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THE ESTIMATION FROM SATELLITE IMAGERY OF SUMMERTIME 
RAINFALL OVER V A R I E D  SPACE AND TIME SCALES1 

C e c i l i a  G i r z  G r i f f i t h  

ABSTRACT. R a i n f a l l  es t imates  f o r  t h e  c e n t r a l  Un i ted  States,  i n f e r r e d  
from t h e  thermal  i n f r a r e d  channel o f  t h e  Geosta t ionary  Opera t iona l  
Envi  ronmental Sate l  11 t e  (GOES) f o r  August 1979, a r e  compared w i t h  
gage r a i n f a l l s  over  h o u r l y  and d a i l y  t i m e  frames. Area-averaged a- 
mounts a r e  computed f o r  t h e  r e g i o n  90.25' t o  108.25'W and 30.5' t o  
45.75'N, which extends r o u g h l y  f rom t h e  Rocky Mountains t o  t h e  Mis- 
s i s s i p p i  R i v e r  and f rom t h e  Nor th Dakota-South Dakota border  i n t o  
c e n t r a l  Texas, c o v e r i n g  3 . 6 ~ 1 0 ~  km2. P o i n t  va lues  w i t h i n  t h i s  r e g i o n  
a r e  a l s o  compared. Est imates a r e  made w i t h  two v e r s i o n s  o f  t h e  sa- 
t e l l i t e  technique.  One i n c o r p o r a t e s  c l o u d  l i f e  c y c l e  i n f o r m a t i o n  de- 
r i v e d  f rom a sequence o f  images; t h e  o t h e r  uses area and temperature 
i n f o r m a t i o n  f rom a s i n g l e  image. Each v e r s i o n  o f  t h e  s a t e l l i t e  tech-  
n ique uses r e l a t i o n s h i p s  d e r i v e d  i n  F l o r i d a .  Subsequently t h e  r a i n  
e s t i m a t e s  a r e  c o r r e c t e d  f o r  e n v i  ronmental d i f f e r e n c e s  between F l o r i d a  
and t h e  Great P l a i n s  by a one-dimensional cumulus model. I n  genera l  
t h e  e n v i  ronrnental l y  c o r r e c t e d  sate1 1 i t e  r a i  n f a l  1 s t e n d  t o  be smal l e r  
by 20-40% t h a n  t h e  corresponding gage amounts. Root-mean-square e r -  
r o r s  a r e  approx imate ly  1 mm f o r  d a i l y  and 0.1 mm f o r  h o u r l y  area-a- 
verayed r a i n f a l l s ,  ,and 14 mm f o r  d a i l y  and 5 mm f o r  h o u r l y  p o i n t  
r a i  n f a l  1 s .  Because of  t h e  re1 a t i  v e l y  coarse s p a t i  a1 r e s o l  u t i  on o f  
t h e  s a t e l l i t e  data,  comparisons w i t h  p o i n t  gaye r a i n f a l l s  a r e  n o t  r e -  
commended; c o r r e l  a t 1  ons a r e  smal l  (<0.2). Sate l  1 i te-yaye d i  f f e r e n c e s  
o f  d a i l y  ( h o u r l y )  p o i n t  va lues can be l a r g e ,  b u t  50% o f  t h e  s a t e l l i t e  
amounts a r e  w i t h i n  f4 (k2) mm o f  t h e  gage amount, and 90% a r e  w i t h i n  
f20 ( f 8 )  mm. Timing o f  r a i n  r e l a t i v e  maxima i s  c o i n c i d e n t  o r  d i f f e r s  
by one t i m e  p e r i o d  f o r  t h e  m a j o r i t y  o f  t h e  area-averaged cases, b u t  
t h e  h o u r l y  area-averaged s a t e l l i t e  da ta  e x h i b i t  c o n s i d e r a b l y  fewer 
s h o r t - t e r m  f l u c t u a t i o n s  than t h e  gage data.  For t h e  two s a t e l l i t e  
a l g o r i t h m s  t e s t e d ,  t h e  s t r e a m l i n e d  ( s i n g l e  image) s a t e l l i t e  techn ique 
r e q u i r e s  10% o f  t h e  computat ion t i m e  needed by t h e  l i f e  h i s t o r y  tech-  
n ique and shows l i t t l e  d i f f e r e n c e  i n  i t s  performance as assessed by 
t h e  gages. Image frequency g r e a t l y  a f f e c t s  r a i n f a l l  p a t t e r n s ,  even 
i n  an a n a l y s i s  f o r  t h e  month. Computations based on 3-hour ly  o r  more 
f r e q u e n t  imagery r e s u l t  i n  t h e  most r e a l i s t i c  p a t t e r n s .  

1. INTRODUCTION 

Water i s  v i t a l  t o  l i f e  and an e s s e n t i a l  resource f o r  many human 
a c t i v i t i e s .  The measurement o f  i t s  movement th roughout  t h e  water c y c l e  i s  
t h e r e f o r e  v e r y  impor tan t .  S t i l l ,  t h e  e s t i m a t i o n  o f  r a i n f a l l  over  t h e  g lobe i s  
a d i f f i c u l t  problem. U n l i k e  most m e t e o r o l o g i c a l  parameters, r a i n f a l l  i s  

From a t h e s i s  submi t ted  t o  t h e  Academic F a c u l t y  of Colorado S t a t e  U n i v e r s i t y  
i n  p a r t i a l  f u l f i l l m e n t  o f  t h e  requi rements f o r  t h e  Ph.D. 



discont inuous i n  space and t ime  and e x h i b i t s  l a r g e  na tu ra l  v a r i a b i l i t y .  
Cur ren t l y  deployed observing systems such as r a i n  gages and radar a r e  
genera l l y  l i m i t e d  t o  t h e  measurement o f  p r e c i p i t a t i o n  over land, and i n  these 
networks t h e  dens i t y  o f  gages and t h e  spacing o f  radars va r ies  across 
p o l i t i c a l  boundaries and sometimes w i t h i n  nat ions.  Yet t h e  g rea te r  p a r t  o f  
t h e  globe i s  covered no t  by I-and bu t  by ocean. Because these vast  expanses 
e x i s t  w i t h  l i t t l e  o r  no permanent human a c t i v i t y ,  oceanic r a i n f a l l  i s  more 
f requent ly  e x t  rapo l  a ted from o ther  data than ac tua l  l y  measured over seasonal 
o r  annual t ime  frames. Few s tud ies  focus on d a i l y  oceanic r a i n f a l l .  

S a t e l l i t e s  have been tou ted  as a means t o  circumvent some of t h e  
d i f f i c u l t i e s  at tendant  i n  gage and radar  measurement o f  r a i n f a l l .  From t h e  
s a t e l l i t e  p la t fo rm l a r g e  reg ions can be viewed simultaneously and, under 
c e r t a i n  cond i t ions ,  f requent ly .  For instance, t h e  t r o p i c s  and midd le  
l a t i t u d e s  can be viewed f requen t l y  from geosynchronous o r b i t ,  and the  h igh  
l a t i t u d e s  from a p o l a r  o r b i t .  Fu r the r  advantayes o f  t h e  s a t e l l i t e  p l a t f o r m  
are  t h a t  a number of meteoro log ica l  s a t e l l i t e s  are now i n  o r b i t  and, w i t h  
computer processiny of d i g i t a l  data, t i m e l y  estimates can be made a t  
homogeneous d e n s i t i e s  f o r  l a r g e  regions. I n  some regions t h e  s p a t i a l  
r e s o l u t i o n  of t h e  s a t e l l i t e  sensor i s  f i n e r  than t h e  r e s o l u t i o n  o f  present 
ground r a i  n f a l l  networks. One subs tan t i  a1 drawback i s  t h a t  no s a t e l  1 i t e  w i  11 
ever  c a r r y  sensors t h a t  d i r e c t l y  measure ra in ,  bu t  a number o f  techniques have 
been developed t o  i n f e r  r a i n f a l l  from v i s i b l e  o r  i n f r a r e d  data, o r  t o  r e l a t e  
i t  more p h y s i c a l l y  t o  r a d i a t i o n  emi t ted  a t  microwave frequencies. 

The 1 i t e r a t u r e  on s a t e l l i t e  p rec ip i , fa t ion  es t imat ion  i s  t o o  ex tens ive  t o  
rev iew i n  depth here. B a r r e t t  and Mar t i n  (1981) provided an e x c e l l e n t  
syn thes is  of t h e  numerous r a i  n f a l l  techniques and re1 ated c l  oud s tud ies  
devel oped du r ing  t h e  f i r s t  20 years o f  meteoro log ica l .  sa te l  1 i tes.  However, 
every technique discussed i n  B a r r e t t  and Mar t i n  i s  designed t o  est imate r a i n  
from convec t ive  systems. New techniques cont inue t o  be developed f o r  
convect ive r a i n f a l l ,  such as t h e  V I S  and IR technique o f  Mar t i n  and Howland 
(1986) and t h e  microwave work of Spencer (1986). I n  add i t ion ,  work on 
snowfall and p r e c i p i t a t i o n  i n  cold-season e x t r a t r o p i c a l  cyclones has begun; 
Fenner (1982), Ne i l  (1984), Scof ie ld  and Spayd (1984), and DelBeato and 
Bar re l  1 (1985) a re  examples . 

There a re  a number o f  notable problems i n  s a t e l l i t e  r a i n  est imat ion.  
Some occur because of t h e  l i m i t a t i o n s  o f  t h e  s a t e l l i t e  sensors, some because 
o f  t h e  meteorology. Other problems a r i s e  i n  t h e  v e r i f i c a t i o n  process o r  i n  
t h e  phi losophy o f  t h e  technique a n d ’ i t s  a p p l i c a t i o n .  Often the re  i s  no c l e a r -  
c u t  d e l i n e a t i o n  among these cateyor ies.  For instance, t he re  i s  an i n t e r p l a y  
between t h e  s a t e l  1 i t e  1 i m i  t a t i  ons and t h e  rneteorol oyy . Convective phenomena 
occur over a wide ranye o f  t ime and space scales, Dependiny on whether meso- 
a- o r  meso-p-scale convect ion i s  o f  i n t e r e s t ,  convection may be we l l  o r  ill 
sampled w i t h i n  t h e  c o n s t r a i n t s  o f  t h e  s a t e l l i t e  o r b i t  and sensor 
c h a r a c t e r i s t i c s .  The d i u r n a l  cyc le  i s  another example o f  t h i s  i n t e r p l a y .  If 
one has access on ly  t o  data from a p o l a r - o r b i t i n y  s a t e l l i t e  t o  es t imate  
p r e c i p i t a t i o n  i n  t h e  t r o p i c s ,  one v i s i b l e  image per  day ( o r  two thermal 
i n f r a r e d )  a t  a f i x e d  c ross ing  t ime i s  c e r t a i n l y  not  s u f f i c i e n t  t o  capture the  
d i u r n a l  cyc le .  A t h i r d  example i s  t h e  importance o f  time-change 
c h a r a c t e r i s t i c s  o f  clouds. Do they need t o  be incorpora ted  i n t o  t h e  
technique? Are they sampled w i t h  t h e  a v a i l a b l e  data? 
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L i k e w i s e  t h e r e  i s  i n t e r a c t i o n  between v e r i f i c a t i o n  approaches and 
techn ique ph i losophy.  The v e r i f i c a t i o n  procedures should o b v i o u s l y  be d r i v e n  
by t h e  a p p l i c a t i o n  f o r  which t h e  techn ique was der ived ,  b u t  t h e y  a r e  a l s o  
d r i v e n  by t h e  t y p e  o f  v e r i f i c a t i o n  d a t a  a v a i l a b l e .  Hour ly  s a t e l l i t e  e s t i m a t e s  
cannot be v e r i f i e d  w i t h  d a i l y  gage d a t a  o r  p o i n t  es t imates  w i t h  radar  data.  
L i m i t a t i o n s  o f  ground d a t a  and assumptions i n  d e r i v e d  q u a n t i t i e s  (gage- 
generated area-averaged amounts, f o r  example) must be discussed. 

Phi losophy o f  techn ique c o n s t r u c t i o n  i n v o l v e s  many i n t e r e s t i n g  
ques t ions .  Should d a t a  o f  o n l y  one t y p e  be used o r  i s  i t  proper  (and 
p r o f i t a b l e )  t o  mix  d a t a  types? For example, i s  I R  a lone p r e f e r a b l e  t o  a 
t e c h n i q u e  t h a t  i n c o r p o r a t e s  v i s i b l e  d u r i n g  t h e  12 o r  fewer hours t h a t  i t  i s  
a v a i l a b l e ?  Should s a t e l l i t e  d a t a  and ground da ta  ( i  .e., gages o r  radar ,  o r  
b o t h )  be i n c o r p o r a t e d  i n t o  a techn ique? Are r a i n f a l l  r a t e s  o r  amounts t o  be 
es t imated  and, i f  t h e  l a t t e r ,  over  what p e r i o d s ?  O r  w i l l  t h e  techn ique be a 
c l a s s i f i c a t i o n  scheme d e n o t i n g  r a i n  and no r a i n ;  o r  a c a t e g o r i z a t i o n  scheme o f  
no r a i n ,  l i g h t ,  moderate, and heavy r a i n ?  And what i s  t h e  r o l e  of a human 
b e i n y  i n  t h e  technique? Should t h e  scheme be t o t a l l y  autoiiiated o r  should i t  
c o n t a i n  s u b j e c t i v e  components t h a t  w i  11 be s a t i s f i e d  th rough human i n p u t ?  
Answers t o  a l l  these ques t ions  can be g i v e n  o n l y  i n  t h e  c o n t e x t  o f  t h e  
a p p l i c a t i o n  a t  hand and t h e  s a t e l l i t e  da ta  source. 

S t a t e d  i n  t h i s  way t h e s e  concerns appear confused and muddled. They can 
be s o r t e d  out ,  however, t h r o u y h  t h e  v e r i f i c a t i o n ,  The focus should be on 
r a i n f a l l  q u a n t i t y ,  r a i n f a l l  t i m i n g ,  and r a i n f a l l  p a t t e r n i n g .  R a i n f a l l  
q u a n t i t y  means amount, r a i n  r a t e ,  o r  r a j n  category.  I s  t h e  r a i n f a l l  q u a n t i t y  
s i m i l a r  i n  t h e  s a t e l l i t e  and ground d a t a  sets ,  and i f  not,  how l a r y e  a r e  t h e  
d i f f e r e n c e s ?  The t i m i n g  of r a i n f a l l  maxima and minima i n  t h e  s a t e l l i t e  
t e c h n i q u e  and t h e  c o n v e n t i o n a l  d a t a  i s  t h e  second aspect  o f  v e r i f i c a t i o n .  Do 
t h e  t i m e  s e r i e s  show major  and minor  r a i n  events  o c c u r r i n g  c o n c u r r e n t l y ?  I f  
no t ,  i s  t h e r e  a r e l a t i v e  b i a s ?  Are t h e r e  p e r i o d i c i t i e s  i n  t h e  t i m e  s e r i e s ,  
a r e  these m e t e o r o l o g i c a l l y  based, and do t h e  t i m e  s e r i e s  f rom both  sensors 
r e v e a l  them? L a s t l y ,  how comparable a r e  t h e  r a i n f a l l  p a t t e r n s  d e r i v e d  f rom 
t h e  ground da ta  and f rom t h e  s a t e l l i t e  techn ique? Are t h e  maxima and minima 
i n  t h e  same l o c a t i o n ?  Are t h e r e  p r e f e r r e d  reg ions  o f  r a i n f a l l  and o f  no 
r a i n f a l l  i n  bo th  t h e  s a t e l l i t e  and ground es t imates? I s  t h e r e  a sys temat ic  
s h i f t  between c l o u d  t o p  (which t h e  s a t e l l i t e  senses) and t h e  ground o r  near  
ground (where t h e  s u r f a c e  da ta  observe) t h a t  i s  apparent? Can t h i s  s h i f t  be 
t r a c e d  t o  t h e  p h y s i c s  o f  t h e  sensor o r  t o  t h e  meteorology t h a t  produces t h e  
p r e c i  p i  t a t  i on? 

T h i s  paper focuses on t h e  e s t i m a t i o n  o f  warm season convec t ive  r a i n f a l l  
from i n f r a r e d  s a t e l l i t e  da ta  w i t h  a v iew toward large-area,  o p e r a t i o n a l  use. 
I n  p a r t i c u l a r  t h e  r e y i o n  o f  i n t e r e s t  i s  t h e  c e n t r a l  t h i r d  o f  t h e  U n i t e d  Sta tes  
d u r i n g  August 1979, and t h e  s a t e l l i t e  i s  t h e  Geosta t ionary  Opera t iona l  
Envi ronmenta l  S a t e l l i t e  (GOES).  One emphasis i s  a comparison of GOES r a i n  
es t imates  w i t h  yaye es t imates ;  these comparisons a r e  geared toward address iny 
t h e  o u t s t a n d i n g  q u e s t i o n s  o f  v e r i f i c a t i o n .  A second emphasis r e l a t e s  t o  t h e  
C o n s t r u c t i o n  o f  t h e  s a t e l l i t e  techn ique f i r s t  descr ibed i n  G r i f f i t h  e t  a l .  
(1978). Two aspects  o f  t h i s  techn ique a r e  t e s t e d :  (1) t h e  c o n t r i b u t i o n  o f  
t ime-dependent terms, and ( 2 )  t h e  f e a s i  b i  1 i t y  o f  u s i  ng t h e  sparse, tw ice-da i  l y  
o p e r a t i o n a l  rad iosonde d a t a  t o  c r e a t e  an env i  roninental c o r r e c t i o n  over  a l a r g e  
area a t  t h e  r e s o l u t i o n  o f  t h e  s a t e l l i t e  data.  Time dependency i s  assessed 
w i t h  two v e r s i o n s  o f  t h e  s a t e l l i t e  technique.  One r e q u i r e s  a sequence o f  
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images t o  capture each c loud 's  l i f e  c y c l e  p r i o r  t o  s t a r t i n g  a r a i n f a l l  
computation; t h e  o ther  operates on s a t e l l i t e  parameters measurable from a 
s i n g l e  image . 

The gage comparisons he re in  a r e  i n  con t ras t  w i t h  th ree  cu r ren t  s a t e l l i t e  
techniques t h a t  opera t iona l  l y -  produce estimates o f  warm-season , convect ive 
r a i n f a l l  over  l a r g e  areas and have done so f o r  longer  than one year. For lack  
o f  a b e t t e r  convention, these techniques are u s u a l l y  r e f e r r e d  t o  by t h e  names 
o f  t h e i r  c rea tors :  t h e  Scof ie ld-01 i v e r  technique, t h e  Kilonsky-Ramage 
technique, and t h e  A rk in  technique. I n  each o f  these techniques f o r  d i f f e r i n g  
reasons, l i t t l e  v e r i f i c a t i o n  has been done t o  date. 

The Scof ie ld -Ol iver  ( S c o f i e l d  and O l i v e r  1977) technique was o r i g i n a l l y  
dev ised as a sub jec t i ve  technique based on hard-copy v i s l b l e  and i n f r a r e d  
imagery; it has subsequently been automated i n  p a r t  (Clark  and Perkins, 
1985). I t s  use i s  no t  f o r  t h e  r o u t i n e  es t imat ion  o f  r a i n f a l l ,  but  f o r  t h e  
i d e n t i f i c a t i o n  of f lash- f lood-producing storms w i t h  an emphasis on p o i n t  
r a i n f a l l s .  The technique i s  based on a dec i s ion  t r e e  i n  which p o i n t  r a i n f a l l  
amounts a re  increased from a base value depending on the  presence o f  a number 
of meteoro log ica l  s ignatures  assessed from sate1 1 i t e  and conventional data 
sources . These s ignatures i n c l  ude approximately 40 i terns, such as c l  oud 
shape, c loud r a t e .  o f  change, c loud l i f e t i m e s ,  low- leve l  i n f l o w ,  and 
atmospheric moisture. 

. There are  many unanswered quest ions w i t h  regard t o  t h i s  technique. 
Although i t  has been taught  t o  fo recas te rs  and used o p e r a t i o n a l l y  f o r  c lose  t o  
a decade, no th ing  has y e t  appeared i n  t h e  formal l i t e r a t u r e  desc r ib ing  t h e  
d e r i v a t i o n  o f  t h e  technique o r  i t s  v e r i f i c a t i o n .  It i s  no t  known, f o r  
instance, how t h e  technique 's  r a i n f a l l  amounts were. derived, whether t h e  
i n c l u s i o n  o f  t h e  v i s i b l e  imagery i n f l uences  t h e  accuracy o f  t h e  estimates, i f  
t h e  technique e x h i b i t s  a s t rong  b i a s  t h a t  i s  dependent on t h e  analyst ,  o r  even 
how accurate s a t e l l i t e  p o i n t  r a i n f a l l  est imates can be. A paper by S c o f i e l d  
(1987), now i n  review, i s  eager ly  awaited f o r  d iscuss ion  o f  these issues. 

The K i  lonsky-Ramage and Ark i  n techniques a i m  a t  p rov id ing  c l  imato l  og i  c a l  
r a i n  estimates f o r  t h e  t r o p i c a l  oceans. The Kilonsky-Ramage technique 
(K i lonsky  and Ramage, 1976) uses t h e  v i s i b l e  p i c t u r e  from t h e  NOAA p o l a r -  
o r b i t i n g  s a t e l l i t e  t o  es t imate  monthly r a i n f a l l  f o r  1" l a t i t u d e  by 1" 
long i tude  g r i d  squares. The number o f  days i n - a  month w i t h  h i g h l y  r e f l e c t i v e  
clouds cover ing each 1" by 1" square i s  co r re la ted  w i t h  monthly r a i n f a l l  on 
i s l a n d  s ta t i ons .  I n  t h e i r  1976 paper Ki lonsky and Ramage v e r i f i e d  t h e i r  
r e s u l t s  w i t h  estimates from o ther  authors based i n  t h e  main on sur face 
observations. The v e r i f i c a t i o n  consis ted o f  comparisons o f  l o n g i t u d i n a l  p l o t s  
o f  r a i n f a l l .  Garcia (1981) t e s t e d  t h e  Kilonsky-Ramaye technique i n  t h e  
A t l a n t i c  Ocean f o r  t h e  pe r iod  o f  GATE (Global Atmospheric Research Proyram 
- A t l a n t i c  Trop ica l  Experiment) and cornpaTed t h e  r e s u l t s  w i t h  estimates o f  
r a i n f a l l  f i om t h e  Byscale sh ip  radars cover ing a 3" square reg ion (Hudlow and 
Patterson, 1979) and w i t h  t h e  est imates o f  G r i f f i t h  e t  a l .  (1980). 
Di f ferences.  w i t h  radar  o f  -6% t o  +15% were found by Garcia f o r  t h e  t h r e e  
phas.es o f  GATE. Cor re la t i ons  over 1" square g r i d s  w i t h  the  G r i f f i t h  e t  a l .  
data are h i g h  ( i n  general g rea te r  than 0.75) and g rea te r  f o r  t h e  o c e a x y  
comparisons than f o r  t b e  land-and-ocean comparisons. There are  subs tan t i a l  
d i f f e rences  along t h e  coast o f  West A f r i c a  and i n  t h e  i n t e r i o r .  Coastal 
d i f f e r e n c e s  a re  due t o  a maximum i n  t h e  d i u r n a l  c y c l e  which occurs a t  n i g h t  
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t h e r e  and which i s  n o t  adequate ly  sampled w i t h  one v i s i b l e  image p e r  day. 
Woodley e t  a l .  (1980b) have shown t h a t  t h e  r a i n f a l l  over  t h e  A f r i c a n  c o n t i n e n t  
i n  G r i f f i t h e t  -- a l .  (1980) i s  t o o  g r e a t  and t h a t  an env i ronmenta l  c o r r e c t i o n  
must be a p p l i e d  t o  t h e  r a i n  es t imates  over  t h e  A f r i c a n  i n t e r i o r .  T h i s  i s  t r u e  
f o r  G a r c i a ' s  d a t a  as w e l l .  

