained i n  some other  way. One way t o  explain t h i s  height dependence would be 
t o  account f o r  it i n  the height dependence of E (k,z). I n  what follows we have 
supposed t h a t  r 

E (k, z )  = e-'IZ* 
. F 

(14) 

where z * i s  a $hale-height. Up t o  about 20 km the exponential fa l l -off  
approximates z , but a t  higher a l t i t u d e s  the exponential fa l l -off  i s  
increasingly more rapid. The exponential dependence has been adopted here 
because it f i t s  the data  very wel l ,  especia l ly  a t  the higher heights,  a s  w i l l  be 
shown below. 

An exponential fa l l -off  of Ec(k) i s  not eas i ly  explained, however a t  the 
meter scales  per t inent  t o  VHF radar  s tudies  i t  would not be surpr is ing i f  
viscous damping and turbulence processen played an important role.  I n  the 
remainder of t h i s  paper we adopt the exponential dependence of Ec(k,z) and s e t  

~(2k. z12 - F12( Xle-"Iz* (15) 

where Fl( A) corresponds t o  the value of "F" used i n  GAGE* e t  a l .  (1981). With 
t h i s  change we obta in  the backscattered power 

f o r  the modified Fresnel sca t t e r ing  model. 

Following GAGE and GREEN (1978) it i s  convenient to  define a normalized 
received power Sv by 

-. f 1 "  

which when combined with Equation (i6) leads t o  

I n  the  following sect ion we compare S calcula ted according t o  Equation (15) v with observed values of Sv. 

COMPARISON OF SOME POKER FLAT Y4T RADAR OBSERVATIONS W I T H  THE MODIFIED FRESNEL 
SCATTERING MODEL 

The calcula ted values of Sv presented here  have been made under the 
assumption t h a t  the generalized po ten t i a l  r e f r a c t i v e  index H i s  determined i n  
the  upper troposphere and s t ra tosphere  by i t s  dry pa r t :  

where P i s  atmospheric pressure i n  mb, T i s  absolute temperature i n  Kelvins, 
0 i s  po ten t i a l  temperature i n  Kelvins and z i s  a l t i t u d e  i n  meters. Md i s  
e a s i l y  calculated f o r  each s ign i f i can t  l eve l  of the radiosonde soundings. 
Typi'cally, the re  a r e  several  s ign i f i can t  l e v e l s  fo r  each radar range gate. The 



individual  values of $ a r e  then weighted according t o  the thickness of each 
s i g n i f i c a n t  l eve l  and averaged together  t o  give R;; corresponding t o  each range 
gate. Of course, t h e  l a r g e r  the range ga te  the  more e f fec t ive  w i l l  be the 
smoothing of the r ( z )  prof i l e .  The data reported i n  t h i s  sect ion were taken 
a t  Poker F la t ,   lah ha i n  the f a l l  of 1979 when one-quarter sect ion (100 m x 100 
m) of the  f i n a l  antenna was phased t o  look v e r t i c a l l y .  During t h i s  period a 
e ing le  t ransmit ter  was used with peak power of about 55 kW. Most of the data  
were obtained with 15 us pulses (Ar = 2.25 km) but a l imi ted sample of data  was 
a l s o  taken with 5 u s  pulses (Ar 31 .75 km). 

AX comparison of modeled and observed S fo r  the Poker F l a t  MST radar  i s  
contained i n  Figures 1 through 4. The modef calcula t ions  make use of the 
rout ine  radiosonde soundings a t  Fairbanks which a r e  launched about 40 km from 
the  EST radar  ~ j t e  a t  Poker Fla t .  The model p r o f i l e s  were calcula ted using 
Fl(h) = 8 x 10 and a = 0.5 i n  Equation (15). 

Figure 1 contains a comparison of the modified Fresnel sca t t e r ing  model 
with Poker F l a t  radar  observations taken on 13 September 1979 with .75 km height 
resolut ion.  The radar observations a r e  an average of two hours of da ta  which 
bracket the  time of the balloon launch i n  Fairbanks. The o v e r a l l  agreement i n  
t h e  magnitude and shape of the two p ro f i l e s  i.s excellent.  We do not a t t a c h  too 
much s ignif icance t o  the agreement i n  the upper troposphere ( i n  t h i s  case below 
about 10 km) s ince  ve  expect t h a t ,  i n  the  l e s s  s t a b l e  environment of the 
troposphere, turbulent  processes a r e  dominant. 

A second example of the  agreement between modeled and observed p r o f i l e s  of 
S fo r  the  Poker F l a t  radar  using .75 km height resolut ion i s  contained i n  
d g u r e  2. I n  t h i s  case the overa l l  agreement i n  magnitude i s  not q u i t e  60 good 
but the agreement i n  shape of the two p r o f i l e s  i s  excellent.  Even some of the 
de ta i l ed  s t r u c t u r e  evident i n  the observed p r o f i l e  i s  reproduced i n  the model' 
p ro f i l e .  
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Figure 1. Comparison of ca lcula ted and observed fine- 
r e so lu t ion  p r o f i l e s  of normalized backscattered 
power- fo r  13 September 1979. 