The K i  lonsky-Ramaye techn ique has t h e  advantaye t h a t  month ly  ocean 
r a i n f a l l  can be es t imated  f rom hard  copy imagery. The disadvantages a r e  t h a t  
i t  i s  a l a b o r - i n t e n s i v e ,  s u b j e c t i v e  scheme based on u n c a l i b r a t e d  v i s i b l e  
imagery. A1 thouyh an oceanic  r a i  n f a l l  a t 1  as (Garc i  a, 1985) has been produced 
w i t h  t h i s  technique,  t h e  assessment o f  h i y h l y  r e f l e c t i v e  c louds  i s  very  
dependent on t h e  a n a l y s t ,  and as a consequence some o r i y i n a l  analyses had t o  
be repeated  (0. Garcia,  personal  coiruiiunication). Furthermore, t h i s  scheriie has 
p o t e n t i a l  problems w i t h  t h e  d i u r n a l  c y c l e ,  which has been shown by severa l  
researchers  t o  have an ampl i tude over  oceanic r e y i o n s  t h a t  i s  y r e d t e r  than 
i n i t i a l l y  thought  (Gray and Jacobson, 1977; McGarry and Reed, 1978; Auyust ine,  
1984; A1 b r i y h t  e t  a1 ., 1985). L a s t l y ,  t h e  representa t iveness  o f  i s l a n d  
r a i n f a l l  f o r  t h e  open ocean i s  n o t  a comple te ly  so lved q u e s t i o n  ( H o l l e  and 
McKay, 1975), a l though,  on t h e  b a s i s  o f  t h e  GATE comparison t h i s  does n o t  
appear t o  be a major  drawback. 

A r k i n ' s  t e c h n i q u e  o r i g i n a t e d  i n  an a n a l y s i s  o f  GATE r a d a r  and s a t e l l i t e  
da ta  ( A r k i n ,  1979). It i s  a s imp le  automated techn ique t h a t  has been used 
o p e r a t i o n a l l y  s i n c e  December 1981 t o  compute month ly  r a i n  over  t h e  t r o p i c a l  
oceans (see f o r  example Kousky, 1986). R a i n f a l l  i n  2.5' l a t i t u d e  by 2.5' 
l o n g i t u d e  g r i d  squares '  i s  a l i n e a r  f u n c t i o n  o f  d a i l y  coverage of each g r i d  
square by c o l d  c loud,  sampled a t  3-hour i n t e r v a l s  (Meisner and Ark in ,  1987). 
L i t t l e  d i r e c t  v e r i f i c a t i o n ,  o t h e r  than t h a t  performed i n  t h e  d e r i v a t i o n  o f  
t h i s  techn ique w i t h  t h e  GATE radars,  i s  p o s s i b l e  over  t h e  oceans; Meisner and 
A r k i n  a r e  f o r c e d  t o  v e r i f y  w i t h  proxy data. Furthermore, a l though t h e  
t e c h n i q u e  i s  f a s t  and can keep pace w i t h  t h e  r e a l - t i m e  d a t a  stream, i t  i s  
dev ised f o r  c l i m a t o l o g y  r a t h e r  t h a n  f o r  day-to-day weather. 

A ma jor  d e f i c i e n c y  o f  these t h r e e  techniques i s  i n  t h e  area o f  
v e r i f i c a t i o n .  The work i n  t h e  present  paper addresses t h e  problem o f  
v e r i f i c a t i o n  on two t i m e  and space scales.  Quest ions  on t h e  impor tance of t h e  
d i u r n a l  c y c l e ,  t h e  f e a s i b i l i t y  o f  making p o i n t  r a i n f a l l  es t imates  f ro in 
s a t e l l i t e  data,  and t h e  s p a t i a l  and temporal  f requency of s a t e l l i t e  imayery 
r e q u i r e d  f o r  t h e  e s t i i n a t i o n  o f  c o n v e c t i v e  r a i n f a l l  a r e  d iscussed i n  a more 
complete and r i y o r o u s  manner than has been done f o r  any o f  t h e  t h r e e  o t h e r  
methods. 

2. DATA AND QUALITY CONTROL 

Three major  d a t a  s e t s  were processed i n  t h i s  s tudy:  t h e  h o u r l y  thermal  
i n f r a r e d  imagery f rom t h e  GOES-E (Geosta t ionary  Opera t iona l  Envi  ronmental 
S a t e l l i t e - E a s t )  V I S S R  ( V i s i b l e  and I n f r a r e d  Spin Scan Radiometer) ,  t h e  h o u r l y  
gage d a t a  ava i  1 ab1 e f roin t h e  Nat iona l  C1 imate Data Center (NCDC) a t  Ashevi 11 e, 
N o r t h  C a r o l i n a ,  and t h e  t w i c e - d a i l y  u p p e r - a i r  da ta  a l s o  a r c h i v e d  a t  NCDC. 
There were 872 gage l o c a t i o n s  and 7084 s a t e l l i t e  a r r a y  elements w i t h i n  t h e  
r e g i o n  o f  i n t e r e s t  (90.2OW - 1 0 8 . 6 O W  and 30.4'N - 45.8'N). The radiosonde 
network comprises t h e  t h i r t y - f o u r  u p p e r - a i r  s t a t i o n s  w i t h i n  and sur round ing  
t h i s  area. Area-averaged and p o i n t  r a i n f a l l  es t imates  were made w i t h  b o t h  t h e  
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s a t e l l i t e  and gage data sets .  The upper -a i r  data were used t o  cons t ruc t  
adjustment f a c t o r s  t h a t  t ake  i n t o  account environmental d i f f e rences  between 
t h e  s i t e  of t h i s  study ( t h e  U.S. Great P la ins )  and t h e  reg ion  of t h e  
techn ique 's  d e r i v a t i o n  (south F1 o r i  da) . Computer r o u t  i nes prepared each data 
s e t  f o r  use on an hour ly ,  12-hourly o r  d a i l y  basis. 

2.1 The Gage Data 

D i g i t i z e d  h o u r l y  r a i n f a l l  f o r  t h e  Uni ted States o f  America dur ing  August 
1979 were obta ined from NCDC ( fo rmer ly ,  t h e  Nat ional  C l ima t i c  Center) i n  
Ashev i l l e ,  Nor th Carol ina. I n  t h e  area o f  i n t e r e s t  t he re  were 872 gages (F ig.  
2.1) a t  a nominal spacing o f  approximately 1 gage per  4000 km*. Of these an 
average o f  860 gages were opera t ing  p roper l y  a t  any g iven hour. R a i n f a l l  
amounts are accumulations f o r  t h e  60-minute pe r iod  ending on. t h e  hour. 

I -  

Fig. 

Augu 

2.1. Locat ions o f  t h e  hour l y  gage s t a t i o n s  du r ing  August 1979. 

Two gage data se ts  were compiled from t h e  arch ive  tape f o r  each 
t 1979--an hour l y  data se t  and a d a i l y  data set. The gage d 

day o f  
t a  r e  

publ ished i n  l o c a l  standard time, and t h e  area o f  study covered two l o c a l  t ime  
zones (Centra l  and Mountain), so i t  was convenient t o  convert t o  Greenwich 
Mer id ian Time. They are then a l so  compatible w i t h  t h e  t ime convention o f  t h e  
upper-ai r and sate1 1 i t e  data. 

The h d u r l y  and d a i l y  da ta  se ts  a re  not  d e r i v a t i v e s  o f  each other ,  so t h e  
h o u r l y  da ta  s e t  may not  con ta in  t h e  same gages as the  d a i l y  data se t  f o r  any 
g i ven  day. For example, a gage t h a t  has a miss iny hour du r ing  a given day 
w i l l  no t  'be i nc luded in.. t h e  d a i l y  da ta  set, but  w i l l  be inc luded i n  each of 
t h e  hour l y  da ta  se ts  except,, o f  course, i n  t h e  hour f o r  which i t  i s  missiny. 
Likewise, gages f o r  which t h e  hour l y  r a i n f a l l  was an accumulation were no t  
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i n c l u d e d  i n  t h e  h o u r l y  d a t a  se ts ,  b u t  may have been i n c l u d e d  i n  t h e  d a i l y  d a t a  
if t h e  accumulat ion bo th  began and ended w i t h i n  t h e  24-hour p e r i o d  of t h e  day 
i n  ques t ion .  

The r e c o r d i n g  yages a r e  o f  two types- - those t h a t  record  r a i n f a l l  t o  0.10 
i n c h  ( F i s h e r - P o r t e r  gages) and t h o s e  t h a t  r e c o r d  t o  0.01 inch .  Gage t y p e  was 
i n f e r r e d  f rom t h e  r a i n f a l l  record.  S ix ty -one gages r e p o r t e d  no r a i n  d u r i n y  
t h e  e n t i r e  month o f  August 1979; i t  was assumed t h a t  these gages r e s o l v e  
r a i n f a l l  t o  0.01 inch .  The F i s h e r - P o r t e r  gages were t h e  most numerous--497 
F i s h e r - P o r t e r  gages compared w i t h  313 h i g h e r  r e s o l u t i o n  gages. 

The gage da ta  s e t  was hand-edi ted f o r  o b v i o u s l y  bad gage amounts. Two 
extreme r a i n f a l l s  were found on t h e  tape. I n  bo th  cases t h e  h o u r l y  amounts 
exceeded 5 inches  (7.60 inches  a t  Gageby 1 WNW, Texas on Auy. 17, 2100 GMT, 
and 6.50 inches  a t  M o v i l l e ,  Iowa on Aug. 27, 1300 GMT) and were preceded and 
f o l l o w e d  by hours i n  which no r a i n  was recorded. Al though these amounts 
h a r d l y  seemed p h y s i c a l l y  p o s s i b l e  (one would expect some r a i n f a l l ,  however 
smal l ,  t o  precede o r  f o l l o w  such a downpour), as c o n f i r m a t i o n ,  these gages 
were compared w i t h  t h e  MDK (Manual ly D i g i t i z e d  Radar) summary maps t h a t  a r e  
compi led a t  35 minutes p a s t  t h e  hour. These two cases were found t o  be i n  
l o c a t i o n s  t h a t  showed no r a d a r  a c t i v i t y  i n  t h e  v i c i n i t y  of t h e  gage d u r i n y  t h e  
hour  o f  extreme r a i n f a l l  o r  i n  t h e  preced ing  o r  f o l l o w i n g  hours. These two 
p o i n t s  were then removed f rom t h e  h o u r l y  d a t a  set .  

The hand e d i t i n y  , revea led  an i m p o r t a n t  f e a t u r e  o f  t h e  gage r a i n f a l l  
data.  Thi  r ty -seven h o u r l y  r a i  n f a l l s  exceedi  ny 0.99 i n c h  were preceded and 
fo l lowed by hours i n  which no r a i n  was recorded. With f o u r  except ions  ( t h e  
two cases ment ioned above and two cases where t h e  m o n i t o r i n g  radars  were n o t  
a v a i l a b l e  o r  were o u t  f o r  maintenance),  these N.99- inch r a i n f a l l s  were under 
echoes on t h e  MDR summary maps. However, these gayes were f r e q u e n t l y  under 
echoes i n  t h e  precediny and f o l l o w i n y  hours, too.  There a r e  two p o s s i b l e  
e x p l a n a t i o n s .  I f  t h e  radar  r a i n  d i d  n o t  a c t u a l l y  reach t h e  sur face,  t h e  yayes 
would c o r r e c t l y  measure no r a i n .  A l t e r n a t i v e l y ,  r a i n f a l l s  s m a l l e r  than t h e  
minimum r e q u i  r e d  t o  t r i p  t h e  gage would accumulate and be i n c o r r e c t l y  i n c l u d e d  
i n  t h e  amount f o r  t h e  f o l l o w i n g  hour. T h i s  l a t t e r  s i t u a t i o n  has adverse 
i m p l i c a t i o n s  f o r  t h e  s a t e l l i t e - g a g e  p o i n t  comparisons d iscussed i n  s e c t i o n  3. 

2.2 The S a t e l l i t e  Data 

Hour ly ,  d i g i t a l ,  thermal  i n f r a r e d  imagery f rom GOES-E were used t o  d e r i v e  
r a i n  e s t i m a t e s  over  t h e  c e n t r a l  t h i r d  o f  t h e  Un i ted  States f o r  t h e  3 1  days i n  
August 1979. T h i r t y - t w o  o f  t h e  p o s s i b l e  744 images d u r i n g  t h i s  p e r i o d  were 
m i s s i n g  (Tab le  2.1). The most f r e q u e n t l y  missed p i c t u r e  (9 ou t  o f  32) was t h e  
0600 GMT imaye, w i t h  t h e  remai n i  ng m i  s s i  ng imayes b e i n g  randomly 
d i s t r i b u t e d .  The l o n g e s t  gaps were t h r e e  hours l o n g  and t h e r e  were two o f  
t h e s e  (Auy. 8, 0800-1100 GMT; Aug. 21, 0700-1000 GMT). Occas iona l l y  when t h e  
imaye s t a r t i n g  on t h e  hour was miss ing,  a s u b s t i t u t e  was used, u s u a l l y  t h e  
imaye s t a r t i n y  on t h e  h a l f  hour. Table 2.2 enumerates these imayes. Such 
Per iods  c o u l d  n o t  be used f o r  t h e  h o u r l y  comparisons, however, because o f  t h e  
r e s u l t i n y  d isc repancy  between t h e  accumulat ion p e r i o d  of  t h e  gaye r a i n f a l l  
(one hour  endiny on t h e  hour )  and t h a t  o f  t h e  s a t e l l i t e  ( e i t h e r  one-hal f  o r  
one hour, ending on t h e  h a l f  hour ) .  
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Table 2.1, Miss ing GOES-E imagery 

810 1 
8/04 
8/05 
81 06 
810 7 
8/08 
8/08 
8/09 
8/10 
8/11 
8/12 

1200 
0600 
1700 
1000 
0600 
0900 
1000 
0600 
0600 
0600 
0200 

8/12 
8/13 
8/14 
8/15 
8/17 
8/17 
8/18 
8/ 20 
8/20 
8/21 
8/22 

1800 
0600 
0600 
0600 
0800 
0900 
0600 
0400 
1200 
0500 
1700 

8/23 
8/24 
8/25 
81 26 
8/ 2 7. 
81 28 
81 29 
8/ 30 
8/31 

2000 
1000 
0700 
1800 
2200 
1500 
1500 
1600 
0500 

Table 2.2. GOES-E images,,not s t a r t i n y  on t h e  hour 

Date , Hour 
( GMT 1 

810 1 2248 
8/02 1433 
810 2 1533 
8/04 1533 
810 5 0733 
8/05 0833 
8/05 0933 

8/05 1033 
8/05 1133 
8/21 1133 
8/22 1533 
8/26 0733 
8/26 1433 

I n  t h e  nav iga t i on  program, a l l  d i g i t a l  images were converted from t h e  
l i n e l e l e m e n t  coord ina te  system o f  t h e  s a t e l l i t e  t o  a r e c t i l i n e a r ,  
l a t i  t ude l l ong i tude  coord ina te  system on Earth. Because o f  machi ne memory 
l i m i t a t i o n s  t h e  s a t e l l i t e  data were a l s o  degraded i n  t h e  nav iga t ion  program 
from a nominal s p a t i a l  r e s o l u t i o n  of 8 km t o  22.2 km (115' o f  l a t i t u d e ) .  
These r e c t i l i n e a r i z e d ,  Earth-located, s p a t i a l l y  degraded data were t h e  i n p u t  
data f o r  t h e  subsequent ana lys i s  rou t ines ,  

S i  xteen permutations o f  sate1 1 i t e  r a i  n est imates were produced as shown 
schemat i t a l l y  i n  Fig. -2.2. Each o f  these d i v i s i o n s  ( l i f e  h i s t o r y  versus 
stream1 i ned; unadjusted versus adjusted; a r ray  versus po in t ;  hou r l y  versus 
d a i l y )  i s  discussed. 



ADJUSTED UNADJUSTED 

/\ /\ 
1H 24H 1H 24H 1H 24H 1H 24H 

STREAMLINED 

1H 24H 1H 24H ' 1H 24H 1H 24H 

Fig.  2.2. Permutat ions o f  t h e  s a t e l l i t e  r a i n  e s t i m a t i o n  technique.  

2.2.1 

A l l  e m p i r i c a l  s a t e l l i t e  r a i n  e s t i m a t i o n  techniques employing t h e  v i s i b l e  
and thermal  i n f  r a r e d  channels s t a r t  f rom t h e  assumptions t h a t  r a i  n i  ng c louds 
can be d i f f e r e n t i a t e d  i n  t h e  s a t e l l i t e  da ta  f rom n o n r a i n i n y  c louds, and t h a t  
t h e r e  a r e  unique r e l a t i o n s h i p s  between c l o u d  c h a r a c t e r i s t i c s  (observable f ro in 
t h e  s a t e l l i t e  p l a t f o r m )  and a r a i n f a l l  parameter, be i t  r a i n  area, r a i n  
volume, r a i n  r a t e ,  o r  r a i n  occurrence. This  s tudy has used t h e  e m p i r i c a l  
r e l a t i o n s h i p s  o f  a techn ique t h a t  was d e r i v e d  i n  south F l o r i d a  ( G r i f f i t h  e t  
a1 1978) f o r  suminertime, t r o p i c a l  convect ion.  The components of t h e  s c h e E  
a ' h e  c l o u d  area, as measured froin t h e  s a t e l l i t e  iinaye, w i t h  r a i n f a l l  t h a t  
reaches t h e  yround. 

The L i f e  H i s t o r y  T e c h n i w  - 

I n  r e c e n t  y e a r s  researchers  have accumulated worldwide evidence o f  Gower- 
l a w  r e l a t i o n s h i p s  between r a d a r  echo h e i g h t  and a number of r a d a r  
P r e c i p i t a t i o n  c h a r a c t e r i s t i c s .  P e r t i n e n t  t o  t h i s  s tudy  a r e  t h e  s t r o n g  
r e l a t i o n s h i p s  between maximum echo h e i g h t  and t o t a l  l i f e t i m e  r a i n  volume 
Produced by t h e  echo, and between maximum echo h e i y h t  and maximum echo area. 
Gagin e t  a l .  (1985) showed such r e l a t i o n s h i p s  t o  e x i s t  i n  F l o r i d a  and Woodley 
and G a r ( 1 9 8 6 )  found ( o r  r e p o r t e d  on) s i m i l a r  r e l a t i o n - s h i p s  i n  Texas, 
I s r a e l  and South A f r i c a  as w e l l ,  The Texas r a i  n-vo l  ume/echo-hei g h t  
r e l a t i o n s h i p  (F ig .  2.3) i s  t y p i c a l .  The F l o r i d a  and I s r a e l  volume-height 
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r e l a t i o n s h i p s  have g rea te r  r a i n  volumes than t h e  Texas r e l a t i o n s h i p s  f o r  t h e  
same t o p  heights ,  and t h e  South A f r i c a  clouds produce less  r a i n  than t h e  Texas 
clouds .of t h e  same height .  These radar  r e l a t i o n s h i p s  i n d i c a t e  a phys ica l  
bas is  f o r  t h e  s t rong r e l a t i o n s h i p  seen i n  t h i s  s a t e l l i t e  technique between 
sa te l l i te -measured c loud area and sur face r a i n f a l l .  

, -  

103 

n- 
," 102- 
0 
? = -  

n 1 IO' 

t -  

z -  
i 

100- 

10" 

Fig. 2.3. Tota l  r a i n f a l l  v o l -  
ume p r e c i p i t a t e d  versus max- 
imum radar  echo t o p  he igh t  
f o r  i s o l a t e d  and c lus te red  
c e l l s  a t  B ig  Spring, Texas 
on s i x  se lec ted  days du r ing  
t h e  Texas HIPLEX program. 
(From Wood1 ey and Gagi n, 
1986.) 
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The l i f e  h i s t o r y  technique described in ,  G r i f f i t h  e t  a l .  (1978) i s  based 
on t h e  premise t h a t ,  when viewed from t h e  g e o s t a t i o n a r r s x e l l  i t e s ,  t h e  area 
of a convect ive c loud undergoes a l i f e  cyc le .  o f  growth and decay, and t h e  
r a i n f a l l  associated w i t h  t h e  convection undergoes a s i m i l a r  l i f e  cyc le .  This 
had been found t o  be t r u e  f o r  radar'echoes w i t h i n  t h e  range o f  t he  M i a m i  WSR- 
57 radar, and subsequent ana lys i s  showed t h a t  t h e  r e l a t i o n s h i p  he ld  i n  t h e  
sate1 1 i t e  da ta  f o r  1 ong-1 i v e d  c loud systems, bu t  no t  necessari l y  f o r  
i n d i v i d u a l  clouds which sometimes merge be fore  they d i e  out. 

The mechanics af t h e  scheme a re  t h a t  r a i n i n g  clouds are i d e n t i f i e d  i n  t h e  
I R  data as those clouds t h a t  a re  as c o l d  as o r  co lder  than -2OOC. Cloud area 
( i f  any) i s  measured on each imaye, and from t h i s  area h i s t o r y  t h e  c loud ' s  
vo lumet r ic  '.rain h i s t o r y  i s  computed i n  a two-step process: (1) Normalized 
c loud area i s  used t o  i n f e r  an echo area, which i s  then r e l a t e d  t o  ( 2 )  
vo lumet r ic  r a i n  r a t e  through a f a m i l y  o f  l i n e a r  r e l a t i o n s h i p s  embedded i n  an 
express ion t h a t  inc ludes  a d d i t i o n a l  s a t e l l i t e  c loud c h a r a c t e r i s t i c s .  Cloud 
area i s  normalized by t h e  maximum area achieved by t h e  c loud dur ing  i t s  
l i f e t i m e ,  which thus permi ts  t h e  d e r i v a t i o n  and use of one r e l a t i o n s h i p  f o r  
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c o n v e c t i v e  c louds  t h a t  cover  a ranye o f  s izes .  A t h i r d  s t e p  i s  r e q u i r e d  t o  
c o n v e r t  t h e  c l o u d ' s  r a i n  volume t o  i s o h y e t s .  

I 1 I I I 1 I 1 I 
1 - 
I DECREASING CLOUD 

4 

INCREASING CLOUD 
AREA 

.2 - 

- 

0 .  I I 1 1 I I I I I 

example, t h e  c l o u d ' s  l i f e  c y c l e  begins a t  t h e  l e f t  o f  t h e  f i g u r e  and moves 
toward  t h e  r i g h t  as t h e  c l o u d  grows, decreases i n  area and e v e n t u a l l y  
d isappears.  Echo area can a l s o  be seen t o  i n c r e a s e  and then decrease, b u t  
echo area peaks and d isappears l o n g  b e f o r e  c l o u d  area does. T h i s  o f f s e t  
between echo l i f e  c y c l e  and c l o u d  l i f e  c y c l e  i s  i m p o r t a n t  because i t  
compensates f o r  con taminat ion  f rom c o l d  b u t  i n a c t i v e  c i r r u s .  

There a r e  t h r e e  r e l a t i o n s h i p s ,  s t r a t i f i e d  by maximum c l o u d  area, i n  F i g .  
2.4. The s m a l l e s t  c louds a r e  i n d i v i d u a l  cumul i  which have r e l a t i v e l y  s h o r t  
' l i f e t i m e s ,  whereas t h e  l a r g e s t  "c louds"  a r e  cumulus complexes, l a s t i n g  
hours.  The i n f e r r e d  echo area may be t h a t  o f  one echo f o r  t h e  s m a l l e s t  
c louds,  b u t  i t  i s  t h e  t o t a l  area o f  t h e  severa l  echoes embedded i n  t h e  l a r g e r  
complexes . 

Once t h e  c l o u d  area h i s t o r y  has been measured and t h e  cor respond ing  
i n f e r r e d  echo-area r a t i o s  (denoted as <AE/AM>) have been o b t a i n e d  f rom F i  y . 
2.4, v o l u m e t r i c  r a i n f a l l  p e r  c l o u d  p e r  iinaye i s  computed f rom 
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3 -1 km-2 R V  = I x < AE/AM> x AM x A t  x zaibi x 10 m mm 

where 

R V  i s  r a i n  volume (m3),  

AE i s  t h e  i n f e r r e d  echo area (km2), 
AM i s  t h e  maximum c loud area du r ing  t h e  c loud 's  l i f e  cyc le  (kmz), 
A t  i s  t h e  t ime  between subsequent images (h ) ,  
a i  i s  t h e  f r a c t i o n a l  coverage o f  t h e  c loud by co lder  temperatures, 
bi i s  an emp i r i ca l  weight iny c o e f f i c i e n t  f o r  t he  co lde r  temperatures, and 
t h e  f a c t o r  o f  10 conver ts  t h e  u n i t s  from mm km2 t o  m3. 

.I i s  r a i n  r a t e  (mm/h), . -  

The angular  b rackets  around t h e  echo r a t i o  term represent t h e  average va lue 
f o r  t h i s  term as shown by t h e  curves i n  Fig. 2.4. The r a i n  r a t e  I i s  a 
func t i on  of echo l i f e  c y c l e  and assumes t h e  values l i s t e d  i n  Table 2.3. The 
values of t h e  weight ing c o e f f i c i e n t s  were e m p i r i c a l l y  der ived  and are  a 
f u n c t i o n  of c loud t o p  temperature (T, expressed as d i g i t a l  count D) according 
t o  

b = exp(0.02667 t 0.01547 x D)/11.1249 154 < D < 176 
-2OOC ? T < -31OC 

176 7 D < 255 
-31OC 7 T 7 -110OC 

(2-2 1 
b = exp(0.11537 -t 0.01494 x D)/11.1249 

- -  
Equat ion (2-1) i s  based on experience w i t h  radar r a i n  measurement, and 

has been s u i t a b l y  mod i f ied  t o  i nc lude  s a t e l l i t e  parameters. It was known f o r  
F. lorida convect ion t h a t  t h e  vo lumet r ic  r a i n  r a t e  (m3/h) i s  l i n e a r l y  r e l a t e d  t o  
echo area (km2) through t h e  r a i n  ra tes  (mm/h) o f  Table 2.3. The l e f t  s i de  o f  
equat ion (2-1) and t h e  f i r s t  t h r e e  terms on t h e  r i g h t  ( I  x <AE/A > x A ) 
r e f l e c t  t h i s .  (The product o f  t h e  second and t h i r d  terms on t h e  r i g  t ! !  t o f  ( - 
1 )  i s  echo area.) The f o u r t h  term (A t )  i n teg ra tes  t h e  r a i n f a l l  f o r  an 
instantaneous image over t h e  pe r iod  between t h e  cu r ren t  and t h e  f o l l o w i n g  
image. The f i f t h  and l a s t  term on t h e  r i g h t  (Caibi) can best  be thought o f  as 
a means o f  i nc reas ing  t h e  r a i n f a l l  .when co lder  tops are present. It i s  
analogous t o  r a i n f a l l  computed from radar echoes t h a t  con ta in  i nne r  cores. 
Consequently, f o r  two clouds t h a t  cover t h e  same area a t  -2OoC, t h e  c loud w i t h  
t h e  co lde r  t o p  w i l l  be assigned more r a i n  than t h e  c loud w i t h  the  warmer 
top. The sum can run over a l l  temperatures from -2OOC t o  t h e  co ldes t  poss ib le  
temperature on t h e  imaye, bu t  i t  t y p i c a l l y  . is used f o r  t h ree  temperature 
ranges de f ined a t  t h e i r  co lde r  ends by -2OoC, -49OC and -72OC. 

Rai n volume i s  an inconvenient  and unconventional parameter t o  d i s p l a y  , 
so r a i n  volume per  c loud on each image i s  converted t o  r a i n  r a t e  through an 
apportionment scheme. Two apportionment schemes were tes ted  p r i o r  t o  t h e  
fo rmu la t i on  o f  t h e  t h e  scheme t h a t  i s  used here. I n i t i a l l y  (Woodley e t  al., 
1980a), t h e  sa te l l i te -computed r a i n  volume was apport ioned over t h e  e n t i r e  
c loud enclosed by t h e  - 2 O O C  temperature contour, Th is  resu l ted  i n  maximum 
r a i n  depths t h a t  were f a r  t o o  small  and f i n i t e  r a i n  depths over t o o  extens ive 
an area when compared w i t h  radar  r a i n  depths. A second scheme apport ioned t h e  
r a i n .  volume over  an area equ iva len t  t o  t h e  echo area i n f e r r e d  from Fig. 2.4; 
t h i s  scheme, however, r e s u l t e d  i n  f lood-producing r a i n  depths t h a t  were 
concentrated over  very s m a l l  regions. The scheme used he re in  (Augustine e t  - al., 1981a) i s  an emp i r i ca l  compromise between t h e  two previous schemes. 
p laces one-hal f  o f  t h e  ca l cu la ted  r a i n  volume i n t o  t h e  p i x e l s  t h a t  c o n s t i t u t e  
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Table 2.3. Rain r a t e  as a f u n c t i o n  o f  echo growth t r e n d  
f o r  south F1 o r i d a  echoes 

- 
Echo growth  Rain r a t e  I 

t r e n d  ( x  l o 2  mm/h) 
I------ ---- 

a rea  
7-0.2s 
< 0.50 
< 0.75 
< 1.00 

Maxirnum echo area 
AE/AE,, = 1.00 

13.3 
17.3 
21.1 
23.8 

20.7 

21.1 
16.7 
11.9 
8.2 

Note: 
AEM r e f e r s  t o  t h e  maximum area an echo a t t a i n s  i n  i t s  l i f e  cyc le .  

AE r e f e r s  t o  echo area ( d e f i n e d  by t h e  1 mm/h r a i n  r a t e )  and 

t h e  c o l d e s t  10% of t h e  c l o u d ' s  area. The remain ing h a l f  i s  appor t ioned over  
t h e  p i x e l s  whose temperatures f a l l  i n t o  t h e  nex t  warmer 40% of t h e  c l o u d ' s  
area. Thus, o n l y  h a l f  of  t h e  c loud area t h a t  was used t o  compute t h e  r a i n  
volume w i l l  c o n t a i n  a r a i n  r a t e  and t h e  c o l d e s t  c l o u d  t o p s  have t h e  most 
r a i n .  

The r a i n  r a t e  i n f e r r e d  f o r  a p a r t i c u l a r  p i x e l  i s  a f u n c t i o n  o f  t h e  
p i x e l ' s  temperature and g r i d  s i z e ,  and t h e  c l o u d ' s  r a i n  volume accord iny  t o  

2 (R / 2 )  x b .  
Dij = -+ x zb x yij 

n 

mm km 

l o 3  m 3  
where 

Dij i s  r a i n  depth (mm) i n  t h e  ( i , j )  p i x e l ,  

RV/2 i s  one-ha l f  o f  t h e  c l o u d ' s  r a i n  volume (IT 

bij i s  t h e  w e i y h t i n y  c o e f f i c i e n t  f o r  t h e  ( i , j )  

l b  i s  t h e  sum o f  t h e  w e i g h t i n g  c o e f f i c i e n t s  w 

gij i ,s  t h e  area ( k m 2 )  o f  t h e  ( i , j )  p i x e l ,  and 

b e l  ow, 

( 2 - 3 )  

I )  f o r  t h i s  image, 
p i x e l ,  

t h  t h e  index "nii as d e s c r i b e d  
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conver ts  t h e  u n i t s  from m3/km2 t o  mm. 

I 

J/ 

Pre l im inary  t o  t h e  depth ca l cu la t i on ,  a l l  p i x e l s  c o n s t i t u t i n g  t h e  c loud  
a r e  ranked from co ldes t  t o  warmest. Three c u t o f f s  are noted from t h i s  
ranking. Each c u t o f f  i s  chosen so t h a t  t h e  area represented by t h e  p i x e l s  
t h a t  f a l l  between two c u t o f f s  equals a s p e c i f i e d  f r a c t i o n  o f  t h e  c loud 's  t o t a l  
area. The cu to f fs  a re  a t  1) t h e  co ldes t  p i x e l ,  2) t h e  p i x e l  where t h e  area 
represented by t h e , p i x e l s  between i t  and t h e  co ldes t  p i x e l  i s  10% of t h e  
c loud 's  area, and 3 )  t h e  p i x e l  where t h e  represented area between i t  and t h e  
co ldes t  p i x e l  i s  50% o f  t h e  c loud 's  area. 

The i n d i c e s  o f  t h e  sum over t h e  weight ing c o e f f i c i e n t s  ( l b )  a re  
determined by these c u t o f f s  and by t h e  temperature o f  t h e  ( i , j )  p i x e l .  I f  t h e  
p i x e l ' s  temperature i s  ranked among t h e  co ldes t  10% o f  t h e  p i x e l s  c o n s t i t u t i n g  
t h e  c loud 's  area, then n runs from t h e  co ldes t  p i x e l  t o  t h a t  p i x e l  a t  c u t o f f  
2, and t h e  sum i s  over t h e  corresponding b values f o r  t h e  co ldes t  10% o f  t h e  
cloud. I f  t h e  p i x e l ' s  temperature i n  no t  ranked i n  t h e  co ldes t  lo%, but  i s  
amony t h e  co ldes t  h a l f  o f  t h e  cloud, then t h e  sum i s  over t h e  b values f o r  t h e  
co ldes t  50% o f  t h e  cloud, exc lud ing t h e  co ldes t  lo%, t h a t  i s ,  n runs from t h e  
p i x e l  a t  c u t o f f  2 t o  t h e  p i x e l  a t  c u t o f f  3. I f t h e  p i x e l ' s  temperature i s  
ranked among t h e  warmest h a l f  o f  t h e  cloud, Dij i s  set  t o  zero. 

I 

I 4 5  I 4 5  I 4 5  I 4 5  I 4 5  I 4 5  

I 4 2  3 4 5 6 

An example best  i l l u s t r a t e s  t h e  l i f e  h i s t o r y  r a i n  es t imat ion  scheme. 
Consider t h e  10 s a t e l l i t e  samples (each sample i s  a " p i x e l "  144 km2 i n  area)  
t h a t  make up t h e  c loud i n  Fig. 2.5. Assume t h a t  t h i s  c loud i s  yrowiny and 
t h a t  on t h i s  image i t  i s  four - ten ths  o f , . i t s  maximum s i z e  o f  3600 km*. From 
t h e  midd le  curve of Fig. 2.4, t h e  echo r a t i o  i s  0.12 and the  echo growth t rend  
i s  found t o  be a t  AE/AEM = 1.00. This imp l i es  a r a i n  r a t e  o f  20.7 x 102 mm/h 
f rom Table 2.3. By us ing  t h e  -2OOC ( d i g i t a l  count 154), - 4 9 O C  ( d i g i t a l  count 
194), and -72OC ( d i g i t a l  count 217) th resho lds  f o r  t h e  summation term, t h e r e  
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a r e  seven p i x e l s  i n  t h e  f i r s t  temperature i n t e r v a l ,  t h r e e  i n  t h e  second, and 
none i n  t h e  t h i r d .  The r a i n  volume c a l c u l a t i o n  f o r  t h i s  c l o u d  i s  

2 R V  = 20.7 x 10 mm/h x 0.12 x 3600 km2 x 1 h x 

x (0.7 x 1.00 + 0.3 x 1.83) x 10 m3 mm-' km" 
6 3  = 11.17 x 10 m 

The temperatures o f  these p i x e l s  have been ranked f rom c o l d e s t  t o  
warmest; t h e i r  assoc ia ted  d i g i t a l  counts,  ( i  ,j) l o c a t i o n s ,  and w e i g h t i n y  
c o e f f i c i e n t s  a r e  l i s t e d  i n  Table 2.4 Under t h e  apport ionment,  h a l f  o f  t h e  
r a i n  volume w i l l  be p laced i n  t h e  c o l d e s t  10% o f  t h e  c loud.  I n  t h i s  example 
t h e  c o l d e s t  10% amounts t o  one p i x e l ,  (3,4), f o r  a depth o f  38.8 mm (coluinn 
f i v e  o f  Table 2.4). The remain iny volume i s  appor t ioned i n t o  t h e  nex t  warmest 
40% o f  t h e  c l o u d  (i.e., f o u r  p i x e l s )  as i n d i c a t e d  i n  t h e  same t a b l e .  

Tab le  2.4. Sample p i x e l  va lues  and computed r a i n  depths 
f o r  t h e  l i f e  h i s t o r y  (L.H.) and s t r e a m l i n e d  (S.L.)  techniques 

-55" 
- 5 3 O  

-51" 
-35" 
-33" 
-31" - 30° 
-30" - 30" 
-30" 

200 
198 
196 
180 
1713 
175 
174 
174 
174 
174 

2.00 
1.94 
1.89 
1.48 
1.44 
1.38 
1.36 
1.36 
1.36 
1.36 

38.8 
11.2 
10.9 
8 .5 
8.3 
0 00 
0.0 
0 .o 
0.0 
0 .o 

1.7 
0.5 
0.5 
0.4 
0.4 
0 .o 
0.0 
0 .o 
0.0 
0 .o 

I n  summary, t h e  l i f e  h i s t o r y  techn ique produces an a r r a y  o f  unad jus ted  
r a i n f a l l  es t imates  f o r  t h e  area o f  i n t e r e s t  a t  t h e  t i m e  and space sca les  o f  
t h e  nav iga ted  s a t e l l i t e  d i g i t a l  imagery. Rain t h a t  i s  i n f e r r e d  w i t h  t h e  l i f e  
h i s t o r y  scheme has t h e  f o l l o w i n y  p r o p e r t i e s :  

(1) R a i n i n g  c louds  a r e  those t h a t  a r e  as c o l d  as o r  c o l d e r  than -20°C. 
(2) R a i n f a l l  i s  d i r e c t l y  p r o p o r t i o n a l  t o  c l o u d  area on any g i v e n  image. 
(3) R a i n f a l l  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  c l o u d  t o p  temperature.  
(4) R a i n f a l l  i s  a f u n c t i o n  ,of c l o u d  l i f e  c y c l e  such t h a t  more r a i n  i s  

i n f e r r e d  i n  t h e  e a r l y  stages o f  a c l o u d ' s  h i s t o r y  than i n  t h e  l a t e r  
s tages . 
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2.2.2 The Streamlined Technique 

A major  disadvantage o f  t h e  l i f e  h i s t o r y  technique i s  t h a t  i t  i s  no t  
configured t o  make estimates o f  r a i n f a l l  i n  r e a l  t ime. A c loud system must be 
fo l lowed through a sequence o f  images t o  t h e  t ime  where a maximum i n  a rea l  
ex ten t  can be i d e n t i f i e d  be fore  t h e  r a i n  c a l c u l a t i o n  can begin. To circumvent 
t h i s ,  a ve rs ion  o f  t h e  technique t h a t  makes no use o f  t h e  t ime change 
in fo rma t ion  was developed (Waters e t  al., 1977; Woodley e t  al., 1978). 
Referred t o  as t h e  s t reaml ined t e c h r i m t h i s  vers ion  i s  s t r m n e d  i n  t h e  
sense t h a t  t h e  complex i ty  o f  t h e  technique (and consequently t h e  computer 
code) i s  g r e a t l y  reduced--rain estimates are  made from s i n g l e  images r a t h e r  
than from t h e  sequence o f  images t h a t  i s  requ i red  i n  t h e  l i f e  h i s t o r y  
scheme. The s t reaml ined technique recognizes (as do o ther  s a t e l l i t e  s tud ies  
such as Stout e t  al., 1979; Lovejoy and Austin, 1979; and Negri e t  al., 1984, 
and as do analogous radar  s tud ies :  Doneaud e t  a1 ., 1981, L o p e z x x  ., 1983 
and Gagin e t  al., 1985) t h a t  t h e  dependenceT fThe  i n f e r r e d  r a i x a r  on t h e  
system's s K g e T n  i t s  l i f e  c y c l e  i s  small compared w i t h  t h e  c loud area term. 
The advantages o f  t h e  s t reaml ined technique are  t h a t  (1) r a i n  estimates can be 
made as each s a t e l l i t e  image i s  received, and ( 2 )  computation t ime, exc lud ing 
image nav iga t ion ,  i s  one-tenth o f  t h a t  needed f o r  t h e  l i f e  h i s t o r y  method. 

The component r .e la t ionships of t h e  l i f e  h i s t o r y  technique are s t i l l  used 
bu t  w i t h  t h e  m o d i f i c a t i o n  t h a t  c loud area on each image i s  assumed t o  be t h e  
maximum c loud area. This  fo rces  t h e  value o f  t he  r a i n  r a t e  t o  be 16.7 x 102 
mm/h, and t h e  i n f e r r e d  echo r a t i o  assumes t h e  value where AC/A = 1.00, t h a t  
i s ,  where t h e  curve crosses t h e  v e r t i c a l .  dashed l i n e  shown i n  r i g .  2.4. This 
r a t i o  i s  0.067 f o r  clouds l a r g e r  t h a t  10,000 km2, 0.047 f o r  clouds between 
2000 and 10,000 km2 i n  area, and 0.016 f o r  clouds smal ler  than 2000 km2. 
Equation (2-1) becomes 

R V  = 16.7 x loL mm/h x [ &:I;] x AM x A t  x 

where t h e  symbols are  as be fore  and t h e  i n f e r r e d  echo r a t i o  term (shown i n  
braces) i s  assigned on t h e  bas i s  o f  cu r ren t  c loud area. 

A sample r a i n  c a l c u l a t i o n  f o r  t h e  c loud -of Fig. 2.5 would y i e l d  a r a i n  
volume o f  

2 2 R V  = 16.7 x 10 mm/h x 0.016 x 1440 km x 1 h x 
3 -1 km-2 x (0.7 x 1.00 f 0.3 x 1.83) x 10 m mm 

= 0.48 x lo6 m3. 

Rain depths pe r  p i x e l  a re  ca l cu la ted  from (2-3) as before and are l i s t e d  i n  
t h e  s i x t h  column o f  Table 2.4. As can be seen, the  s t reaml ined depths are an 
o rde r  o f  magnitude smal ler  than t h e  l i f e  h i s t o r y  depths. D i f fe rences  between 
area-avecaged r a i n f a l l s  f o r  t h e  s t reaml ined and l i f e  h i s t o r y  schemes are i n  
general much smal le r  than t h i s  example would i nd i ca te .  Computations f o r  
clouds i n  t h e  smal lest  s i z e  i n t e r v a l  are most a f fec ted ,  as t h i s  example shows. 
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I n  summary, t h e  s t r e a m l i n e d  techn ique produces an a r r a y  of unad jus ted  
r a i n f a l l  e s t i m a t e s  f o r  t h e  area o f  i n t e r e s t  a t  t h e  t i m e  and space sca les  o f  
t h e  n a v i g a t e d  s a t e l l i t e  d i g i t a l  imagery. Rain t h a t  i s  i n f e r r e d  w i t h  t h e  
s t  ream1 i ned scheme has t h e  f o l  1 owi ng p r o p e r t i e s  : 

( 1 )  R a i n i n g  c louds  a r e  those which a r e  as c o l d  as o r  c o l d e r  than - 2 O O C .  

( 2 )  R a i n f a l l  i s  d i r e c t l y  p r o p o r t i o n a l  
( 3 )  R a i n f a l l  i s  i n v e r s e l y  p r o p o r t i o n a  

2.2.3 The Environmental  Adjustment 

The e m p i r i c a l  r e l a t i o n s h i p s  used i n  
F l o r i d a .  To use these r e l a t i o n s h i p s  i n  

t o  c l o u d  area on any g i v e n  image. 
t o  c loud t o p  temperature.  

t h i s  s tudy were d e r i v e d  f o r  south 
the m i d d l e  l a t i t u d e s  env i ronmenta l  

d i f f e r e n c e s  between t h e  s u b t r o p i c s  and t h e  m i d d l e  l a t i t u d e s  must be accounted 
fo r .  Large t o t a l  l i q u i d  water  c o n t e n t  and low v e r t i c a l  wind shear a r e  
c h a r a c t e r i s t i c  o f  a i r  masses found over  F l o r i d a .  I n  t h e  Great P l a i n s  reyimes, 
however, shear  and subcloud e v a p o r a t i o n  s i g n i f i c a n t l y  a f f e c t  c l o u d  
e f f i c i e n c y .  The env i ronmenta l  ad justment  a t tempts  t o  account f o r  these 
d i f f e r e n c e s .  Several  ad justment  f a c t o r s  were o r i g i n a l l y  t e s t e d  on 15 cases a t  
t h r e e  s i t e s  i n  Montana, Kansas, and Texas ( G r i f f i t h  e t  al. ,  1981). F i v e  
parameters were t e s t e d :  p r e c i p i t a b l e  water,  s'u'6clGd evapora t ion ,  
env i ronmenta l  s h e a r - p r e c i p i t a t i o n  e f f i c i e n c y ,  a combinat ion o f  these th ree ,  
and a p r e c i p i t a t i o n  f a c t o r  d e r i v e d  from a one-dimensional cumulus c l o u d  model, 
s i m i l a r  t o  t h e  env i ronmenta l  c o r r e c t i o n  dev ised by Wyl ie  (1979). Each o f  
these f i v e  parameters can be d e r i v e d  from or  w i t h  t h e  u p p e r - a i r  data.  The 
cumulus model ad justment  f a c t o r  was found t o  p r o v i d e  t h e  b e s t  c o r r e c t i o n  o f  
t h e  s a t e l  1 i t e  es t imates  toward t h e  ground measurements of r a i n f a l l .  The 
d e r i v a t i o n  and comparison of t h e  f i v e  adjustment f a c t o r s  a r e  d iscussed i n  
d e t a i l  i n  Appendix A. 

The model ad justment  f a c t o r  (MAF) i s  d e f i n e d  as 

where i s  t h e  mean model r a i n  p r o d u c t i o n  f o r  e i g h t  thermal bubble r a d i i ,  cs i s  
t h e  s tandard  d e v i a t i o n  o f  t h e  e i g h t  model r a i n f a l l s ,  and H and F r e f e r  t o  t h e  
High P l a i n s  and F l o r i d a ,  r e s p e c t i v e l y .  The va lues o f  FF and aF computed froin 
a t y p i c a l  F l o r i d a  sounding a r e  10.210 and 4.195, r e s p e c t i v e l y .  Al though t h e  
i n d i v i d u a l  model adjustment f a c t o r s  c a l c u l a t e d  f o r  t h i s  s tudy ranged from 0.00 
t o  1.45, most o f  them were l e s s  t h a n  1.0, as would be expected f o r  a r e g i o n  
t h a t  i s  d r i e r  than south F l o r i d a .  A t  those t imes when t h e  sounding was 
sampl ing a i r  t h a t  had been m o d i f i e d  by a mesoscale c o n v e c t i v e  system, t h e  
model ad justment  f a c t o r  was s e t  t o  1.00. These cases a r e  d iscussed i n  d e t a i l  
i n  Appendix B. 

A f t e r  t h e  model adjustment f a c t o r s  had been computed f o r  t h e  s t a t i o n s  
d iscussed i n  s e c t i o n  2.3, model adjustment f a c t o r  f i e l d s  a t  t h e  same s p a t i a l  
r e s o l u t i o n  as t h e  s a t e l  l i t e  r a i n f a l l s  were produced by Gaussian i n t e r p o l a t i o n  
(see Appendix C ) .  These f i e l d s  m u l t i p l i e d  t h e  s a t e l l i t e  a r r a y s  o f  l i f e  
h i s t o r y  and s t r e a m l i n e d  d a t a  t o  produce t h e  ad jus ted  l i f e  h i s t o r y  o r  a d j u s t e d  
stream1 i ned d a t a  se ts .  
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2.2.4 S a t e l l i t e  "Po in t "  Estimates 

Both t h e  l i f e  h i s t o r y  and s t reaml ined techniques produce an array o f  
s a t e l l i t e - i n f e r r e d  r a i n  depths ( a t  1/5O o f  l a t i t u d e  by 1/5O o f  l o n g i t u d e  
s p a t i a l  reso lu t i on ) ,  which have been accumulated over one hour. I n  order  t o  
make p o i n t  comparisons b e t w e e n ' s a t e l l i t e  and gage r a i n f a l l s ,  one o f  these da ta  
se ts  must be i n t e r p o l a t e d  t o  t h e  r e s o l u t i o n  o f  t h e  other .  Because less  
computation i s  requ i red  t o  i n t e r p o l a t e  t o  a sparser data set ,  t h e  
approximately 8000 s a t e l l i t e  p o i n t s  were i n t e r p o l a t e d  t o  t h e  approximately 900 
gage 1 ocat  i ons The i n t e r p o l a t i o n  t h a t  was used was a b i l i n e a r  
i n t e r p o l a t i o n .  A l l  e i y h t  permutations o f  t h e  s a t e l l i t e  a r ray  r a i n f a l l s  ( l i f e  
h i s t o r y  and stream1 ined; unadjusted and adjusted; hour ly  and d a i l y )  were 
i n t e r y o l  ated. 

2.2.5 Temporal Resol u t i  on 

S a t e l l i t e  r a i n  depths accumulated f o r  hou r l y  per iods were computed i n  t h e  
ar ray  format from t h e  hour l y  s a t e l  1 i t e  imagery. The appropr ia te  s a t e l  1 i t e  
a r rays  were subsequently summed t o  produce d a i l y  accumulations i n  t h e  
s a t e l l i t e  a r ray  format. For each pe r iod  ( 1  hour o r  24 hours) t h e  accumulation 
s t a r t s  a t  t h e  t i m e  o f  t h e  f i r s t  image and a l l  t imes are  i n  GMT. 