Figure.  2. Comparison of ca lcula ted and observed fine- 
resolut ion p r o f i l e s  of normalized backscattered 
power fo r  2 October 1979. 
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Only a very l imited sample of da ta  was ava i l ab le  a t  .75 km reso lu t ion  from 
the  Poker F l a t  MST radar during the F a l l  of 1979. However, near ly  continuous 
coarse-resolution data  were avai lable  during t h i s  period (2.25 km resolution):  
Two examples of comparisons obtained during t h i s  period a r e  contained i n  Figure 
3 and Figure 4. The most obvious change i n  comparison t o  the f i n e  r e so lu t ion  
p r o f i l e s  i s  the increase i n  backscattered power. The change i n  A r  i n  the 
modified vers ion of the model accounts very wel l  for  t h i s  observed change i n  
backscattered power. The coarse resolut ion p ro f i l e s  show low values of back- 
sca t t e red  power i n  the troposphere with a s ign i f i can t  increase i n  the lower - 
s t ra tosphere  followed by a systematic decrease with a l t i t u d e  due mainly t o  
decreasing atmospheric density.  Both comparisons show very good agreement with 
the  modified Fresnel sca t t e r ing  model. Note t h a t  the tropopause on 6 November 
1979 was unusually high. Also note t h a t  both model and observed coarse- 
r e so lu t ion  p r o f i l e s  contain much l e s s  s t ruc tu re  than i s  found i n  the fine- 
r e so lu t ion  prof i les .  
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CLIMATOLOGICAL MODEL COMPARISONS WITH OBSERVATIONS 

The modified Fresnel s c a t t e r  model can be used with climatological  data t o  
examine the a l t i t u d e  dependence of t h i s  process. This procedure i s  s imi la r  t o  
t h a t  followed i n  BALSLEY and GAGE (1981) but here we use a d i f fe ren t  approach t o  
the  height dependence a s  explained. above. Figure 5 contains the  r e s u l t s  of 
these model ca lcula t ions .  

Figure 5a compares the r e l a t i v e  backscattered power calculated using our 
modified ("exponential") Fresnel s c a t t e r  model with a s e t  of observations made 
i n  October-November 1979 using the Poker F l a t ,  Alaska, MST radar  (BALSLEY e t  
a l . ,  1980) (note' t h a t  a l l  comparisons with observtions shown i n  t h i s  sect ion a r e  
r e l a t i v e  1. The model p r o f i l e .  i s  calcula ted using 60°N cl imatological  d a t a  (U.S. 
Standard Atmosphere Supplement, 1980). The agreement i s  comparable t o  t h a t  
found by BALSLEY and GAGE (1981) using an assumed 2-4 dependence. 



Figure 3 .  Comparison of calculated and observed coarse- 
resolution prof i les  of normalized backscattered power 
for 6 October 1979. 

' ~ i ~ u r e  4. comparison of calculated and obsenred coarse- 
resolution prof i les  of normalized backscattered power 
for 6 November 1979. 
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Figure 5 (a).  

Figure 5. Comparisons of observed p r o f i l e s  of backscattered power from three  
rada r s  with theore t i ca l  prof i l e a  calcula ted from the U. S. Standard Atmosphere 
Supplenent .(l966): ( a )  Poker F la t .  Alaska &ST radar (b) Jicamarca radar  
(BAtSLEY, 19781, and (c )  SOUSY radar,  Federal Republic of Germany (RUSTER 
e t  al., 1980). 

Shown i n  Figure 5b i s  a comparison of the modeled backscattered power 
p r o f i l e  ca lcula ted using climatological  data  f o r  15ON with observations of the 
Jicamarca radar  located a t  lZOS near Lima. Peru. The overa l l  f i t  of the  new 
model p r o f i l e  t o  the observed backscattered power p r o f i l e  i s  a considerable . 
improvement over the old  model (BAtSLEY and GAGE, 1981). This r e s u l t  i s  
especia l ly  s ign i f i can t  since the observations i n  t h i s  case cover most of the 
stratosphere.  A s  a t h i r d  example we compare i n  Figure 5c a climatological  
ca lcu la t ion  f o r  45 "N with observations from the  SOUSY radar  (RUSTER e t  al . ,  
1980). Again, the comparison i s  s ign i f i can t ly  improved over the e a r l i e r  ' 
r e su l t s .  

CONCLUSIONS 

In  t h i s  paper we have formulated a modified Fresnel sca t t e r ing  model which 
permits the  parameterization of VHF radar  echoes obtained a t  v e r t i c a l  incidence 
i n  terms of rout inely  measured atmospheric p a r m e t e r s . .  I t  i s  assumed the  radar  
observing volume i s  f i l l e d  by a co l l ec t ion  of transversely coherent, 
hor izonta l ly  s t r a t i f i e d ,  s t a b l e  laminae of radio-index of ref ract ion.  The 
revised model assumes t h a t  the layered s t ruc tu re  i s  randomly d i s t r ibu ted  as 
discussed i n  SOCKING and ROTTGER (1983). It a l s o  assumes an exponential 
decrease with a l t i t u d e  i n  the  magnitude of the  v e r t i c a l  displacement spectrum. 
While the exponential decrease i n  the v e r t i c a l  displacement spectrum i s  somewhat 
surpr is ing,  i t  i s  not too unreasonable a t  the meter scales  per t inent  t o  VHF 

, radar  probing s ince  a t  these scales  turbulence and viscous e f f e c t s  a r e  expected 
t o  be important. With these changes the Fresnel sca t t e r ing  model simulates,very 
well  the observed p ro f i l e s  of backscattered power as seen by several  MST radars.  
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