Hourly r a i n  est imates f o r  31 days would r e s u l t  i n  744 hours i n  t h e  h o u r l y  
da ta  set. However t h e  miss ing s a t e l l i t e  imagery l i s t e d  i n  Table 2.1 combined 
w i t h  per iods when s a t e l l i t e  images from 30 o r  45 minutes past t h e  hour were 
used t o  f i l l  i n  f o r  images miss ing on t h e  hour (Table 2.2) resu l ted  i n  on ly  
662 h o u r l y  per iods  f o r  t h e  s a t e l l i t e  data. 

2.3. The Upper-Air Data 

The 34 upper -a i r  s t a t i o n s  shown i n  Fig. 2.6 were t h e  bas is  f o r  t h e  model 

SOON Fig. 2.6.' Locations o f  t h e  
upper -a i r  s t a t i o n s  du r iny  
August 1979. 
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adjustment  c a l c u l a t i o n s .  The t w i c e  d a i l y  soundings a t  t h e  s y n o p t i c  t imes o f  
0000 and 1200 GMT were used. O f  t h e  2108 p o s s i b l e  soundings from t h e s e  
s t a t i o n s  d u r i n y  Auyust 1979, 327 were miss iny .  The s t a t i o n s  i n  Canada were 
most o f t e n  miss iny .  As no ted  i n  Appendix C, t h e  Gaussian i n t e r p o l a t i o n  
r e q u i r e s  t h a t  t h e s e  s t a t i o n s  cover  an area t h a t  i s  somewhat l a r y e r  t h a n  t h e  
r e g i o n  o f  t h e  r a i n  est imates.  

Severa l  o f  t h e s e  s t a t i o n s  were under t h e  canopy o f  an MCC a t  t h e  s y n o p t i c  
t i m e  o f  t h e  sounding. Because t h e  cumulus model r e q u i r e s  t h e  i n p u t  of a 
sounding t h a t  has sampled t h e  a i r  t h e  produces t h e  convect ion,  soundings t h a t  
had sampled a i r  m o d i f i e d  by t h e  MCC would n o t  r e s u l t  i n  a c c u r a t e l y  modeled 
c o n v e c t i o n  f o r  t h e  p a r t i c u l a r  t ime.  There fore  soundings froin 55 s t a t i o n s  on 
20 days t h a t  were determined t o  be under t h e  i n f l u e n c e  o f  MCC-modified a i r  
were n o t  used i n  t h e  one-dimensional model and t h e  corresponding model 
ad justment  f a c t o r s  were s e t  t o  1.00 as d e t a i l e d  i n  Appendix 8 .  

3. COMPARISONS OF SATELLITE AND GAGE AREA-AVERAGED RAINFALLS 

R a i n f a l l  comparisons can be based on any o f  a number o f  r a i n  measures; 
r a i n f a l l  r a t e ,  cumula t ive  r a i n f a l l ,  a r e a l  r a i n f a l l ,  p o i n t  r a i n f a l l ,  r a i n f a l l  
t i m e  s e r i e s  and r a i n  p a t t e r n  a r e  severa l  common measures. Th is  s tudy focuses 
on comparisons o f  r a i n f a l l  amount and on t h e  t i m i n g  o f  r a i n f a l l  events.  P o i n t  
and a r e a l  l y -averayed r a i n f a l l  amounts f o r  h o u r l y ,  d a i l y ,  and month ly  
accumulat ions a r e  presented i n  t h i s  and subsequent s e c t i o n s .  "Events" w i l l  be 
d e f i n e d  by t i m e  s e r i e s  of h o u r l y  and. d a i l y  area-averayed amounts; no t i m e  
s e r i e s  o f  p o i n t  r a i n f a l l s  w i l l  be presented. Not o n l y  a r e  comparisons between 
yaye and s a t e l l i t e  es t imates  shown; comparisons ainony t h e  s a t e l l i t e  
permuta t ions  a r e  a l s o  made. The r e l a t i v e  performance o f  t h e  l i f e  h i s t o r y  
versus t h e  s t  ream1 i ned techn ique i s  o f  i n t e r e s t  b o t h  s c i e n t  i f i c a l  l y  and 
comput a t  i onal  l y  . 

I n  a d d i t i o n  t o  t h e  more f a m i l i a r  s c d t t e r p l o t s  and t i m e  s e r i e s ,  g r a p h i c a l  
methods o f  d a t a  p r e s e n t a t i o n  developed i n  EDA ( e x p l o r a t o r y  d a t a  a n a l y s i s )  
(Tukey, 1977) a r e  shown. These i n c l u d e  box-and-whisker and stem-and- leaf 
p l o t s .  Many c l a s s i c  s t a t i s t i c s  assume t h e  normal d i s t r i b u t i o n .  EDA 
techn iques  (see Appendix D) however make no such assumption, emphasizing 
medians, h inges ( q u a r t i l e s ) ,  and extremes, which more a p p r o p r i a t e l y  d e s c r i b e  
r a i n f a l l  t h a n  do t h e  parameters o f  t h e  normal d i s t r i b u t i o n .  

F i v e  d i f f e r e n c e  measures (Table 3.1) a r e  used e x t e n s i v e l y  t o  d e s c r i b e  t h e  
s a t e l  1 i te-gage comparisons. The measure o f  whether t h e  s a t e l  1 i t e  es t imates  
a r e  l a r g e r  o r  s m a l l e r  than t h e  gage es t imates  f o r  t h e  month i s  t h e  r a t i o  RM. 
S i m i l a r l y ,  Rp i s  an average p e r i o d  ( e i t h e r  d a i l y  o r  h o u r l y )  r a t i o  o f  s a t e l l i t e  
t o  gage r a i n f a l l s ;  an average f o r  a d a i l y  p e r i o d  i s  i n d i c a t e d  by RD and f o r  an 
h o u r l y  p e r i o d  by RH. C o n t r i b u t i o n s  t o  Rp f ro in  r a t i o s  of S/G t h a t  a r e  l e s s  
than 1.0 can o f f s e t  those va lues g r e a t e r  than 1.0. The measure' E has 
e l i m i n a t e d  t h a t  e f f e c t ,  f o r  EK i s  d e f i n e d  t o  be g r e a t e r  than 1.0. Thus, ilEf i s  
t o  Rp as 1x1 i s  t o  x. The root-mean-square e r r o r  (ERNS) measures t h e  abso U t e  
d i f f e r e n c e  i n  r a i n  depth f o r  t h e  s a t e l l i t e - g a g e  p a i r s ,  whereas t h e  normal ized 
r o o t  mean-square-error (norm. E ) measures t h e  a b s o l u t e  d i f f e r e n c e  as a 
f r a c t i o n  of  t h e  observed yaye r A % a l l .  The l a t t e r  t h e r e f o r e  d i s t i n y u i s h e s ,  
f o r  example, between a 3-inm d i f f e r e n c e  i n  a t o t a l  area-averaged yaye r a i n f a l l  
o f  10 mm, and a 3-mm d i f f e r e n c e  i n  a t o t a l  area-averaged yaye r a i n f a l l  o f  2 
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Table 3.1. Measures o f  d i f f e r e n c e  between t h e  s a t e l l i t e  ( S )  
and gage (G) r a i n f a l 1 . e s t i m a t e s  f o r  a sample o f  s i z e  N 

D i  f f e rence  
Measure D e f i n i t i o n  

Monthly Ra t io  (RM) 

Mean Per iod Ra t io  (Rp)  

CS/ CG 

Factor  o f  (ER 1 - CR f o r  R = S/G i f  ScG 
D i  f ference N R = G/S i f  G<S 

RMS E r r o r  

Normal i zed 
RMS E r r o r  

( E ~ ~ ~  

The comparisons t o  fo l l ow  i n v o l v e  each o f  t h e  16 permutations o f  Fig. 
2.2. Array estimates are  used i n  sec t i on  3.1 t o  compute area-averaged 
r a i n f a l l s ,  and p o i n t  est imates are  discussed i n  sec t i on  3.2. The remaining 
t h r e e  l e v e l s  of permutations ( l i f e  h i s t o r y  vs. streamlined; ad justed vs. 
unadjusted; hou r l y  vs. d a i l y )  p rov ide  a s t r a t i f i c a t i o n  f o r  d iscuss ion.  

Area-averaged r a i  n f a l l  s were computed from both t h e  s a t e l  1 i t e  ar ray  da ta  
and t h e  gage p o i n t  r a i n f a l l s .  Area-averaged r a i n f a l l s  are t y p i c a l l y  used t o  
assess r a i n f a l l  over a bas in  f o r  hyd ro log i ca l  purposes (Peck, 1980) o r  over a 
f i x e d  experimental area (Woodley -- e t  a1 ., 1975). A number o f  techniques have 
been devised t o  est imate area l  p r e c i p i t a t i o n  from p o i n t  measurements. For 
example, Thiessen (1911) discussed a manual technique t h a t  weiyhts r a i n f a l l  
from randomly loca ted  gages by t h e  area t h a t  t h e  corresponding gage i s  de f ined 
t o  represent  i n  t h e  basin. More recent ly ,  Hatch (1976) described an 
i n t e r p o l a t i o n  scheme f o r  gage data, and Bras and Rodriguez-Iturbe (1976) used 
m u l t i v a r i a t e  es t ima t ion  theory  t o  produce area-averaged r a i n f a l l  s from 
gages. I n  t h i s  study t h e  s implest  area-averaging technique i s  used, namely 
t h a t  o f  computing means. Rain depths f o r  each element i n  t h e  s a t e l l i t e  a r ray  
o r  f o r  each gage i n  t h e  area were summed f o r  t h e  pe r iod  o f  i n t e r e s t  (1 hour o r  
24 hours), and then  d i v i d e d  by t h e  number o f  r a i n f a l l  l o c a t i o n s  t h a t  went i n t o  
t h e  sample’. Areal averages o f  r a i n f a l l  assume t h a t  t h e  measuring system 
r e p r e s e n t a t i v e l y  samples bo th  t h e  area and t h e  r a i n f a l l  . The sa te l  1 i t e  a r ray  
est imates are  un i fo rm ly  d i s t r i b u t e d  over t h e  region, bu t  t h e  gages are l e s s  
so. T h e i r  minimum spacing ranges from 50 km2 t o  150,000 km2. Likewise 
convect ive r a i n f a l l  i s  d i s t i ngu ished  by i t s  sharp grad ien ts  and i s  not  un i fo rm 
e i t h e r  over  t h e  reg ion  o r  from one storm t o  t h e  next. 
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3.1 Daily R a i n f a l l s  

The most s t r i k i n y  f e a t u r e  o f  t h e  d a i l y  unadjusted s a t e l l i t e  r a i n f a l l s  
from b o t h  t h e  l i f e  h i s t o r y  (F ig .  3.1) and t h e  s t r e a m l i n e d  ( F i g .  3.2) 
techn iques  i s  t h a t  t h e i r  va lues  a r e  much l a r y e r  t h a n  t h e  correspondiny yaye 
depths. Over h a l f  a r e  more than double t h e  gage amounts and approx imate ly  
one-quar te r  of  them a r e  more t h a n  t h r e e  t imes l a r y e r .  Fewer than 10% o f  t h e  
s a t e l l i t e  es t imates  a r e  s m a l l e r  t h a n  t h e  yage r e s u l t s .  Not s u r p r i s i n g l y  t h e  
env i ronmenta l  c o r r e c t i o n ,  a p p l i e d  t o  e i t h e r  t h e  l i f e  h i s t o r y  (F ig .  3 . 3 )  o r  t h e  
s t r e a m l i n e d  ( F i y .  3.4) technique,  g r e a t l y  decreases t h e  s a t e l l i t e - e s t i m a t e d  
amount, and a l s o  decreases t h e  s c a t t e r  o f  t h e  est imates.  Between t h e  
unad jus ted  and a d j u s t e d  p l o t s  t h e  c o r r e l a t i o n  c o e f f i c i e n t  (Tab le  3.2) 
i n c r e a s e s  by about 10 p o i n t s  f rom rough ly  0.6 t o  0.7, and t h e  i n t e r c e p t  o f  t h e  
f i t  moves toward t h e  o r i g i n ,  decreas ing  f rom about 1.7 t o  about 0.3 mm. The 
adjustment ,  however, leaves  most o f  t h e  s a t e l l i t e  es t imates  w i t h  va lues 
somewhat s m a l l e r  than t h e  gage amounts f o r  t h e  s l o p e  changes f rom a v a l u e  
g r e a t e r  t h a n  1.0 t o  a v a l u e  on t h e  o r d e r  o f  0.6. 

10.00 

S=1.28G + 1.73 
R=O. 64 

10.00 

0.00 

a.00 

7.00 

$4.00 

a. 00 

2.00 

s=1.2sc + 1.88 

R=O. 58 

9.00 

0.00 

1.00 

I 1 I I 1 1  I 1 I ,  0.00 ' ' I I t I l I I I ,  
0.00 1.00 2-00 a.w 4.00 6.00 8.00 7.00 8.00 0.00 10.00 0.00 1.00 2.00 a.00 I.W 8.w 0.00 7.00 0.00 e . 0 ~  10.00 

GAGE Inn1 GAGE (mml 

F i g .  3.1. S c a t t e r p l o t  o f  d a i l y  F ig .  3.2. S c a t t e r p l o t  o f  d a i l y  
area-averaged s a t e l  1 i t e  and gaye area-averaged s a t e l  1 i t e  and gage 
r a i n f a l l s  f o r  t h e  unad jus ted  l i f e  r a i n f a l l  s f o r  t h e  unad jus ted  
h i s t o r y  technique.  The r e g r e s s i o n  s t r e a m l i n e d  techn ique as i n  F i g .  
l i n e  has been p l o t t e d ;  t h e  s lope,  3.1. 
i n t e r c e p t ,  and c o r r e l a t i o n  c o e f -  
f i c i e n t  a r e  noted. 

Medians, means, and s tandard  d e v i a t i o n s  (Tab le  3.3) o f  t h e  unad jus ted  
s a t e l l i t e  samples a r e  about double t h e i r  r e s p e c t i v e  gage values. A f t e r  
ad justment  t h e  s a t e l  1 i t e  medians and means a r e  approx imate ly  20% s m a l l e r  than 
t h e  gage va lue,  b u t  s tandard d e v i a t i o n s  d i f f e r  by l e s s  than 10%. Box-and- 
w h i s k e r  p l o t s  (F ig .  3.5) h i g h l i g h t  these d i f f e r e n c e s  i n  t h e  sample 
d i s t r i b u t i o n s .  The unad jus ted  s a t e l l i t e  techn iques  have l a r g e  i n t e r q u a r t i l e  
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Fig. 3.3. S c a t t e r p l o t  o f  d a i l y  Fig. 3.4. S c a t t e r p l o t  of d a i l y  
area-averaged s a t e l  1 i t e  and gage area-averaged s a t e l  1 i t e  and gage 
r a i n f a l l s  f o r  t h e  adjusted l i f e  r a i n f a l l s  f o r  t h e  adjusted stream- 
h i s t o r y  technique .as i n  Fig. 3.1. l i n e d  technique as i n  Fig. 3.1. 

ranges and l a r g e  t o t a l  ranyes., I n  cont ras t ,  t he  adjusted s a t e l l i t e  data more 
c l o s e l y  resemble t h e  gage data, pa r t i cu , l a r l y  a t  t h e  smal ler  values where t h e  
smal les t  values and t h e  lower hinges are almost i d e n t i c a l .  However, t h e  upper 
hinges occur a t  t h e  va lue o f  t h e  gage median and t h e  maximum values exceed t h e  
l a r g e s t  gage value. 

Table 3.2. Least -squares- f i t  parameters f o r  s a t e l l  i t e - ra ingage  
regress ions o f  d a i l y ,  area-averaged r a i n f a l l  

Sate1 1 i t e  
Permutation 

Least-Squares L inear  F i t  
I n  t e rceD t 

Unadjusted 1 i f e  h i s t o r y  0.64 1.28 1.73 

Adjusted l i f e  h i s t o r y  0.72 0.67 0.29 

Unadjusted s t reaml ined 0.58 1.23 1.88 

Ad.justed stream1 i ned 0.67 0.64 0.35 

Per fec t  correspondence 1 .oo 1.00 ' 0.00 
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Table 3.3.  S t a t i s t i c s  f o r  t h e  d a i l y ,  area-averaged 
s a t e l l i t e  and raingage samples 

10- 

, 

- ~- ~ ~ 

Data No. o f  Median Mean Std. Dev. 
Set Samples (mm) (mm 1 (mm 1 

Unadjusted 1 i f e  h i s t o r y  31 4.25 4 -71 2.46 

Adjusted 1 i f e  h i  s t o r y  31 1.87 1.85 1.15 

Unadjusted s t  ream1 i ned 31 4.27 4.76 2.65 

Adjusted s t reaml ined 31 1.77 1 -83 1.18 

Gage 31 2.27 2.34 1.24 

Q- 

8 -  

Fig. 3.5. Box-and-whi sker 
p l o t s  o f  d a i  l y  area-averaged 
r a i n f a l l s  (mm), from gage 
da ta  (GAGE), unadjusted l i f e  
h i s t o r y  (ULH), ad justed l i f e  
h i  s t o r y  (ALH) , unadjusted 
s t reaml ined (USL), and ad- 
j u s t e d  s t reaml ined s a t e l l i t e  
(ASL) data. A l l  samples 
hav-e 31 po in ts .  5 a 
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The box-and-whisker p l o t s  con f i rm  t h e  numbers i n  Tables 3.2 and 3.3, 
which i n d i c a t e  l i t t l e  d i f f e r e n c e  i n  gross performance between t h e  s t reaml ined 
and l i f e  h i s t o r y  techniques. The unadjusted l i f e  h i s t o r y  and unadjusted 
s t reaml ined box-and-whisker p l o t s  a re  almost i d e n t i c a l .  Likewise, t h e  
ad jus ted  1 i f e  h i s t o r y  and t h e  ad jus ted  s t reaml ined box-and-whisker p l o t s  show 
s i m i l a r  ranges and medians. - 

1 1 4 8  0 
1 1 
2 4 9  2 
2 5 7 7 8 9  3 
0 1 2 4 4 5  4 
1 2 8  5 

I n  t h e  box-and-whisker p l o t s  t h e r e  appears t o  be a modicum o f  s i m i l a r i t y  
between t h e  two unadjusted permutations, between t h e  two adjusted permuta- 
t i o n s ,  and among t h e  gage and ad jus ted  s a t e l l i t e  da ta  sets. However, under 
t h e  c l o s e r  s c r u t i n y  o f  stem-and-leaf p l o t s  (F ig .  3.6) t h e  d i f f e rences  become 
more apparent. I n  these p l o t s ,  t h e  stems a re  i n t e g e r  amounts of d a i l y  area- 
averaged r a i n f a l  l (mm) and ’ the  leaves a r e  ten ths  o f  m i  l l imeters. The s i m i l a r  

L i f e  H i s t o r y  

ULH 
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1 1 1 2 3 4 4 6 6 7 8 9 9  
2 0 1 1 1 2 2 6 7 8  
T l  6 

0 1 0 2 2 3 9 9 9  0 1 3 4 7  . j::7 0 1 6 8  

2 0 2 2 2 6 8 8 9  
3 1 1 1 2 3 5 7 9 9  3 2 4 5 7 8  

4 0 0 1 . 2 2 3 5 7  4 1 9  

6 1 2 4  
7 1 7 9  

9 2 2 4  

I, 
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Fig. 3.6. Stem-and-leaf p l o t s  of d a i l y  area-averaged r a i n f a l  Is (mm) from 
l i f e  h i s t o r y  and s t reaml ined s a t e l l i t e  data, (see capt ion,  F ig .  
3.5) . 
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shapes o f  t h e  two unad jus ted  s e t s  and o f  t h e  two a d j u s t e d  s e t s  a r e  con- 
f i rmed. L ikewise,  i t  can be seen t h a t  t h e  a d j u s t e d  s a t e l l i t e  da ta  s e t s  more 
c l o s e l y  resemble t h e  gage d a t a  t h a n  t h e  unad jus ted  s e t s  do. However, t h e  
s a t e l l i t e  r a i n f a l l  ca tegory  w i t h  t h e  most occurrences i s  2 mm s m a l l e r  than t h e  
gage ca tegory  w i t h  t h e  h i g h e s t  number o f  occurrences. T h i s  s h i f t  i n  t h e  
l o c a t i o n s  o f  t h e  peak g r a p h i c a l l y  d e p i c t s  t h e  reason f o r  t h e  s m a l l e r  a d j u s t e d  
s a t e l l i t e  median and mean. S ince  t h e  a d j u s t e d  s a t e l l i t e  samples a r e  more 
n o r m a l l y  d i s t r i b u t e d  than t h e  gage sample, t h e  s tandard d e v i a t i o n s  a r e  a l s o  
s m a l l e r .  However, i t  i s  obv ious t h a t  none o f  these samples c o n s t i t u t e s  a 
normal d i s t r i b u t i o n .  

Time s e r i e s  o f  s a t e l  1 i t e  r a i  n f a l  1 s w i t h  gage amounts superimposed a r e  
shown i n  Figs.  3.7 and 3.8. These t i m e  s e r i e s  serve two purposes. From them 
t h e  d i f f e r e n c e s  between each day 's  r a i n f a l l  amount as es t imated  by t h e  
s a t e l l i t e  and by t h e  gage can be immediate ly  seen. Secondly, co inc idence o f  
r a i n f a l l  maxima and minima d u r i n g  t h e  month a r e  obvious. The amount 
d i f f e r e n c e s  m i r r o r  t h e  s c a t t e r p l o t s  and t h e  EDA p l o t s .  That i s ,  t h e  
unad jus ted  s a t e l l i t e  pern iu tat ions ( F i y .  3.7) show r a i n f a l l s  t h a t  a r e  much 
g r e a t e r  than t h e  gage r a i n f a l l s ,  w h i l e  t h e  a d j u s t e d  s a t e l l i t e  r a i n f a l l s  (F ig .  
3.8) correspond more c l o s e l y  t o  t h e  yaye data,  a l b e i t  as underest imates o f  t h e  
d a i l y  area-averaged gage r a i n f a l l s .  I n  a l l  f o u r  s e t s  t h e ,  n o - r a i n  p e r i o d  o f  
Auyust 5-7 i s  cap tured  by t h e  s a t e l l i t e  techniques.  On these t h r e e  days t h e r e  
were no c louds  t o  speak o f ,  so t h e  correspondence i s  n o t  s u r p r i s i n g .  
I n t e r e s t i n g l y  , i n  t h e  a d j u s t e d  s a t e l  1 i t e  t i m e  s e r i e s  t h e  c l o s e s t  
correspondence i n  amount g e n e r a l l y  occurs when t h e  gage t i m e  s e r i e s  e x h i b i t s  a 
m i  nimum. 

F ig.  3.7. D a i l y  area-averaged - 
unad jus ted  l i f e  h i s t o r y  
( t o p )  and s t r e a m l i n e d  (bo t -  E a 

.. 

tom)-  r a i n f a l l s  f o r  August g , 
1979, compared w i t h  d a i l y  
area-averaged gage r a i n -  
f a l l s .  

AUGUST 1979 

AUGUST 1979 
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Fig.  3.8. D a i l y  area-averaged E a * '  
0. 
W 
0 

a d j u s t e d  l i f e  h i s t o r y  ( t o p )  

AUGUST 1979 

7 

4 3 

AUGUST 1979 
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F i y .  3.9. The d i f f e r e n c e  i n  
t i m i n g  o f  d a i l y  area-aver-  
aged r a i n f a l l  maxima and m i -  
nima f o r  f o u r  s a t e l l i t e  p e r -  
muta t ions .  Gage d a t a  d e f i n e  
t h e  r e l a t i v e  maxima. A ne- 
g a t i v e  day means t h a t  t h e  
sate1 1 i t e  re1  a t i v e  maximum 
precedes t h e  gage. The num- 
b e r  o f  t imes t h e  s a t e l l i t e  
does n o t  i n d i c a t e  a maxima 
o r  minima ( "nonoccurrences' ')  
i s  a l s o  shown. 
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There i s  very  good correspondence between t h e  s a t e l l i t e  and gage t i m e  
s e r i e s  on t h e  occurrence of r a i n f a l l  maxima and minima events.  If t h e  gages 
a r e  used as t h e  standard,  t h e r e  a r e  e i g h t  r a i n f a l l  minima and n i n e  maxima 
d u r i n g  t h e  month. F ig .  3.9 summarizes t h e  number o f  maxima and minima i n  each 
o f  t h e  s a t e l l i t e  permuta t ions  t h a t  correspond t o  these gaye maxima and minima 
and t h e i r  d i f f e r e n c e s  i n  t i m i n g .  A n e g a t i v e  day means t h a t  t h e  s a t e l l i t e  
event  o c c u r r e d  one ( o r  two)  days b e f o r e  t h e  yage event.  There were some gage 
events  when t h e  s a t e l l i t e  i n d i c a t e d  none ("nonoccurrences") .  On t h e  whole, 
t h e  s a t e l l i t e  events  a r e  c o i n c i d e n t  w i t h  more than 50% of t h e  gage events.  
The a d j u s t e d  d a t a  have more c o i n c i d e n t  events  than t h e  unad jus ted  da ta  do. 
The n o n c o i n c i d e n t  events  i n  t h e  unad jus ted  s a t e l l i t e  techn iques  a1 1 occur  
b e f o r e  t h e  gage event.  

Table 3.4. Harmonics and t h e i r  f r a c t i o n a l  v a r i a n c e  f o r  t h e  two 
harmonics w i t h  t h e  g r e a t e s t  power 

Data s e t  
Per iod  F r a c t i o n a l  

Ha rmoni c (days)  Var iance 

Gage 5 
, 3  

Unadjusted 1 i f e  h i  s t o r y  3 
5 

Adjusted 1 i f e  h i  s t o r y  3 
I. 8 

Unadjusted s t reaml  i n e d  5 
7 

Adjusted s t reaml  i n e d  3 
15 

6.2 
10.3 

10.3 
6.2 

10.3 
3.9 

6.2 
4.4 

10.3 
2.1 

0.33 
0.16 

0.10 
0.08 

0.21 
0.08 

0.11 
0.05 

0.22 
0.05 

Harmonic analyses were performed on t h e s e  f i v e  t i m e  s e r i e s  a f t e r  t h e  mean 
of each s e r i e s  had been s u b t r a c t e d  o u t .  The per iodogram f o r  t h e  d a i l y  gage 
d a t a  show t h e  most power i n  t h e  f i f t h  harmonic ( a  p e r i o d  of  6.2 days).  T h i s  
frequency, however, accounts f o r  o n l y  33% of t h e  var iance.  The t h i r d  harmonic 
( r e p r e s e n t i n g  a p e r i o d  o f  10.3 days) accounts f o r  about 15% of t h e  var iance.  
A t o t a l  o f  50% o f  t h e  v a r i a n c e  i s  exp la ined by these two harmonics. (See Table 
3.4.) For  t h e  s a t e l l i t e  permutat ions,  t h e  two harmonics c o n t a i n i n g  t h e  most 
power e x p l a i n  20-30% o f  t h e  t o t a l  var iance.  Again t h e  t h i r d  o r  f i f t h  
harmonics, s i n g l y  o r  t o g e t h e r ,  c o n s t i t u t e  t h e  two harmonics showing t h e  most 
power, b u t  o t h e r  harmonics appear as w e l l ,  a l though w i t h  very  l i t t l e  power. 

D i f f e r e n c e  measures f o r  t h e  d a i l y ,  area-averaged r a i n  es t imates  a r e  g i v e n  
i n  Table 3.5. For t h e  month t h e  unadjusted s a t e l l i t e  es t imates  a r e  l a r g e r  
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than  t h e  gage est imates by a l i t t l e  more than loo%, bu t  t h e  adjusted cases are  
smal le r  than t h e  gage r a i n f a l l s  by about 20%. (See column two). S i m i l a r  
r e s u l t s  h o l d  f o r  t h e  average d a i l y  r a t i o  o f  s a t e l l i t e  t o  gage est imates 
(column th ree ) .  The f a c t o r  of d i f f e r e n c e  (column f o u r )  ranges from 1.6 f o r  
t h e  ad jus ted  t o  2.5 f o r  t h e  unadjusted s a t e l l i t e  data. The root-mean-square 
e r r o r  (column f i v e )  i s  on t h e  order  o f  3 mn f o r  t h e  unadjusted data, bu t  drops 
t o  about 1 mm f o r  t h e  adjusted data. The root-mean-square e r r o r  o f  t h e  
ad jus ted  s a t e l l i t e  data se ts  i s  comparable w i t h  t h e  standard d e v i a t i o n  o f  t h e  
da ta  set .  The normalized RMS e r r o r  (column s i x )  i s  on t h e  order  of 190% i n  
t h e  unadjusted s a t e l l i t e  sets, bu t  decreased d r a s t i c a l l y  t o  a r e l a t i v e  e r r o r  
o f  about 40% f o r  t h e  adjusted cases. 

Table 3.5. D i f f e rence  measures f o r  31 d a i l y  area-averaged 
r a i n  samples 

Mean Factor  RMS Norm. 
Sate1 1 i t e  Monthly Daily of E r ro r  RMS 
Pe rmu t a t  i on Ra t io  R a t i o  D i f f .  (mm) Error 

Unadj. L.H. 2.02 2.39 2.40 3.03 1.83 

Adj. L.H. 0.79 0.81 1.55 1.01 0.38 

Unadj. S.L. 2.04 2.43 2.46 3 ..24 1.97 

Adj. S.L. 0.78 0.80 1.60 1.09 0.39 

Perf.  Corresp. 1.00 1.00 1 .oo 0.00 0.00 

For c e r t a i n  a p p l i c a t i o n s  i n  hydrometeoroloyy i t  i s  impor tant  t o  know 
whether r a i n f a l l  observat ions are w i t h i n  a g iven f r a c t i o n  o f  " t r u e "  r a i n f a l l  , 
or  w i t h i n  an abso lu te  measure of " t rue "  r a i n f a l l .  Both assessments were made 
f o r  t h e  f o u r  permutations of da i  l y  area-averaged s a t e l  1 i t e  r a i  n f  a1 1 . Dai  l y  
d i f f e r e n c e s  o f  area-averaged r a i n f a l l s  ( S - E )  are  h i g h l y  skewed around zero 
(F ig .  3.10). Most d i f f e r e n c e s  i n  t h e  two unadjusted s a t e l l i t e  data sets  are 
p o s i t i v e ,  whereas t h e  opposi te  i s  t r u e  i n  t h e  adjusted s a t e l l i t e  da ta  sets .  
The ad jus ted  s a t e l l i t e  da ta  se ts  i n d i c a t e  t h a t  h a l f  t h e  d i f f e rences  l i e  
between 0 and -1 mm and almost a l l  t h e  d i f fe rences  are between-kJ y. 
R e l a t i v e  d i f f e r e n c e s  (F ig.  3.11) o f  d a i l y  area-averayed r a i n f a l l s  [(S-G)/G] 
show a much l a r g e r  range i n  t h e  unadjusted than i n  t h e  adjusted data sets. I n  
t h e  former, f r a c t i o n a l  d i f f e rences  l a r g e r  than 500% were found, whereas t h e  
f r a c t i o n a l   differences i n  t h e  adjusted s a t e l l i t e  data se ts  were w i t h i n  k60%. 

The f i g u r e s  and measures o f  t h i s  sec t i on  i n d i c a t e  some s i m i l a r i t i e s ,  b u t  
a l s o  some s i g n i f i c a n t  d i f f e r e n c e s  between t h e  gage and s a t e l l i t e  r a i n f a l l s .  
Mul t i - response permutat ion procedures (MRPP) (Mie lke e t  a1 ., 1981) were run t o  
t e s t  whether t h e  d a i l y  area-averaged s a t e l  1 i t e  and g a T x i n  estimates 
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c o n s t i t u t e d  one o r  more r a i n f a l l  popuiat ions.  Four MRPP runs were made w i t h  
two groups i n  each run--the 31 d a i l y  area-averaged gage data and the  31 d a i l y  
area-averayed data from one o f  t h e  s a t e l l i t e  permutations. The n u l l  
hypothesis f o r  a l l  runs i s  t h a t  a l l  p a r t i t i o n s  o f  t he  64 r a i n  estimates i n t o  
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F i  9. 3 . 11. Box-and-whi sker  
p l o t s  o f  d a i l y  f r a c t i o n a l  
d i f f e rences  [(S-G)/G) i n  
area-averaged r a i  n f a l l  : Un- 
ad justed l i f e  h i s t o r y  (ULH); 
ad justed l i f e  h i s t o r y  (ALH); 
unad j us t ed s t  reaml i ned 
( US L ) ; ad j us t ed s t ream 1 i ned 
(ASL) techniques . 
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two groups of  31 measurements cou ld  have occurred w i t h  equal chance. I f  t h e  
n u l l  hypothes is  i s  proved ( t h a t  i s ,  i f  t h e  MRPP t e s t  s t a t i s t i c  has a l a r y e  
va lue  r e l a t i v e  t o  i t s  va lue  f o r  a l l  p a r t i t i o n s  poss ib le  w i t h  t h e  data) ,  then 
t h e  s a t e l l i t e  and gage da ta  do not  represent  two groups. If t h e  t e s t  
s t a t i s t i c  i s  smal l ,  t hen  t h e  s a t e l l i t e  and gage data a re  indeed two d i f f e r e n t  
groups o f  data.  The r e s u l t s  o f  t h e  f o u r  MRPP runs are  t h a t  t h e  gage da ta  and 
each o f  t h e  s a t e l l i t e  da ta  se ts  a r e  two separate groups, s i g n i f i c a n c e  being 
b e t t e r  than 1% f o r  t h e  unadjusted l i f e  h i s t o r y  and s t reaml ined techniques and 
b e t t e r  t han  10% f o r  t h e  two ad jus ted  schemes. The d i f f e r e n c e s  i n  these groups 
a r i s e  from t h e  c l u s t e r i n g  o f  t h e  da ta  (F ig .  3.6). The ad jus ted  s a t e l l i t e  
r a i n f a l l s  occur  most f r e q u e n t l y  i n  t h e  l -mm category,  i n  con t ras t  t o  t h e  gage 
da ta  which a re  most f requent  a t  3 mm. 

From t h e  foregoing t a b l e s  and f i g u r e s  i t  can be seen t h a t  t h e r e  i s  l i t t l e  
d i f f e r e n c e  i n  d a i l y  area-averaged r a i n f a l l s  est imated from t h e  l i f e  h i s t o r y  
technique o r  f rom t h e  stream1 ined technique. The box-and-whisker p l o t s  and 
t h e  medians a re  e s s e n t i a l l y  i d e n t i c a l  . The o ther  s ing le -va lue  s t a t i s t i c s  
(e.g., percent  o f  co inc iden t  r e l a t i v e  maxima, c o r r e l a t i o n  c o e f f i c i e n t )  
i n d i c a t e  t h a t  t h e  ad jus ted  l i f e  h i s t o r y  est imates have an edge over  t h e  
ad jus ted  s t reaml ined est imates,  b u t  t h i s  d i f f e r e n c e  i s  smal l .  R e l a t i v e  t o  t h e  
fac to r -o f -10  d i f f e r e n c e  i n  t h e  computat ional  t ime  requ i red  t o  make t h e  l i f e  
h i s t o r y  versus t h e  s t reaml ined est imates,  i t  i s  f o r  most purposes 
i nconsequent i a1 . 

The MKPP t e s t s  do no t  support  t h e  hypothes is  t h a t  s a t e l l i t e  and yaye 
est imates o f  r a i n f a l l  f o r  these 31 days gre  from t h e  same group, and the  o the r  
measures o f  comparison of t h e  gaye and s a t e l l i t e  da ta  show t h a t  t h e  unadjusted 
r a i n f a l l s  ( t h a t  i s ,  r a i n  from t h e  F l o r i d a  r e l a t i o n s h i p s )  a re  s u b s t a n t i a l l y  
y r e a t e r  than t h e  gaye data, and t h e  env i ronmenta l l y  ad jus ted  r a i n f a l l s  a re  

The response f u n c t i o n  t h a t  r e s u l t s  from t h e  
Gaussian i n t e r p o l a t i o n  o f  t h e  adjustment f a c t o r s  a t  34 radiosonde l o c a t i o n s  
(shown i n  Fig.  C.3) i n d i c a t e s  t h a t  t he  i n t e r p o l a t e d  f i e l d  incorpora tes  a t  most 
73% o f  t h e  o r i g i n a l  s igna l .  A p o r t i o n  o f  t h e  underest imat ion o f  t h e  gage 
r a i n f a l l  c e r t a i n l y  a r i s e s  from t h i s  source. 

20% smal le r  than t h e  gage data. 

3.2 Hour ly  R a i n f a l l s  

The August da ta  s e t  has 744 hour l y  per iods .  However, because o f  miss ing  
s a t e l l i t e  images, on l y  662 h o u r l y  per iods  i n  t h e  l i f e  h i s t o r y  data s e t  (and 
664 i n  t h e  s t reaml ined)  co inc ide  w i t h  an hour l y  gage est imate.  Area-averaged 
r a i n f a l l s  f o r  these hour l y  per iods 'were computed as f o r  t he  d a i l y  data sets.  
Fewer than  4% o f  these hours had no r a i n  anywhere i n  t h e  reg ion  o f  study. 

Smal ler  r a i n  amounts and more s c a t t e r  a re  t o  be expected i n  hou r l y  versus 
d a i l y  compari sons o f  sate1 1 i t e  and gage r a i n f a l l  s . The former occurs because 
of t h e  s h o r t e r  accumulat ion per iod,  and t h e  l a t t e r  because 24 s a t e l l i t e  sam- 
p l e s  c o n t r i b u t e  t o  a d a i l y  r a i n f a l l  est imate,  bu t  on ly  one s a t e l l i t e  image i s  
used i n  t h e  h o u r l y  est imate.  ( I n  con t ras t  t h e  gages sample cont inuously . )  
S c a t t e r p l o f s  o f  h o u r l y  area- averaged amounts (F igs.  3.12 t o  3.15) bear out  
thes.e expectat ions.  Amounts are smal le r  and, not  s u r p r i s i n g l y ,  t h e  m a j o r i t y  
o f  t h e  unadjusted s a t e l l i t e  r a i n f a l l s  (F iys .  3.12 and 3.13) exceed t h e  cor re -  
sponding 'gage amount. -However, t he  adjusted s a t e l l i t e  r a i n f a l l s  (F iys.  3.14 
and 3.15) appear t o  be more evenly s p l i t  between amounts t h a t  are y rea te r  than 
and smal le r  than t h e  approp r ia te  gaye value. Scat te r  has d e f i n i t e l y  increased 
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Fig. 3.12. S c a t t e r p l o t  o f  h o u r l y  a- Fig. 3.13. S c a t t e r p l o t  o f  hou r l y  a- 
rea-averaged s a t e l l i t e  and gage rea-averaged s a t e l l i t e  and gage 
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and t h e  c o r r e l a t i o n  c o e f f i c i e n t s  (Table 3.6) a re  smal le r  than t h e i r  d a i l y  
counterpar ts  (Table 3.2) by 5 t o  10 po in ts .  I n  these h o u r l y  da ta  on l y  25-35% 
o f  t h e  var iance i s  accounted f o r .  Slopes o f  t h e  l e a s t  squares f i t s  a re  
rough ly  comparable w i t h  t h e i r  d a i l y  values and, when scaled by a f a c t o r  of 24 
( t h e  d i f f e r e n c e  i n  t h e  accumulat ion per iod) ,  t h e  i n t e r c e p t s  a re  comparable t o  
t h e i r  d a i l y  values, too.  I n :  c o n t r a s t  t o  t h e  d a i l y  r e s u l t s ,  though, t h e  
environmental  c o r r e c t i o n  has o n l y  n e g l i g i b l y  improved t h e  c o r r e l a t i o n  from t h e  
unadjusted t o  t h e  ad jus ted  da ta  sets.  As before,  s a t e l l i t e  values sma l le r  
t h a n  gage va lues i n d i c a t e  t h a t  t h e  environmental  adjustment i s  t o o  l a rge .  

Table 3.6. Leas t -squares- f i t  parameters f o r  s a t e l l i t e - r a i n y a y e  
regress ions o f  hou r l y  area-averaged r a i  n f a l l  

Sate1 1 i t e  
Pe rmu t a t  i on 

Least -Squares L i  near F i t  
I n t e r c e p t  

P S1 ope (m) 

Unadjusted 1 i f e  h i s t o r y  0.59 1.14 0.09 

Adjusted 1 i f e  h i  s t o r y  0.60 0.64 0.02 

Unadjusted s t reaml ined 0.53 0.98 0.11 

Adjusted stream1 ined 0.58 0.54 0.03 

P e r f e c t  correspondence 1.00 1 .oo 0.00 

The means and medians o f  t h e  unadjusted and adjusted s a t e l l i t e  data se t  
(Table 3.7) r e f l e c t  t h e  u t i l i t y  o f  t he  environmental adjustment. The means, 
medians, and s tandard d e v i a t i o n s  o f  t h e  unadjusted s a t e l l i t e  data se ts  a re  a l l  
two t o  t h r e e  t imes l a r g e r  than t h e  corresponding gage values. A f t e r  
adjustment these values d i f f e r  on l y  s l i g h t l y  f rom t h e i r  counterpar ts  i n  t h e  
gage data. 

Box-and-whisker p l o t s  (Fig.  3.16) show t h e  s i m i l a r i t i e s  and t h e  
d i f f e r e n c e s  amony these f i v e  data sets.  With t h e  except ion o f  t h e  upper 
extreme values, t h e  two unadjusted s a t e l l i t e  permutat ions a re  almost 
i n d i s t i n g u i s h a b l e  from each o the r  and obv ious ly  d i f f e r e n t  from t h e  t h r e e  
remain ing sets.  The gage and t h e  two ad jus ted  s a t e l l i t e  da ta  se ts  a re  f a i r l y  
s i m i l a r ,  bu t  d i f f e r e n c e s  occur a t  t h e  h ighe r  values. The upper q u a r t i l e  range 
o f  t h e  s a t e l l i t e  data, e s p e c i a l l y  t h e  l i f e  h i s t o r y  r e s u l t s ,  i s  much l a r y e r  
than t h e  corresponding gage range. The s a t e l l i t e  data a l so  have a s l i g h t l y  - - -  

smal I e r  i n t e r q u a r t  i I e range 

d i s s i m i l a r i t i e s .  ( I n  these 
Stem-and-1 e a f  p l  o t s  

t h a n - t h e  gage da ta  show. 

(F ig .  3.17) h i g h l i g h t  t h e  d e t a i l s  o f  t h e  
p l o t s  0.43 mm, f o r  example, i s , rep resen ted  by a 
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Table 3.7. S t a t i s t i c s  f o r  hou r l y  area-averaged 
sate1 1 i t e  and r a i  nyage samples. 

1 .o 

0.9 

0.6 

0.7, 
s 
P 
Q) 

0.6' 

3 

E OS4 

2 0.6 
P P 

4 0.3 
8 

0.2 

0.1 

0.0 

Data 
Set 

Unadjusted 1 i f e  h i  s t o r y  662 . 16 . 20 . 14 

Adjusted 1 i f e  h i s t o r y  662 .06 . 08 . 08 

Gage 662 .08 . 09 .07 

Unadjusted stream1 ined 664 . 18 . 20 . 14 

Adjusted s t reaml ined 664 .06 .08 . 07 

Gage 664 . 08 . 09 .07 

Fig. 3.16. Box-and-whisker 
p l o t s  f o r  hou r l y  area-aver- 
aged r a i n f a l l s  (mm) f o r  t h e  
gage da ta  (GAGE), unadjusted 
15 f e  h i  s t o r y  (ULH) , adjusted 
l i f e  h i s t o r y  (ALH), unadjus- 
t e d  s t reaml ined (USL), and 
adjusted s t reaml ined (ASL) 
s a t e l l i t e  data. The l i f e  
h i s t o r y  samples have 662 
p o i n t s  and t h e  s t reaml ined 
samples have 664 po in ts .  
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Fig. 3.17a. Stem-and-1 eaf  
p l o t s  of hou r l y  area-aver- 
aged r a i n f a l l s  o f  t h e  gage 
( top) ,  unadjusted l i f e  h i s -  
t o r y  (middle)  and adjusted 
l i f e  h i s t o r y  (bottom) data.: 

Fig. 3.17b. Stem-and-1 eaf  
p l o t s  o f  hou r l y  area-aver- 
aged r a i n f a l l s  of t h e  gage 
( top ) ,  unadjusted stre,am- 
l i n e d  (middle) and adjusted 
stream1 i ned (bottom) data. 
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"stem" of 4 i n  t h e  v e r t i c a l  and a " l e a f "  o f  3 along t h e  ho r i zon ta l .  Because 
of t h e  number o f  observations, data f o r  each ten ths  stem value are  w r i t t e n  
over  f i v e  h o r i z o n t a l  l ines . )  The h igher  values o f  t h e  unadjusted s a t e l l i t e  
d i s t r i b u t i o n  have been moved i n t o  smal ler  amounts by t h e  environmental 
adjustment; t h e  frequency o f  area-averaged r a i n f a l l s  smal ler  than 0.10 mm has 
increased so t h a t  t h e i r  numbers are  l a r g e r  than t h e  gage data f o r  t h e  same 
i n t e r v a l .  The gage da ta  show two peaks a t  0.00-0.01 mm and 0.06-0.07 mm. 
Only t h e  adjusted s t reaml ined da ta  have captured t h i s  double peak. 

Time se r ies  o f  t h e  hour l y  gage and s a t e l l i t e  r a i n  amounts i n d i c a t e  the  
reason f o r  t h e  decrease i n  t h e  c o r r e l a t i o n  c o e f f i c i e n t .  I n  a representat ive,  
4-day pe r iod  o f  moderate gage r a i n f a l l s  (Figs. 3.18 and 3.19), s a t e l l i t e  
est imates are  bo th  g rea te r  and smal ler  than t h e  gage values. It i s  a l s o  
ev ident  t h a t  t h e  gage da ta  a r e  more v a r i a b l e  than t h e  s a t e l l i t e  data; t h e  gage 
da ta  show high-frequency f l u c t u a t i o n s  i n  the  t ime se r ies  t h a t  are no t  ev ident  
i n  t h e  s a t e l l i t e  t ime  ser ies .  Moreover, t h e  gage data o f ten  show a peak where 
t h e  s a t e l l i t e  da ta  i n d i c a t e  on l y  a con t inu ing  t rend  o f  inc reas ing  o r  
decreasiny r a i n f a l l ,  and t h e  s t reaml ined t ime se r ies  have smoother s iynatures 
than t h e i r  l i f e  h i s t o r y  counterpar ts .  It appears t h a t  s a t e l l i t e  data do not  
cap ture  t h e  showery na ture  o f  convect ive r a i  n f a l l  when c a l c u l a t i o n s  are made 
w i t h  hou r l y  imagery. The f u l l  t ime ser ies  (Appendix E )  con f i rm these 
i mg ress i ons . 
Fig. 3.18. Time se r ies  o f  I - -.4 Urmtth 

hour l y  area-averayed r a i n -  - w  

f a l l s  f o r  August 17-20, 1979 
from t h e  unadjusted l i f e  ~' 

h i s t o r y  ( top )  and unadjusted E 
stream1 i ned (bottom) tech-  
niques. 
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Fig. 3.19. Time s e r i e s  o f  
hou r l y  area-averaged r a i n -  
f a l l s  f o r  August 17-20, 1979 
from t h e  adjusted l i f e  h i s -  
t o r y  ( t o p )  and adjusted 
s t reaml ined (bottom) tech-  
n i  ques . 
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Re la t i ve  maxima and minima (Table 3.8) are as l i k e l y  t o  occur 1 hour 
apa r t  as t o  be co inc ident .  Two- and three-hour d i f f e rences  were counted, but 
i t  becomes unreasonable t o  a s c r i b e '  r e l a t i v e  maxima t o  the  same r a i n  event when 
t ime  d i f f e r e n c e s  a r e  g rea te r  than 3 hours. Frequent ly  the re  i s  no range 0-1 
inches i s  blank. The shading o f  t h e  NCC data i s  i t  becomes unreasonable t o  
asc r ibe  r e l a t i v e  maxima t o  t h e  same r a i n  event when t ime  d i f f e rences  are  
g rea te r  than 3 hours. Frequent ly  the re  i s  no corresponding peak o r  v a l l e y  i n  
t h e  s a t e l l i t e  data, again emphasizing t h a t  hou r l y  s a t e l l i t e  data do no t  
represent  very we l l  t h e  convect ive showers t h a t  occur on 10-20 minute t ime  
frames . 

A harmonic ana lys i s  was performed on s a t e l l i t e  data se ts  i n  which miss ing 
hour l y  amounts were i n t e r p o l a t e d  t o  form a continuous ser ies.  For a pe r iod  
w i t h  n miss ing  hours, a f i r s t  est imate o f  t h e  miss ing r a i n f a l l  i s  made by 
1 i near l y  i n te rpo l  a t i  ng between t h e  precedi ng and f o l  1 owi ng "good" hours of 
r a i n f a l l .  The i n t e r p o l a t e d  amounts, however, are const ra ined t o  equal t h e  
accumulated amounts ca l cu la ted  by t h e  s a t e l l i t e  f o r  t h e  n hours. Any 
d i f f e r e n c e  i s  equa l l y  d i v i d e d  among t h e  n hours and a l g e b r a i c a l l y  added t o  t h e  
f i  rs t -guess r a i n f a l l  . 

Of t h e  t h r e e  harmonics showing t h e  most power (Table 3 . 9 ) ,  no s i n g l e  
harmonic'accounts f o r  more than 20% o f  t h e  variance, and t h e  th ree  grea tes t  i n  
any s e t  ba re l y  account f o r  30% o f  t h e  variance. Each o f  t h e  f i v e  data sets  
shows t h e  expected d i u r n a l  cyc le .  I n t e r e s t i n g l y ,  t h e  gages and the  two 
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Table 3.8. C o i n c i d e n c e ' o f  maxima and minima t i m e s  i n  t h e  s a t e l l i t e  
and gage samples o f  h o u r l y  area-averaged r a i  n f a l l  

D i f f e r  by No c o r r e -  No. o f  
Sate1 1 i t e  C o i n c i -  one two sponding gage 
Pe r inutat  i on dent  hour  hours p o i n t  p o i n t s  

Unadjusted 1 i f e  h i  s t o r y  
45 

A d j u s t e d  l i f e  h i s t o r y  
40 

Unadjusted s t reaml  i ned 
18 

A d j u s t e d  s t reaml  i ned 
33 

36 
43 

46 
48 

20 
30 

28 
38 

50 15 
10 73 

42 16 
16 71 

33 8 
4 113 

33 8 
11 82 

67 168 
171 

59 163 
175 

106 167 
165 

95 164 
164 

Note: The r e l a t i v e  maxima as d e f i n e d  by t h e  gage t i m e  s e r i e s  a r e  
counted. R a i n f a l l  maxima a r e  t a b u l a t e d  on t h e  t o p  l i n e  and minima a r e  
on t h e  bot tom l i n e  o f  each p a i r .  

a d j u s t e d  s a t e l l i t e  s e t s  have i n d i c a t i o n s  o f  a 10.3-day per iod ,  w h i l e  t h e  gage 
and t h e  two unad jus ted  s a t e l l i t e  d a t a  s e t s  show a 6-day p e r i o d .  The 
semid iu rna l  c y c l e  a l s o  appears i n  a l l  these d a t a  se ts ,  b u t  i s  n o t  shown i n  
t h i s  t a b l e  because i t s  e x p l a i n e d  v a r i a n c e  i s  on t h e  o r d e r  o f  1%. 

A l l  t h e  d i f f e r e n c e  measures o f  h o u r l y  r a i n f a l l s  t h a t  i n v o l v e  r a t i o s  
( T a b l e  3.10) a r e  much l a r y e r  than those o f  d a i l y  r a i n f a l l s .  For  t h e  month as 
a whole, t h e  unad jus ted  s a t e l l i t e  r a i n f a l l s  a re  t w i c e  as l a r g e  as t h e  gage 
month ly  r a i n f a l l ,  and t h e  a d j u s t e d  s a t e l l i t e  amounts a r e  20% smal le r .  (See 
c o l  umn t w o )  . On an hour-by-hour b a s i  s ( c o l  umn t h r e e ) ,  t h e  s a t e l  1 i t e  es t imates  
a r e  t o o  h i g h  by a f a c t o r  o f  4 i n  t h e  unadjusted and by 20-30% i n  t h e  a d j u s t e d  
s a t e l  1 i t e  techn iques  . Absol Ute f a c t o r s  o f  d i f f e r e n c e  (column f o u r )  a r e  about 
5.0 f o r  t h e  l i f e  h i s t o r y  and 3.5-4.0 f o r  t h e  s t reaml ined d a t a  sets .  The 
normal ized  RMS e r r o r  (column s i x )  i s  3 t o  5 t imes g r e a t e r  than i t s  p r e v i o u s  
va lues  f o r  t h e  d a i l y  r e s u l t s .  RMS e r r o r s  (column f i v e ) ,  though, a r e  a lmost  
s i m p l y  s c a l e d  by t h e  d i f f e r e n c e  i n  t h e  two accumulat ion per iods .  Rather  t h a n  
b e i n g  a f a c t o r  o f  24 s m a l l e r ,  RMS e r r o r s  a r e  a f a c t o r  o f  15-20 smal le r .  

Desp i te  t h e  l a r g e  va lues appear ing i n  Table 3.10, a very  d i f f e r e n t  
e v a l u a t i o n  of  t h e  s a t e l l i t e  r a i n f a l l s  i s  apparent i n  t h e  d i s t r i b u t i o n  of 
s a t e l  1 i t e  and gage d i f f e r e n c e s  (F ig .  3.20) . The two unadjusted s a t e l  1 i t e  
r a i n f a l l s  have a p o s i t i v e  b i a s  ( S d )  and r e l a t i v e l y  l a r g e  ranges. The 
a d j u s t e d  s a t e l l i t e  r e s u l t s  a r e  more s y m m e t r i c a l l y  d i s t r i b u t e d  around zero,  
h a l f  t h e  d i f f e r e n c e s  b e i n g  w i t h i n  t0.05 mm and 90% w i t h i n  0.15 mm* 
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Table 3.9. Harmonics and t h e i r  f r a c t i o n a l  var iance f o r  t h e  t h r e e  
harmonics w i t h  t h e  grea tes t  power 

Data se t  
Per iod F rac t i ona l  

Harmon i c (days) Variance 

Gage 5 
3 

31 

Unadjusted 1 i f e  h i  s t o r y  31 
5 
7 

Adjusted 11 f e  h i  s t o r y  31 
3 
9 

Unadjusted s t  ream1 i ned 31 
5 
7 

Adjusted stream1 ined 31 
3 
9 

6.2 
10.3 

1.0 

1 .o 
6.2 
4.4 

1.0 
10.3 
3.4 

1.0 
6.2 
4.4 

1 .o 
10.3 

3 04 

.17 

.06 

.05 

.20 . 05 

.03 

.16 . 08 . 04 

.16 
-08 
.04 

.16 

.09 

.05 

Table 3.10. D i f f e rence  measures f o r  hou r l y  area-averaged 
r a i n  samples 

Mean Factor  RMS Norm. 
Sate1 1 i t e  Monthly Hourly o f  E r ro r  RMS 
Pe rmutat  i on R a t i o  Ra t io  D i  f f .  (mm 1 E r r o r  

Unadj. L.H. 2.12 3.97 5.10 0.16 7 004 

Adj. L.H. 0.87 1.31 5.23 0.07 1.97 

Un ad j,. ’. S .L . 2.13 3.99 4.29 0.16 6.99 

Adj. S.L. 0.81 1.20 3.40 0.0.7 1.47 

P e r f  . Corresp. 1.00 1.00 1 000 0.00 0.00 
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F i  g. 3.20. Modi f i ed box-and- 
whisker p l o t s  o f  hou r l y  
d i f f e r e n c e s  (S-G) i n  are- 
a-averaged r a i  n f a l l  s 
(mm). The dashed box en- 
c loses 90% o f  t h e  
sampl e. Four sate1 1 i t e  
permutations are repre-  
sented: Unadjusted 1 i f e  
h i s t o r y  (ULH); ad justed 
l i f e  h i s t o r y  (ALH); unad- 
j u s t e d  s t reaml ined (USL); 
ad j u s t ed s t  ream1 i ned 
(ASL) techniques . 
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Fiy .  3.21. Mod i f ied  box-and- 
whisker p l o t s  o f  hou r l y  
f r a c t  i onal d i f f e rences  
[(S-G)/G] i n  area-aver- 
aged r a i  n f a l l  s . The 
dashed box encloses 90% 
o f  t h e  sample. Four sa- 
t e l  l i t e  permutations are  
represented: Unadjusted 
l i f e  h i s t o r y  (ULH); ad- 
j u s t e d  1 i f e  h i  s t o r y  
(ALH); unadjusted stream- 
l i n e d  (USL); ad justed 
stream1 ined (ASL) tech-  
niques. 
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F r a c t i o n a l  d i f f e r e n c e s  [ ( S - E ) / G ' ]  a r e  l a r g e  again f o r  t h e  unadjusted and 
moderately l a r g e  f o r  t h e  ad jus ted  s a t e l l i t e  r a i n f a l l s  (F ig .  3.21). The l a r g e  
p o s i t i v e  b i a s  o f  t h e  median i n  t h e  former atld smal le r  negat ive  b i a s  i n  t h e  
l a t t e r ,  noted i n  Table 3.10, a re  r e f l e c t e d  here. Roughly h a l f  t h e  adjusted 
r a i n f a l l  d i f f e r e n c e s  are  w i t h i n  k50% o f  t h e  gage amount, bu t  90% of t h e  
d i f f e r e n c e s  cover  a l a r g e  ranye f rom -90% t o  +300% o f  t h e  gage amount. 

4. COMPARISONS OF SATELLITE AND GAGE POINT RAINFALLS 

P o i n t  r a i n f a l l s  a r e  t h e  f o r t e  o f  gages. A standard gaye w i t h  i t s  8 - inch  
diameter i s ,  w i t h  q u a l i f i c a t i o n ,  record ing  " t r u e "  r a i n f a l l  a t  a l oca t i on .  
Caveats i n c l u d e  f a c t o r s  such as exposure and wind cond i t ions ,  bu t  yaye e r r o r s  
i n  t h e  measurement o f  convect ive r a i n f a l l  are, by con t ras t ,  much smal le r  than 
f o r  t h e  measurement o f  snow (Peck, 1980). However, r a i n f a l l  a t  a p o i n t  may 
no t  be rep resen ta t i ve  o f  t h e  r a i n  3 km away because o f  t h e  tremendous 
y r a d i e n t s  t h a t  can occur i n  convec t ive  r a i n f a l l s  (Woodley e t  al., 1975). The 
s a t e l l i t e  r e s o l u t i o n ,  on t h e  o the r  hand, i s  so coarse (and i s  f u r t h e r  degraded 
i n  t h i s  study t o  "500 km2) t h a t  r a i n f a l l  est imated f o r  a s i n g l e  p i x e l  i s  
r e a l l y  an area-averaged r a i n f a l l  . 
techniques (e.g., Sco f ie ld ,  1987) - r o u t i n e l y  generate p o i n t  r a i n f a l l  amounts, 
a l b e i t  w i th  t h e  f u l l  r e s o l u t i o n  I R  data. This sec t i on  g ives an idea of how 
f a r  s a t e l l i t e  da ta  can be pushed. 

Po in t  comparisons are  made because some 

Sate1 1 i t e  " p o i n t "  r a i  n f a l l  s are  generated from t h e  s a t e l  1 i t e  r a i  n f a l  1 
a r rays  . A b i  1 i near i n t e r p o l  a t i  on i s  used t o  compute s a t e l  1 i t e  po i  n t  r a i  nf  a1 1 
f rom t h e  f o u r  p i x e l s  ad jacent  t o  o r  a t  t h e  gage p o s i t i o n .  The d a i l y  and 
h o u r l y  da ta  se ts  a re  i n t e r p o l a t e d  separate ly .  The i n t e r p o l a t i o n  can be 
assessed by comparing area-averaged r a i n f a l l s  computed. froin t h e  i n t e r p o l a t e d  
and a r r a y  da ta  sets  o f  s a t e l l i t e  r a i n f a l l s .  Some no ise  i s  in t roduced by t h e  
i n t e r p o l a t i o n  procedure, bu t  t h e  i n t e r p o l a t e d  data se ts  do not  produce area- 
averaged r a i n f a l l s  t h a t  a re  very d i f f e r e n t  from t h e  a r ray  data. Cor re la t i ons  
between i n t e r p o l a t e d  and a r ray  r a i n f a l l s  (Table 4.1) are hiyh f o r  bo th  t h e  

Table 4.1. C o r r e l a t i o n  between area-averayed r a i n f a l l s  
from a r ray  and i n t e r p o l a t e d  s a t e l l i t e  data se ts  

Sate l  1 i t e  
Permutat i on 

Corre l  a t i  on Coef f i c i  en t  
Daily Hour ly 

Unadj. l i f e  h i s t o r y  

Adj. l i f e  h i s t o r y  

Unadj. s t reaml ined 

'Ad j . s t  ream1 i ned 

.931 .911 

.928 .925 

.947 -916 

.927 .919 
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d a i l y  and hour l y  t i m e  frames;.correlation c o e f f i c i e n t s  a re  g rea te r  than 0.90 
f o r  a l l  four  s a t e l l i t e  permutat ions.  D i s t r i b u t i o n s  o f  area-averaged amounts 
(F igs.  4.1 and 4.2) a re  almost i n d i s t i n g u i s h a b l e  f o r  t h e  i n t e r p o l a t e d  and 
a r ray  subsets o f  any permutat ion,  exc lus i ve  o f  some s t r i k i n g  except ions a t  t h e  
h ighes t  values. 
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Fig.  4.1. Box-and-whisker 

a r ray  and i n t e r p o l a t e d  da ta  
se ts :  Unadjusted l i f e  h i s -  
t o r y  p a i r s  (ULH); ad jus ted  
l i f e  h i s t o r y  p a i r s  (ALH); 
unadjusted streaml i ned p a i r s  
(USL); ad jus ted  streaml ined 
(ASL) pa i r s .  The p r e f i x  I 
denotes i n t e r p o l  a ted da ta  
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(ULH); ad justed l i f e  h i s t o r y  
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i n t e r p o l a t e d  data sets .  
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4.1 D a i l y  R a i n f a l l s  

R 15.03 19.81 R 

NR 5.70 59.46 NR 

Gross c l a s s i f i c a t i o n  o f  r a i n  versus no- ra in  cond i t i ons  i s  poss ib le  w i t h  
p o i n t  data and i s  a useful,  i f  low- leve l ,  assessment o f  any r a i n  es t ima t ion  
technique. An "event" i n  t h i s  contex t  occurs a t  a l o c a t i o n  du r ing  a s p e c i f i e d  
t ime  pe r iod  and can be e i t h e r  r a i n  o r  no ra in .  I d e n t i c a l  c l a s s i f i c a t i o n s  
occur  when t h e  s a t e l l i t e  and gage both i n d i c a t e  r a i n  o r  both i n d i c a t e  no 
ra in .  The m a j o r i t y  o f  t h e  gage and s a t e l l i t e  events i s  i d e n t i c a l l y  c l a s s i f i e d  
(Table 4.2). When non iden t i ca l  c l a s s i f i c a t i o n s  occur, t h e  s a t e l l i t e  i s  more 
l i k e l y  t o  i n d i c a t e  r a i n  when t h e  gage shows none than v i c e  versa. The ne t  
e f f e c t  o f  t h e  environmental adjustment on t h e  s a t e l l i t e  est imates (compare t h e  
unadjusted w i t h  t h e  adjusted permutation) i s  t o  move about 10% of t h e  
s a t e l l i t e  r a i n  sample i n t o  t h e  no- ra in  class. This amounts t o  a s l i g h t  (3-4 
p o i n t )  improvement i n  t h e  number o f  i d e n t i c a l  c l a s s i f i c a t i o n s ,  but  a t  t h e  
expense o f  a 4-point  drop i n  t h e  r a i n - r a i n  class. 

11.46 12.76 

9.27 66.51 

Table 4.2. Contingency t a b l e s  o f  t h e  percentage o f  occurrence 
o f  ra in /no - ra in  events f o r  s a t e l l i t e  (S )  and gage ( G )  

da i  l y  p o i n t  r a i  n f a l l  s 

N 
R 

NR 

R NR R NR h G 

15.31 20.90 R 11.05 12 . 39 

5.42 58.37 NR 9.68 66 . 88 
* 

Note: There are 26,315 p a i r s  i n  each sample. 
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It i s  n o t  s u r p r i s i n g  t h a t  t h e  most f r e q u e n t l y  occu r r i ny  c lass  i s  t h e  no- 
r a i n  category. It i s  c l e a r  t o  those l i v i n g  i n  t h i s  reg ion  t h a t  t he re  a re  more 
days when i t  i s  n o t  r a i n i n y  than when i t  i s ,  du r iny  t h e  summer months. 
Although i t  i s  j u s t  as impor tant  t o  d i s t i n g u i s h  r a i n  from no- ra in  s i t u a t i o n s ,  
s u f f i c e  i t  t o  say t h a t  t h e  s a t e l l i t e  does an adequate j o b  o f  i d e n t i f y i n y  no- 
r a i n  occurrences. Only nonzero r a i n f a l l s  are considered i n  t h e  q u a n t i t a t i v e  
analyses t h a t  f o l l ow .  

180 
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,,I 
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20 

A c l o s e r  l ook  a t  these d a i l y  r a i n f a l l s  i s  prov ided by box-and-whisker 
p l o t s  (F ig .  4.3). These p l o t s  reveal  t h a t  t he  h ighes t  r a i n f a l l  amounts seen 
i n  t h e  gage da ta  a re  no t  achieved by t h e  s a t e l l i t e  data. This  i s  t o  be 
expected, because, t h e  s a t e l l i t e  est imate i s  an area average and un i fo rm ly  h i y h  
r a i n f a l l  amounts do n o t  genera l l y  occur over t h e  e n t i r e  rey ion  o f  any one 
s a t e l  1 i t e  sampl e. The unadjusted s a t e l  1 i t e  amounts almost rep1 i c a t e  t h e  gage 
d i s t r i b u t i o n  o f  t h e  p o i n t  r a i n f a l l s  i n  t h e  lower  t h r e e  q u a r t i l e s ,  bu t  t h e  
medians and hinges are  somewhat h igher  than t h e  gage values; median and mean 
va lues i n  Table 4.3 cor robora te  t h i s .  The ad jus ted  s a t e l l i t e  medians and 
hinges on t h e  o the r  hand a re  s l i g h t l y  smal le r  than t h e  gage amounts i n  t h e  
1 ower t h r e e  q u a r t i  1 es. 
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Fig. 4.3. Box-and whisker 
p l o t s  o f  d a i l y  p o i n t  amounts 
(mm) f o r  gage (GAGE) and i n -  
t e r p o l  a ted s a t e l  11 t e  da ta  
sets .  Four s a t e l l i t e  permu- 
t a t i o n s  a r e  represented: Un- 
ad jus ted  l i f e  h i s t o r y  (ULH); 
ad jus ted  l i f e  h i s t o r y  (ALH); 
unadjusted s t reaml ined 
(USL); ad jus ted  s t reaml ined 
(ASL) . 
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, There i s  no s i g n i f i c a n t  c o r r e l a t i o n  between the  gage and s a t e l l i t e  
est imates of d a i l y  p o i n t  r a i n f a l l s .  (See Table 4.4, which excludes events 
when bo th  t h e  s a t e l l i t e  and gage a re  zero. When t h e  zero-zero p a i r s  a re  
i n c l  uded t h e  c o r r e l  a t i  on c o e f f  i c i  en ts  are i ncreased by about 20 po i  n t s  .) The 
f a c t  t h a t  t h e  gage and s a t e l l i t e  p o i n t  r a i n f a l l s  a re  uncor re la ted  most 
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Table 4.3. S t a t i s t i c s  f o r  nonzero d a i l y  p o i n t  
sate1 1 i t e  and r a i  ngage samples 

Data No. o f  Median Mean Std. Dev. 
Set Samples (mm1 (mm 1 (mm 1 

Sa te l l i t e -unad j .  l i f e  h i s t o r y  9,164 8.64 12.93 13.49 

S a t e l l i t e - a d j .  l i f e  h i s t o r y  6,371 4.57 7 ..87 10.85 

S a t e l l i t e - u n a d j  . streaml ined 9 , 524 8.38 12.22 11.91 

Sate l  1 i te -ad j  . stream1 i ned 6,165 4.83 7.92 10.36 

Gage 5,448 5.08 11.07 13.46 

c e r t a i n l y  a r i s e s  from t h e  vast  s p a t i a l  d i f fe rences  between t h e  s a t e l l i t e  and 
gage, p o i n t  reso lu t i on .  These f i n d i n g s  concur w i t h  t h e  F l o r i d a  r e s u l t s  o f  
M e i t i n  e t  a l .  (1981) t h a t  i n d i c a t e  low c o r r e l a t i o n s  f o r  p o i n t  r a i n f a l l s .  Even 
w i t h  f u m s o l u t i o n  ( 8  km x 8 km) GOES IR data, c o r r e l a t i o n s  f o r  6-hourly 
r a i n f a l l s  ( t he  longest  accumulations discussed by M e i t i n  - e t  al.) are 0.4. 

D i f f e rence  measures (Table 4.5) a l so  r e f l e c t  t h e ,  l a r g e  s c a t t e r  between 
gage and s a t e l l i t e  p o i n t  r a i n f a l l s .  Compared w i t h  t h e  d a i l y  area-averaged 

Table 4.4. Least-squares f i t  parameters f o r  s a t e l l i t e - r a i n g a g e  
regress ions o f  nonzero d a i l y  p o i n t  r a i n f a l l  

Least-Squares L inear  F i t  
Satel 1 i t e  No. o f  I n t e r c e p t  
Pe rmutat i on Samples . p S1 ope (mm) 

Unadj . 1 i f e  h i s t o r y  10,621 0.28 0.34 9.22 

Adj. l i f e  h i s t o r y  8,765 0.22 0.18 4.50 

Unadj. s t reaml ined 10,899 0.28 0.30 9.02 

Adj . stream1 ined 8,659 0.21 0.16 4.50 

Perf. ’corresp. - 1.00 1 .oo 0.00 
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Table 4.5.. D i f f e r e n c e  measures f o r  nonzero 
d a i l y  p o i n t  r a i n  samples 

Mean F a c t o r  Norm. 
Sate1 1 i t e  Monthly D a i l y  o f  RMS RMS 
Permuta t ion  R a t i o  R a t i o  D i f f .  E r r o r  E r r o r  

~ 

Unadj. L.H. 1.96 2.53 4.55 15.75 7.04 

Adj. L.H. 0.83 1.01 4.91 13.72 3.55 

Unadj. S.L. 1.93 2.55 4.54 14.73 7 .25 

Adj. S.L. 0.81 1.01 5.19 13.72 3.88 

P e r f .  Corresp. 1.00 1 .ou 1 .oo 0.00 0.00 

r e s u l t s  (Tab le  3.6), month ly  (RN) and d a i l y  (R ) b iases  a r e  about t h e  same, 
b u t  t h e  f a c t o r  of  d i f f e r e n c e  r a t i o  (EK)., t h e  RM 9 e r r o r  and t h e  normal ized RMS 
e r r o r  a r e  s u b s t a n t i a l l y  (3 t o  13 t i m e s )  l a r g e r  t h a n  before.  The e f f e c t  o f  
area averaging on smoothing ou t  d i f f e r e n c e s  i n  gage and s a t e l l i t e  r a i n f a l l s  i s  
e v i d e n t  . 

Abso lu te  d i f f e r e n c e s  i n  p o i n t  r a i n f a l l s  (F ig .  4.4) a r e  smal l  enough t h a t  
t h e  e s t i m a t i o n  of c o n v e c t i v e  r a i n f a l l  from s a t e l l i t e  d a t a  looks  promis ing.  
A l though t h e  extreme d a i l y  d i f f e r e n c e s  can be as l a r g e  as 160 mm, h a l f  t h e  
d i f f e r e n c e s  a r e  no g r e a t e r  than 10 mm and 90% a r e  w i t h i n  approx imate ly  *20 mm 
f o r  a l l  f o u r  s a t e l l i t e  permutat ions.  Di f ferences i n  t h e  a d j u s t e d  s a t e l l i t e  
s e t s  a r e  r a t h e r  s y m m e t r i c a l l y  d i s t r i b u t e d  around zero,  i n d i c a t i n g  l i t t l e  b i a s  
i n  c o n t r a s t  t o  t h e  unad jus ted  se ts .  The environmental  adjustment has r e s u l t e d  
i n  l o n g e r  t a i l s  i n  t h e s e  a d j u s t e d  data,  though. 

4.2 Hour ly  R a i n f a l l s  

The most extreme t e s t  i n  comparing gaye and s a t e l l i t e  d a t a  i s  t h a t  f o r  
h o u r l y  p o i n t  r a i n f a l l s .  Such comparisons push t h e  s a t e l l i t e  da ta  t o  t h e i r  
l i m i t s ,  f o r  t h e  gaye and s a t e l l i t e  d a t a  a r e  f rom two very  d i f f e r e n t  t i m e  and 
space scales.  O i f fe rences  i n  s p a t i a l  sca les  amount t o  comparing a 3 km2 ( o r  
s m a l l e r )  gaye area w i t h  a 500 km2 s a t e l l i t e  area, as d iscussed i n  s e c t i o n  
4.1. I n  a d d i t i o n ,  h o u r l y  comparisons p i t  da ta  from gayes t h a t  sample a lmost  
c o n t i n u o u s l y  a g a i n s t  sate1 1 i t e  d a t a  t h a t  a r e  n e a r l y  instantaneous imayes 
recorded once per  hour.  The f i n a l  r e s u l t  i s  t h a t  smal l -sca le  c o n v e c t i v e  
showers t h a t  o f t e n  l a s t  no l o n y e r  than 20 minutes u s u a l l y  f a l l  between t h e  
c racks  o f  t h e  s a t e l l i t e  space and t i m e  r e s o l u t i o n s .  

Cont ingency t a b l e s  f o r  h o u r l y  p o i n t  r a i n f a l l s  (Table 4.6) show t h a t  
b e t t e r  than 95% o f  t h e  events  a r e  i d e n t i c a l l y  c l a s s i f i e d ,  b u t  almost a l l  o f  
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Fig. .4.4. Modi f ied  box-and- 
whisker p l o t s  o f  d a i l y  p o i n t  
d i  fferences (mm) o f  i nterpo- 
1 ated sate1 1 i t e  depths l e s s  
gage amounts. Four s a t e l -  
l i t e  permutations are  repre-  
sented: Unadjusted l i f e  h i s -  
t o r y  (ULH); ad justed l i f e  
h i s t o r y  (ALH); unadjusted 
streaml ined (USL); ad justed 
s t  reaml i ned (ASL) . The 
dashed box i ndica tes  t h e  
range o f  90% o f  t h e  data. 

0.79 3.56 R 

1.46 94.19 NR 

Table 4.6. Contingency tables. o f  t h e  percentage o f  occurrence 
o f  ra in /no - ra in  events f o r  569,426 sa te l  1 i t e  (S) 

and gage (G) hou r l y  p o i n t  r a i n f a l l s  

0.50 1.90 

1.75 95 . 85 

Unadjusted l i f e  h i s t o r y  Adjusted 1 i f e  h i  s t o r y  

.- 

R 

NR 

R NR 

R NR 

.R 

'NR 

R NR 

0.78 3.58 R 0.50 1.92 

1.48 94.17 NR 1.75 95 . 83 

Unadjusted s t  reaml i ned Adjusted streaml ined 

R NR 



these a r e  t h e  n o - r a i n / n o - r a i n  cases. The n o n i d e n t i c a l  c l a s s i f i c a t i o n s  occur  
about 4-5% o f  t h e  t ime.  I n  t h e  unad jus ted  s a t e l l i t e  data,  t h e  s a t e l l i t e  i s  
more l i k e l y  t o  i n d i c a t e  r a i n  when t h e  gage shows none t h a n  v i c e  versa. 
However, e i t h e r  o f  t h e  two n o n i d e n t i c a l  c l  a s s i  f i c a t  i ons i s  equal  l y  1 i k e l y  i n 
t h e  a d j u s t e d  s a t e l l i t e  d a t a  se t .  Again, i t  i s  n o t  unexpected t h a t  hours w i t h  
no r a i n f a l l  predominate i n  t h e  h o u r l y  p o i n t  es t imates  o f  r a i n f a l l .  The 
S t a t i s t i c s  and analyses t h a t  f o l l o w  a r e  based on t h e  nonzero d a t a  alone. 

S a t e l l i t e  average va lues  and s tandard d e v i a t i o n s  o f  h o u r l y  r a i n f a l l  a t  
p o i n t  l o c a t i o n s  (Tab le  4.7) a r e  s m a l l e r  by 25-50% than  t h e  yaye va lues i n  a l l  
Permutat ions.  Median va lues i n  t h e  unadjusted and a d j u s t e d  s a t e l l i t e  d a t a  
b r a c k e t  t h e  gaye median, t h e  unad jus ted  va lues be iny  c l o s e r  than t h e  a d j u s t e d  
Values. The box-and-whisker p l o t s  (F ig .  4.5) aga in  i n d i c a t e  t h a t  t h e  l o w e r  
t h r e e  q u a r t i l e s  a r e  n o t  v e r y  d i f f e r e n t  i n  t h e i r  d i s t r i b u t i o n s ,  b u t  t h a t  l a r g e  
d i f f e r e n c e s  occur  f o r  va lues  i n  t h e  upper q u a r t i l e .  None of t h e  peak va lues  
from any o f  t h e  s a t e l l i t e  permuta t ions  i s  as l a r y e  as t h e  b i g g e s t  amounts 
measured by t h e  gages. This  p robab ly  a r i s e s  f rom t h e  b i l i n e a r  i n t e r p o l a t i o n  
r a t h e r  t h a n  b e i n g  i n h e r e n t  i n  t h e  s a t e l l i t e  techniques;  h i g h e r  r a i n f a l l  va lues 
a r e  more l i k e l y  t o  be surrounded by l o w e r  va lues  t h a n  v i c e  versa. 

Table 4.7. S t a t i s t i c s  f o r  nonzero h o u r l y  p o i n t  
s a t e l  1 i t e  and r a i  ngage samples 

Data 
Set 

No. o f  Median Mean Std. Dev. 
Sarnpl es (mm) (mm) (mm 1 

S a t e l l i t e - u n a d j .  l i f e  h i s t o r y  24,732 2.79 3.61 3.30 

S a t e l l i t e - a d j .  l i f e  h i s t o r y  13,675 1.78 2.82 3.30 

S a t e l  1 i t e - u n a d j .  1 i f e  h i  s t o r y  24,863 2.29 3.30 2.56 

S a t e l l i t e - a d j .  s t r e a m l i n e d  13,818 1.52 2.34 2.41 

Gage 12,884 2.54 4.14 5.69 

Desp i te  t h e  l a r g e  d i f f e r e n c e s  between s a t e l l i t e  and gaye r a i n f a l l s  (F ig .  
4.6) (and t h e  l a r g e s t  d i f f e r e n c e s  occur  when t h e  s a t e l l i t e  amount i s  s m a l l e r  
than t h e  cor respond ing  gage Val ue)  , ha1 f t h e  s a t e l  1 i t e  es t imates  a r e  w i t h i n  t 2  
mm o f  t h e  gage va lues  and 90% a r e  w i t h i n  28 mm. The F l o r i d a  r e s u l t s  o f  M e i t i n  
e t  a1 (1981) f o r  h o u r l y  p o i n t  r a i n f a l l s  show low c o r r e l a t i o n s  (p=*O.l), even 
m + u l l  r e s o l u t i o n  (8 kin x 8 km) GOES IR data.  S i m i l a r l y ,  t h e r e  i s  no 
c o r r e l a t i o n  f o r  t h e  h o u r l y  p o i n t  da ta  (Table 4.8) and t h e  f i t t e d  l e a s t  squares 
l i n e s  a r e  h o r i z o n t a l  w i t h  some p o s i t i v e  o f f s e t .  

The d i f f e r e n c e  measures (Table 4.9), though n o t  as l a r g e  as t h e  va lues  
f o r  t h e  d a i l y  p o i n t  e s t i m a t e s  a r e  among t h e  l a r g e s t  computed i n  t h i s  s tudy.  
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Fig.  4.5. Box-and-whisker 90 
p l o t s  of hou r l y  p o i n t  a- 8 0 -  
mounts (mm) f o r  gage and i n -  
t e r p o l  a ted s a t e l  1 i t e  da ta  
se ts  . Four s a t e l  1 i t e  permu- 
t a t i  ons a re  represented: Un- 
ad jus ted  1 i f e  h i  s t o r y  
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Fig.  4.6. Mod i f ied  box-and- 
whisker p l o t s  o f  hou r l y .  
p o i n t  d i f f e r e n c e s  (mm) o f  
i n t e r p o l a t e d  sa te l  1 i t e  
depths l e s s  gage amounts. 
Four s a t e l l i t e  permutat ions 
a r e  represented: Unadjusted 
1 i fe h i  s t o r y  (1ULH) ; adjus- 
t e d  l i f e  h i s t o r y  (1ALH); un- 
ad justed stream1 i ned (1USL) ; 
ad jus ted  s t  reaml i ned 
(1ASL). The dashed box i n -  
d i c a t e s  the  range o f  90% o f  . 

t h e  data. The p r e f i x  11 de- 
notes t h e  hour l y  i n t e r p o l  a- 
t ed  data sets. 

48 



Table 4.8. Least -squares- f i  t parameters f o r  sate1 1 i t e - r a i  ngaye 
regress1 ons of  nonzero h o u r l y  p o i n t  r a i  n f a l  1 

Least-Squares L i n e a r  F i t  
Sa te l  1 i t e  No. o f  I n t e r c e p t  
Pe rmu t a t  i on Sampl es P S1 ope (mm> . 

Unadj. l i f e  h i s t o r y  33,066 -0.04 -0.03 2.74 

Adj. l i f e  h i s t o r y  23,637 -0.05 -0.03 1.71 

Unadj . stream1 i ned 33,309 -0.07 -0.05 2.53 

Ad j . s t  ream1 i ned 23,836 -0.07 -0.03 1.43 

Per f .  corresp.  - 1.00 1.00 0.00 

L i k e  t h e  area-averayed r e s u l t s ,  these h o u r l y  measures are  sinal l e r  than t h e i r  
d a i l y  c o u n t e r p a r t s .  But u n l i k e  t h e  area-averaged r e s u l t s ,  t h e  h o u r l y  measures 
a r e  n o t  s imp ly  sca led  by a f a c t o r  of 24, which i s  t h e  d i f f e r e n c e  i n  t h e  
accumulat ion per iod .  The s c a l i n g  f a c t o r  v a r i e s ,  b u t  i s  g e n e r a l l y  much 
smal le r ,  i n d i c a t i n y  more s c a t t e r  i n  t h e  h o u r l y  p o i n t  es t imates  t h a n  i n  t h e  
d a i l y  . 

Table 4.9. D i f f e r e n c e  measures f o r  nonzero 
h o u r l y  p o i n t  r a i n  samples 

Mean F a c t o r  Norm. 
Sate l  1 i t e  Monthly Hour ly  o f  RMS RMS 
Pe rmu t a t  i on R a t i o  R a t i o  D i  f f  E r r o r  E r r o r  

Unadj. L.H. 1.7 0.97 3.94 5.33 3.22 

Adj. L.H. 0.73 0.46 4.38 5.59 2.33 

Unadj. S.L. 1.5 0.91 3.96 5.08 2.82 

Adj. S.L. 0.61 0.41 4.42 5.33 2.08 

P e r f .  Corresp. 1.00 1.00 1.00 0.00 0.00 
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5. SPATIAL PATTERN STUDIES 

The f o r t e  of  t h e  geos ta t ionary  s a t e l l i t e  p l a t f o r m  i s  t o  view l a r g e  areas 
r e l a t i v e l y  homogeneously i n  space and i n  t ime. This  c a p a b i l i t y  prov ides a 
p o t e n t i a l  f o r  t h e  s a t e l l i t e  t o  f i l l  i n  s p a t i a l  i n fo rma t ion  around gage data, 
t o  c lose  gaps i n  radar  coverage, and prov ide  r a i n f a l l  est imates i n  da ta-vo id  
reg ions.  Thus, no t  on ly  i s  t h e  correspondence o f  s a t e l l i t e  r a i n f a l l s  w i t h  
gage amounts and w i t h  gage temporal i n fo rma t ion  impor tant ,  bu t  t h e  
correspondence o f  t h e  s p a t i a l  pa t te rns  i s  a l s o  an ob jec t i ve .  

This sec t i on  s u b j e c t i v e l y  and q u a l i t a t i v e l y  discusses s p a t i a l  pa t te rns  
f o r  monthly r a i n f a l l s .  The f i r s t  sec t i on  compares s a t e l l i t e  and yaye f i e l d s  
f o r  t h e  reg ion  o f  study. Comparisons are made f o r  t he  unadjusted and ad jus ted  
l i f e  h i s t o r y  and s t reaml ined techniques. The remainder o f  t h e  s e c t i o n  
expl  ores t h e  s e n s i t i v i t y  o f  s a t e l  1 i t e  i sohyets t o  t h e  temporal reso l  u t i  on o f  
t h e  imayery used f o r  t h e  r a i n f a l l  computations. 

5.1 Monthly R a i n f a l l  Pat terns 

The Nat iona l  C1 imate Data Center ( f o rmer l y  NCC, t h e  Nat ional  C l i m a t i c  
Center)  pub l i shes  a monthly r a i n f a l l  ana lys i s  f o r  t h e  cont iguous Uni ted 
States.  The NCC ana lys i s  f o r  August 1979 appears i n  Fig. 5.1, a long w i t h  
s i m i l a r  maps de r i ved  from t h e  unadjusted and adjusted l i f e  h i s t o r y  
techniques. Per t h e  NCDC convent ion,  t h e  u n i t s  a re  inches and t h e  contour  
l i n e s  are 1, 2, 4, and 8 inch. I n  both t h e  s a t e l l i t e  and gage p l o t s ,  t h e  
noted i n  t h e  f i g u r e  legend, and t h e  characters  used i n  t h e  shading o f  t h e  
s a t e l l i t e  da ta  a re  an at tempt t o  reproduce t h e  gage shading. 

A t  f i r s t  g lance t h e  f i e l d s  i n  Fig. 5.1 appear t o  be from th ree  d i f f e r e n t  
events. Each i n d i c a t e s  a f i n i t e  amount o f  r a i n  over t h e  e n t i r e  reg ion,  b u t  
beyond t h a t  t h e r e  i s  l i t t l e  o v e r a l l  agreement. There are  reg ions o f  
s i m i l a r i t y ,  though. The unadjusted l i f e  h i s t o r y  p a t t e r n  w i t h  i t s  8- inch 
contour  over  Iowa and southern Minnesota covers t h e  same s ta tes  as an 8- inch 
isohyet  i n  t h e  gage data. The adjusted s a t e l l i t e  and gage pa t te rns  e x h i b i t  a 
rough correspondence i n  t h a t  each has more r a i n  i n  the  eastern h a l f  o f  t h e  
a r r a y  than i n  t h e  western. F i n a l l y ,  4- inch contours a re  i n d i c a t e d  by t h e  
ad jus ted  l i f e  h i s t o r y  p l o t  and t h e  gaye p l o t  i n  t h e  Texas panhandle and over 
c e n t r a l  Oklahoma, a l though t h e  l o c a t i o n s  do no t  e x a c t l y  co inc ide.  

The e f f e c t  o f  t h e  environmental adjustment i s  obvious between t h e  two 
s a t e l l i t e  p l o t s .  I n  general t h e  unadjusted l i f e  h i s t o r y  contours have h ighe r  
va lues and a r e  more ex tens ive  than t h e  ad jus ted  l i f e  h i s t o r y  o r  gage 
est imates.  With respect  t o  t h e  gage f i e l d ,  t h e  impression i s  t h a t  t h e  
environmental  adjustment c rea tes  t o o  l a r g e  a decrease i n  t h e  s a t e l l i t e  
r a i n f a l l  over  t h e  p e r i o d  o f  t h e  month, p a r t i c u l a r l y  i n  t h e  western h a l f  o f  t h e  
reg ion.  For ins tance,  be fore  adjustment t h e  sa te l  l i t e  shows Colorado and New 
Mexico t o  be r e c e i v i n g  2 inches and a subs tan t i a l  area r e c e i v i n g  >4 inches. 
A f t e r  adjustment, t h e  s a t e l l i t e  r a i n s  a re  l e s s  than 1 inch. The gages, on the  
o the r  hand, i n d i c a t e  more than h a l f  o f  t h e  area r e c e i v i n g  2 inches and 
embedded pockets r e c e i v i n g  4-inches. S i m i l a r l y ,  both t h e  unadjusted sa te l  l i t e  
data and t h e  gage da ta  show >8 inches over southern Minnesota and nor thern  
Iowa. A f t e r  c o r r e c t i o n  though, t h e  s a t e l l i t e  shows 2 t o  4 inches f o r  t h e  same 
area. 
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Fig.  5.1. S a t e l l i t e  r a i n f a l l  i n f e r r e d  from F l o r i d a  r e l a t i o n s h i p s  and t h e  
l i f e  h i s t o r y  technique ( top  l e f t ) ,  s a t e l l i t e  r a i n f a l l  ad jus ted  by 
t h e  environmental  c o r r e c t i o n  ( t o p  r i g h t )  , and gage r a i n f a l l  a f t e r  
NCDC (bottom) f o r  August 1979. 

51 



Monthly r a i n  volumes f o r  t h i s  reg ion  support t h e  conten t ion  t h a t  t h e  
environmental c o r r e c t i o n  causes t o o  l a r g e  a decrease i n  t h e  ca l cu la ted  
r a i n f a l l .  The volume o f  r a i n  f a l l i n g  i n  t h i s  reg ion i s  4.03 x 1 0 l 1  m 3  
est imated by t h e  unadjusted l i f e  h i s t o r y  technique, 1.65 x 1 0 l 1  m 3  by t h e  
model-adjusted l i f e  h i s t o r y  technique, and 2.22 x 1011 m3 from t h e  gage 
data. I n  o ther  words, t he re  i s  
an 81% d i f f e r e n c e  between t h e  gage volume and t h e  uncorrected l i f e  h i s t o r y  
estimate, and a 26% d i f f e r e n c e  f o r  t h e  f i n a l  s a t e l l i t e  product. I n  t h e  f i r s t  
i ns tance  t h e  s a t e l l i t e  amount i s  h i g h  compared w i t h  t h e  gage data and i n  t h e  
second i t  i s  low. 

(The gage isohyets  were hand planimetered.) 

5.2 Image Frequency S e n s i t i v i t y  Studies 

C lea r l y ,  one requirement f o r  an operat ional  s a t e l l i t e  r a i n  es t imat ion  
technique i s  t h a t  t h e  computations keep abreast of t he  incoming data and be 
completed w i t h i n  t h e  i n t e r v a l  between adv isor ies .  I f  t h e  computer on which a 
technique i s  run i s  a dedicated machine, t he re  i s  no problem given today 's  1 
M I P  machines. On a nondedicated VAX 11/780, f o r  example, t h e  author est imates 
t h a t  hou r l y  r a i n  amounts f o r  t h e  g loba l  t r o p i c s  and subtrop ics (30's t o  30°N) 
can be completed i n  l e s s  than 3 minutes per image (c lock  t ime) ,  us iny t h e  
technique discussed here and f u l l - r e s o l u t i o n  GOES I R  data. 

Under c e r t a i n  cond i t ions  images less  frequent than hour ly  are used t o  
compute r a i n f a l l  . For instance w i t h  a nondedicated machine, computation t ime  
may need t o  be minimized; c a l c u l a t i o n s  based on fewer images i s  one way t o  
accomplish t h i s .  A l te rna te l y ,  opera t iona l  data bases e x i s t  where on ly  
se lec ted  images a re  ava i lab le .  The Japanese GMS system w i t h  i t s  3-hourly 
cyc le  o f  images i s  an example. I n  these cases t h e  e f f e c t  of t h e  temporal 
r e s o l u t i o n  o f  t h e  data on t h e  r a i n  estimates must be determined. 

The temporal r e s o l u t i o n  o f  t h e  data can a f f e c t  both r a i n f a l l  amount and 
r a i n f a l l  pat tern.  I n  sec t i on  4 hour ly  s a t e l l i t e  r a i n f a l l s  f o r  t he  l i f e  
h i s t o r y  and s t reaml ined techniques were assessed. This sec t ion  addresses bo th  
t h e  amount and p a t t e r n  e f f e c t s  f o r  r a i n f a l l s  t h a t  are computed from 
success ive ly  l e s s  f requent  images (3-, 6- and 12-hourly imagery) w i t h  t h e  l i f e  
h i s t o r y  technique alone. The l -hou r l y ,  1/5O r e s o l u t i o n  data c o n s t i t u t e  t h e  
standard . 

Over t h e  course o f  t h e  month, cumulative reg ional  r a i n  volumes computed 
from these f o u r  image frequencies d i f f e r  by l ess  than 10% (Table 5.1). From 
l - h o u r l y  t o  3-hourly t o  6-hourly .imagery, t h e  r a i n  volumes monotonica l ly  
decrease by about 4%. With t h e  12-hourly imagery t h e  t rend  reverses, and t h e  
r a i n  est imates a r e  2% l a r g e r  than t h e  standard. Di f ferences f o r  t h e  12-hourly 
imagery may depend on what t ime t h e  clouds are sampled dur ing  t h e  d iu rna l  
cyc le .  I n  t h i s  case t h e  0000 and 1200 GMT images ( roughly  0600 and 1800 LST) 
were used. However, i t  can be concluded t h a t  i f  one wishes t o  be w i t h i n  10% 
o r  b e t t e r  o f  t h e  l -hou r l y  r a i n f a l l  standard, one can compute w i t h  images as 
i n f requen t  as two per  day. 

The isohyets  (Fig. 5.2), on the  o ther  hand, lead t o  a very d i f f e r e n t  
conclusion. There are minor changes i n  the  isohyeta l  pa t te rns  from l - h o u r l y  
t o  3-hourly data, bu t  t h e  pa t te rns  f o r  t he  l ess  frequent irnayery show marked 
d i s s i m i l a r i t i e s .  For t h e  6-hourly ca l cu la t i ons ,  t h e  broad areas o f  >8 mn i n  
t h e  nor thern  t h i r d  o f  t h e  a r ray  have increased i n  s i ze  and the  reg ion  between 
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Table 5.1. S a t e l l i t e  r a i n  volumes i n f e r r e d  from t h e  l i f e  h i s t o r y  
t e c h n i q u e  f o r  August 1979, as a f u n c t i o n  o f  imaye frequency 

Ra in  Volume D i  f fe rence From 
Image Frequency (m3 x 109) Standard (%)  

1 h  438.74 0.0 

3 h  421.01 -4.0 

6 h  405.44 -7.6 

12 h 448.56 +2.2 

them has become c l u t t e r e d  w i t h  contour  l i n e s .  The same changes a r e  apparent 
i n  t h e  12-hour ly  data,  b u t  t o  a s m a l l e r  degree. I n  t h e  southern t w o - t h i r d s  o f  
t h e  a r r a y  f o r  b o t h  t h e  6- and 12-hour ly  computations, t h e  broad areas o f  >4 mm 
a l o n g  t h e  borders  have broken up, and t h e  small  reg ions  o f  >8 inn over  Kansas 
and Oklahoma a r e  very  much broadened. 

The overwhelming impress ion from these f o u r  p l o t s  i s  t h a t  t h e  i s o h y e t s  
have become i n c r e a s i  n g l y  c e l l  u l  a r  as t h e  i n t e r v a l  between images increases  
from 6 t o  12 hours. T h i s  " c e l l u l a r i z a t i o n "  i s  e a s i l y  exp la ined on t h e  b a s i s  
o f  t h e  r a i n  c a l c u l a t i o n  scheme. Longer i n t e r v a l s  between images mean t h a t  6 
o r  12 hours wor th  o f  r a i n  a r e  "dumped" a t  t h e  l o c a t i o n  of t h e  c loud, whereas 
f o r  t h e  s h o r t e r  image i n t e r v a l s  t h e  i s o h y e t s  a r e  smoothed by c l o u d  mot ion  
between images. The p l o t s  o f  F ig .  5.2 suggest 1- and 3-hour ly  imagery t o  be 
p r e f e r a b l e  t o  6- and 12-hour ly  imagery f o r  p r e s e r v i n g  monthly and s h o r t e r  t e r m  
r a i n f a l l  p a t t e r n s .  

6. CONCLUSIONS 

Comparisons o f  t h e  k i n d  d iscussed i n  s e c t i o n s  3 and 4 a r e  v i t a l  f o r  
i n t e l l i g e n t  a p p l i c a t i o n  o f  s a t e l l i t e  r a i n f a l l  methods. U n t i l  t h e  day when 
more d i r e c t  es t imates  o f  r a i n f a l l  f rom s a t e l l i t e  p l a t f o r m s  a r e  a r e a l i t y ,  
comparisons a r e  t h e  b a s i s  f o r  j u d g i n g  whether t h e  d i f f e r e n c e s  between 
s a t e l l i t e  and ground es t imates  o f  r a i n f a l l  a r e  p r o h i b i t i v e  o r  a re  t o l e r a b l e  i n  
t h e  a p p l i c a t i o n  o f  i n t e r e s t .  

I n  t h i s  s tudy  two v e r s i o n s  o f  a s a t e l l i t e  technique prov ided es t imates  o f  
Great P l a i n s  r a i n f a l l  d u r i n g  one month o f  t h e  convec t ive  season. S a t e l l i t e  
es t imates ,  eva lua ted  on t h e  b a s i s  o f  r a i n f a l l  amount, r a i n f a l l  t i m i n g  and 
r a i n f a l l  p a t t e r n s ,  were compared w i t h  gage es t imates  o f  r a i n  on monthly,  
da i l y ,  and h o u r l y  t i m e  frames f o r  area-averaged and p o i n t  r a i n f a l l s .  I n  
a d d i t i o n ,  r e s u l t s  from t h e  two vers ions  o f  t h e  s a t e l l i t e  techn ique ( l i f e  
h i s t o r y  and s t reaml ined)  were cont ras ted .  
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F ig .  5.2. Unadjusted l i f e  h i s t o r y  s a t e l l i t e  r a i n f a l l  f o r  August 1979. 
S t a r t i n g  from t h e  upper l e f t  and r o t a t i n g  clockwise, t h e  estimates 
have been c a l c u l a t e d  from 1-, 3-, 6-, and 12-hourly imagery. 
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The f o l l o w i n y  s e c t i o n s  d i s c u s s  i n  d e t a i l  t h e  f i n d i n g s  o f  t h i s  study. 
r e s u l t s  can be summarized as f o l l o w s .  

The 

S a t e l l i t e  es t imates  from s i n g l e  p i x e l s  ( o r  over deyraded 
g r i d  squares) a r e  area averages and not  p o i n t  es t imates  
o f  r a i n f a l l .  

The smal les t ,  s h o r t e s t - l i v e d  convec t ion  i s  missed by 
hour ly ,  500-km2 r e s o l u t i o n  GOES I R  data, b u t  t h e i r  l o s s  
f r o m  t h e  t o t a l  r a i n f a l l  may be smal l  because most of t h e  
r a i  n occurs f rom mesoscale convec t i  ve complexes. 

C o r r e l a t i o n s  between s a t e l l i t e  and gage r a i n f a l l s  i n -  
crease w i t h  i n c r e a s i n g  space o r  t i m e  scales.  

T iming of r e l a t i v e  maxima i n  s a t e l l i t e  and gage t i m e  se- 
r i e s  a r e  comparable when t h e  s a t e l l i t e  i n d i c a t e s  a c o r r e -  
sponding r e l a t i v e  maxima, b u t  s h o r t e r  term f l u c t u a t i o n s ,  
e v i d e n t  i n  t h e  gage data,  a r e  l o s t  w i t h  h o u r l y  imagery. 

Using more than one s a t e l l i t e  image t o  c a l c u l a t e  r a i n  f o r  
a g i v e n  p e r i o d  improves t h e  est imate.  B e t t e r  correspon- 
dence between s a t e l l i t e  and gage es t imates  occur f o r  d a i -  
l y  than f o r  h o u r l y  r a i n f a l l s ;  twenty - four  images were 
used i n  t h e  d a i l y  s a t e l l i t e  est imate,  b u t  o n l y  one i n  t h e  
h o u r l y .  

Rai n f a l l  p a t t e r n s  a r e  h i g h l y  dependent upon t h e  temporal 
f requency o f  t h e  s a t e l l i t e  imagery. As t h e  i n t e r v a l  be- 
tween imayes becomes l o n y e r  than 3 hours, t h e  s a t e l l i t e -  
d e r i v e d  i sohyets show 1 ess resembl ance t o  i s o h y e t a l  p a t -  
t e r n s  based on gage data.  

L i t t l e  d i f f e r e n c e ,  by almost any measure, between r e s u l t s  
f rom t h e  l i f e  h i s t o r y  and s t reaml ined techniques suggests 
t h a t  t h e  a d d i t i o n a l  computat ional  complex i ty  o f  t h e  l i f e  
h i s t o r y  scheme i s  n o t  necessary. 

6.1 S a t e l l  i te-Gage Comparisons 

The f e a s i b i l i t y  o f  i n t e r p o l a t i n g  environmental  c o r r e c t i o n  f a c t o r s  (based 
on o p e r a t i o n a l  weather s e r v i c e  radiosonde data and a one-dimensional cumulus 
c l o u d  model) t o  an a r r a y  c o v e r i n g  t h e  Great P l a i n s  was proved. An i d e n t i c a l  
env i ronmenta l  c o r r e c t i o n  has been p r e v i o u s l y  used ( G r i f f i t h  e t  a1 ., 1981) w i t h  
s i n g l e - s t a t i o n  d a t a  c o r r e c t i n g  r e l a t i v e l y  smal l  areas (dense gage networks 
operated d u r i n g  f i e l d  p r o j e c t s )  a t  i n t e r v a l s  more f requent  than a r e  
o p e r a t i o n a l l y  a v a i l a b l e .  A Gaussian i n t e r p o l a t i o n  scheme (Barnes, 1964), w i t h  
a p p r o p r i a t e  values f o r  t h e  c o e f f i c i e n t s ,  p rov ides  a reasonable means o f  
a d j u s t i n g  r a i n f a l l  i n f e r r e d  f rom F l o r i d a  r e l a t i o n s h i p s  f o r  environmental  
d i f f e r e n c e s  a t  m i d d l e  l a t i t u d e  l o c a t i o n s .  Consequently, model-adjusted 
s a t e l l i t e  r a i n f a l l s  c o n s t i t u t e  a s a t e l l i t e  e s t i m a t e  i n  e x t r a t r o p i c a l  
1 o c a t  i ons . 

The e n v i  ronmental l y  c o r r e c t e d  sate1 1 i t e  es t imates  r e s u l t  i n  smal l e r  area- 
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averaged' r a i n f a l l s ,  by about 20-40%, than those ca l cu la ted  w i t h  t h e  gage 
data. A s i m i l a r  range w i t h  t h e  same b ias  was found f o r  15 cases i n  t h e  p i l o t  
study ( G r i f f i t h  -* e t  a1 ' 1981). A p o r t i o n  o f  t h e  shortage found here may be 
due t o  t h e  t i m i n g  o f  t h e  radiosonde data. The 1200 GMT sounding samples t h e  
e a r l y  morning, preconvect ive environment. But a sur face i n v e r s i o n  o f t e n  
e x i s t s  a t  t h i s  t ime t h a t  could produce l e s s  a c t i v e  convection from t h e  
model. Although an attempt was made t o  decrease t h i s  e f f e c t  by l i f t i n g  t h e  
parce l  w i t h  a 1 ayer-averaged temperature t h a t  i s  t ime dependent (see Appendix 
A ) ,  a b e t t e r  procedure would be t o  p r e d i c t  a maximum af ternoon surface 
temperature t o  be used i n  t h e  model. A second p o s s i b i l i t y  i s  t h a t  t h e  
shortage may be a f u n c t i o n  o f  how MCCs are handled. Recall  t h a t  model 
adjustment f a c t o r s  f o r  s t a t i o n s  under t h e  canopy o f  an MCC are se t  t o  1.0 t o  
avo id  contaminat ion from soundings t h a t  a re  no t  measuring . t h e  thermodynamic 
environment t h a t  produced t h e  MCC. The reasoning i s  t h a t  MCCs r e s u l t s  i n  a t  
l e a s t  as much r a i n  a t  t h e  sur face as convect ion i n  F lo r ida .  Recal l  a l so  t h a t  
t h e  bu lk  o f  t h e  r a i n  i n  reg ion  o f  t h i s  study f a l l s  from MCCs. It i s  poss ib le  
t h a t  t h e  20% r a i n f a l l  shortage i n  t h e  s a t e l l i t e  est imates i s  due t o  model- 
adjustment f a c t o r s  t h a t  are too  small near and under MCCs. Fur ther  research 
a long these l i n e s  i s  o u t l i n e d  i n  sec t i on  6.3. 

,The s a t e l l i t e  i s ,  i n  general, ab le t o  d i sc r im ina te  between r a i n  and no- 
r a i n  cases f o r  p o i n t  events. When compared w i t h  t h e  gage assessment o f  r a i n  
versus no- ra in  cases, t h e  m a j o r i t y  o f  t h e  s a t e l l i t e  est imates over both d a i l y  
and hour l y  per iods  resu l  t i n  c o r r e c t  c l  ass i  f i c a t i  ons . The f r a c t  i on o f  
i n c o r r e c t  c l a s s i f i c a t i o n s  depends on t h e  accumulation period. D a i l y  s a t e l l i t e  
est imates a r e  about one- th i rd  more l i k e l y - t o  i n d i c a t e  r a i n  when the  gage shows 
none than v i c e  versa. Hourly s a t e l l i t e  est imates are equa l ly  l i k e l y  f o r  
e i t h e r  i n c o r r e c t  c l a s s i f i c a t i o n  category. Based on c a l c u l a t i o n s  f o r  one 
month, d a i l y  sa te l  1 i t e  est imates have a 50% probab i l  i t y  . o f  being w i t h i n  f 5  mm. 
o f  t h e  gage estimates, and a 90% p r o b a b i l i t y  o f  being w i t h i n  f16 mm; f o r  
h o u r l y  est imates these f i g u r e s  are  f2 m and f8 mm, respec t ive ly .  

Area-averaged s a t e l  1 i t e  r a i n f a l l  s are  co r re la ted  w i t h  area-averaged gage 
r a i n f a l l s ,  bu t  "po in t "  s a t e l l i t e  amounts show no c o r r e l a t i o n  w i t h  p o i n t  gage 
amounts. The h ighes t  c o r r e l a t i o n s  are  f o r  d a i l y  area-averaged r a i n f a l l s  
(0.7), fo l lowed c l o s e l y  by c o r r e l a t i o n s  o f  0.6 f o r  hou r l y  area-averaged 
r a i n f a l l s .  Cor re la t i ons  f o r  p o i n t  amounts f a l l  to, 0.2 f o r  d a i l y  per iods and 
t o  0.0 a t  h o u r l y  periods. I n  a F l o r i d a  study, M e i t i n  e t  a l .  (1981) a l so  found 
low c o r r e l a t i o n s  (0.4 f o r  6-hourly and 0.1 f o r  h o u r m n t  r a i n f a l l s )  when 
us ing  f u l l - r e s o l u t i o n  (8 km x 8 km) GOES I R  data. 

A number of s i n g l e  va lue s t a t i s t i c a l  parameters were ca l cu la ted  f o r  
comparison. Biases as p rev ious l y  noted range from 20% t o  40%, t h e  s a t e l l i t e  
b i a s  be iny smal le r  than t h e  gage b ias.  RMS e r r o r s  are on t h e  order  o f  1.0 mm 
and 0.1 mm f o r  d a i l y  and hour ly  area-averaged estimates, respec t ive ly ;  f o r  
p o i n t  est imates, RMS e r r o r s  a re  14 mm and 5 mm a t  d a i l y  and hour l y  periods, 
respec t i ve l y .  Smaller e r r o r s  i n  d a i l y  p o i n t  r a i n f a l l s  a re  found when 
a d d i t i o n a l  da ta  (convent ional  meteoro log ica l  data and human judgment) are a l so  
used (Scof i e l  d, 1987 ) . 

Box-and-whisker p l o t s  o f  r a i n f a l l s  f o r  any t ime or space permutation 
i n d i c a t e  a l a r g e r  H-spread ( i n t e r q u a r t i l e  range) i n  t h e  gage sample than i n  
t h e  ad jus ted  s a t e l l i t e  samples. A p o r t i o n  o f  t h i s  g rea ter  range i n  t h e  gage 
data i s  due t o  t h e  abysmal, 0.1-inch r e s o l u t i o n  o f  t h e  m a j o r i t y  o f  t h e  gages, 
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(as opposed t o  0.01-inch r e s o l u t i o n ) .  T h i s  r e s o l u t i o n  a l s o  a f f e c t s  t h e  t i m i n y  
o f  t h e  r a i n f a l l s  i n  t h e  sense t h a t  i f  a r a i n  event occurs over more than one 
hour, b u t  l e s s  t h a n  0.1 i n c h  f a l l s  i n  a p a r t i c u l a r  hour, t h a t  r a i n f a l l  cou ld  
be i n c l u d e d  i n  t h e  r a i n  amount f o r  t h e  succeeding hour. 

The m a j o r i t y  o f  s a t e l  1 i t e  area-averaged r a i  n f a l  1 maxima a r e  c o i n c i d e n t  
w i t h  o r  d i f f e r  a t  most by one t i m e  p e r i o d  (i.e., 1 hour o r  1 day) f rom 
cor respond ing  maxima i n  t h e  gage t i m e  s e r i e s .  For  about o n e - t h i r d  of t h e  gage 
maxima i n  b o t h  t h e  d a i l y  and h o u r l y  records,  t h e r e  a r e  no corresponding 
s a t e l  1 i t e  maxima. 

P a t t e r n s  o f  r a i n f a l l  contoured from gage and from s a t e l l i t e  da ta  agree i n  
some l a r g e - s c a l e  fea tures ,  b u t  do no t  agree i n  very  many s m a l l e r  s c a l e  
d e t a i l s .  The east-west i n c r e a s e  i n  r a i n f a l l  f rom t h e  Rocky Mountains t o  t h e  
M i s s i s s i p p i  R i v e r  i s  captured, b u t  abso lu te  r a i n  amounts a r e  t o o  smal l  i n  t h e  
e n v i  ronmental l y  a d j u s t e d  s a t e l  1 i t e  data.  

R a i n f a l l  p a t t e r n s  a r e  a l s o  h i g h l y  i n f l u e n c e d  by t h e  temporal frequency o f  
t h e  s a t e l l i t e  data.  There i s  l i t t l e  d i f f e r e n c e  i n  t h e  p a t t e r n s  when s a t e l l i t e  
computat ions a r e  based on l - h o u r l y  o r  3-hour ly  data,  b u t  6 -hour ly  and 12- 
h o u r l y  d a t a  r e s u l t  i n  v a s t l y  d i f f e r e n t  r a i n f a l l  pa t te rns .  Rain volumes f o r  
each o f  these f o u r  permutat ions,  however, d i f f e r  by l e s s  than 10%. 

Overa l l ,  t h e  bes t  s a t e l l i t e  and gage comparisons occur w i t h  t h e  longes t  
and l a r y e s t  t i m e  and space sca les  ( d a i l y  area-averayed r a i n f a l l s ) ,  and t h e  
comparisons were worst  a t  t h e  s h o r t e s t .  and smal les t  t i m e  and space sca les  
( h o u r l y  p o i n t  es t imates) .  T h i s  suygests severa l  t h i n y s :  ( 1 )  More f requent  
s a t e l l i t e  samples a r e  p r e f e r a b l e  t o  l e s s  f requent ;  t h a t  i s ,  24 samples f o r  t h e  
d a i l y  es t imates  a r e  b e t t e r  than t h e  s i n g l e  s a t e l l i t e  sample t h a t  went i n t o  an 
h o u r l y  est imate.  ( 2 )  The degraded s a t e l l i t e  r e s o l u t i o n  o f  500 km2 i s  t o o  
crude t o  adequately represent  r a i n  over  t h e  area sampled by a s i n g l e  gaye (-1- 
3 km2). Even t h e  f u l l - r e s o l u t i o n  GOES I R  da ta  a t  t h e i r  present  r e s o l u t i o n  o f  
“100 km2 a r e  s t i l l  t o o  crude. Therefore,  s a t e l l i t e  comparisons w i t h  s i n g l e  
gage va lues a r e  t r i c k y  a t  best .  Area-averaged r a i n f a l l s  a r e  more r e l i a b l e ,  
s imply  because t h e  h i g h e s t  s a t e l l i t e  r e s o l u t i o n  represents  an area average 
compared w i t h  a gage sample. ( 3 )  The phenomenon i t s e l f  ( i  .e., convec t ion)  
would mandate more f r e q u e n t  images than one per  hour and b e t t e r  s p a t i a l  
r e s o l u t i o n  than 500 km2, f o r  c loud changes on t h e  order  o f  1 km2 i n  15 minutes 
t o  be captured. ( 4 )  A1 though t h e  one-dimensional cumulus model c o r r e c t i o n  
v a s t l y  improves t h e  use o f  t h e  e m p i r i c a l  s a t e l l i t e  r a i n f a l l  r e l a t i o n s h i p s  i n  
t h e  m i d d l e  l a t i t u d e s ,  f i n e  t u n i n g  t o  b e t t e r  approximate t h e  gage-derived 
r a i  n f a l l  s i s  needed. 

6.2 S a t e l l i t e  Technique Comparisons 

The f i n d i n g  t h a t  t h e r e  i s  l i t t l e  d i f f e r e n c e ,  by almost any measure, 
between t h e  1 i f e  h i  s t o r y  techn ique and t h e  stream1 ined technique suggests t h a t  
t h e  a d d i t i o n a l  computat ional  complex i ty  o f  t h e  l i f e  h i s t o r y  scheme i s  n o t  
Worth t h e  e f f o r t  when area-averaged o r  large-sample p o i n t  r a i n f a l l s  a r e  
requ i red ;  t h e  c loud area term a lone e x p l a i n s  t h e  b u l k  of t h e  var iance i n  t h e  
gage-derived r a i n f a l l s .  These r e s u l t s  a r e  c o n s i s t e n t  w i t h  those o f  a number 
O f  researchers who by u s i n g  radar  o r  s a t e l l i t e  da ta  have determined t h a t  
adequate r a i n f a l l  es t imates  can be made from area l  i n f o r m a t i o n  alone. Doneaud 
e t  a l .  (1981) have shown t h i s  t o  be so f o r  radar  da ta  c o l l e c t e d  i n  t h e  
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Midwest, w h i l e  L ipez e t  a l .  (1983) recen t l y  proved a s i m i l a r  idea w i t h  radar 
data from south F lo r ida .  Stout e t  a1 . (1979) developed a l i n e a r  model f o r  
s a t e l l i t e  r a i n  es t ima t ion  t h a t  conta'ins two terms--an area term and a t ime- 
rate-of-change-of-area term. They found t h a t  on t h e  average t h e  t ime change 
te rm i s  h a l f  t h e  area term. Negri e t  a1 . (1984) ca lcu la ted  from one case 
study t h a t  t h e  area term and t h e  temperature-weighting term of t h e  l i f e  
h i s t o r y  technique used here showed t h e  h ighes t  c o r r e l a t i o n s  w i t h  t h e  
ca l cu la ted  r a i n  volume (0.9 and 0.7, r e s p e c t i v e l y )  and t h a t  a low c o r r e l a t i o n  
(0.1) occurs f o r  t h e  r a i n  r a t e  term. The f i n d i n g s  o f  Negri e t  a l .  and t h e  
r e s u l t s  o f  t h i s  paper lend support t o  recent e f f o r t s  t o  apply Doneaud's area- 
t i m e  i n t e g r a l  (ATI) technique t o  s a t e l l i t e  data (Doneaud e t  a1 . 1984; 1986). 
6.3 Future Research 

Many problems suggest themselves as p r o f i t a b l e  f o r  f u t u r e  study i n  t h e  
f i e l d  o f  s a t e l l i t e  r a i n  es t imat ion .  A d d i t i o n a l l y  t h e r e  are  several analyses 
t h a t  a r e  l o g i c a l  extens ions o f ,  o r  b e t t e r  approaches t o ,  t h e  work described 
here. 

The t ime  and space scales inc luded here are  extremes i n  t h e  a p p l i c a t i o n  
o f  .a s a t e l l i t e  technique t o  t h e  opera t iona l  d iagposis  o f  convect ive 
r a i n f a l l .  A more complete study a long t h e  l i n e s  o f  M e i t i n  e t  a1 . (1981) would 
be pre ferab le .  I n  t h a t  paper s a t e l l i t e  r a i n  estimates made a t  f ou r  t ime (1/2, 
1-1/2, 3, and 6 h) and f o u r  space (55, 220, 2220 and 9350 km2) scales were 
assessed. I n  t h e  contex t  o f  t h i s  study, it would be wor thwhi le  t o  examine a t  
l e a s t  one a d d i t i o n a l  space scale. Gr id  squares on t h e  order  o f  105 km2 would 
be o f  i n t e r e s t .  This i s  i n  t h e  range o f  t h e  2.5' x 2.5' g r i d  square used f o r  
t h e  c l ima te  d iagnos t ics  produced a t  t h e  National Oceanic and Atmospheric 
Admin i s t ra t i on ' s  Climate Analysis Center (Kousky, 1986).. It i s  a lso  t h e  upper' 
l i m i t  f o r  dense raingage networks t h a t  are operated w i t h i n  f i e l d  experiments 
such as FACE ( F l o r i d a  Area Cumulus Experiment) and OK PRE-STORM (Oklahoma- 
Kansas Pre l  iminary Regional Experiment f o r  STORM Centra l  ). 

No assessment o f  t h e  gage r a i n f a l l s  was made. Work from the  Soviet Union 
(WMO, 1972) f o r  summertime convect ion suggests a l a r g e  e r r o r  i n  t h e  assessment 
o f  d a i l y  area-averaged r a i n f a l l  f o r  a gage network o f  t h e  dens i ty  used here; 
t h e  standard d e v i a t i o n  o f  t h e  e r r o r  as a percentage o f  t h e  mean t o t a l  i s  on 
t h e  order  o f  70% o f  t h e  t r u e  area average. A ra the r  simple method o f  
determi n i  ng t h e  e r r o r  present i n  gage-deri ved-, area-averaged r a i  n f a l  1 s was 
discussed by Horton (1923). By knowing mean r a i n f a l l  and r a i n f a l l  range from 
a l ong  record  and t h e  number o f  gages w i t h i n  t h e  area, both t h e  average and 
maximum depar ture from t h e  a r i t h m e t i c  mean can be computed. Horton's method 
i s  based on an e x t r a p o l a t i o n  o f  r e s u l t s  f o r  t h e  Derwent R iver  Basin i n  
England, and i t  does no t  requ i re  a dense gage network t o  assess these 
e r ro rs .  More r i go rous  assessments have been o u t l i n e d  where dense gage data 
are recorded (Huff,  '1970; Woodley e t  a1 ., 1975; Schaake, 1979). Silverman e t  
- a l .  (1981) modeled t h e  r a i n c e l l  s t r u c t u r e  o f  High P la ins  storms t o  d e f i n e  
gaging requirements f o r  de tec t i ng  a 25% change i n  storm mean r a i n f a l l  i n  o rder  
t o  evaluate seeding experiments. The i r  approach could be p r o f i t a b l y  mod i f ied  
t o  assess gaging requirements f o r  t h e  de terminat ion  o f  areal  mean r a i n f a l l  as 
we l l .  Au.gustine e t  a1 (1981b) used F l o r i d a  data t o  determine t h e  accuracy o f  
s a t e l l i t e  r a i n  e s m e s  i n  terms o f  an equ iva len t  raingage dens i ty .  Th is  
t ype  of ana lys i s  would be extremely use fu l  over t h e  U.S. Great P la ins,  bu t  
would r e q u i r e  a denser gage network than t h e  HPD gages, The gage data from 
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t h e  OK PRE-STORM mesonetwork (Cunning, 1986) a r e  an obvious c h o i c e  f o r  
assess ing b o t h  HPD gage and s a t e l  1 i t e  r a i n f a l l  accurac ies  . 

I n  a d d i t i o n  t o  h i g h  d e n s i t y  gage data,  high-density/high-frequency 
soundings were t a k e n  d u r i n g  OK PRE-STORM. These d a t a  can be used t o  s p e c i f y  a 
b e t t e r  v a l u e  f o r  t h e  model ad justment  f a c t o r s  i n  t h e  v i c i n i t y  o f  FIICCs. 
Soundings must be c a r e f u l l y  se lec ted ,  f o l l o w i n g  t h e  s torm i n f l o w / o u t f l o w  model 
developed by Maddox e t  a1 . (1986). 

There a r e  a handfu l  o f  days on which extreme d i f f e r e n c e s  occur  between 
t h e  area-averaged s a t e l l i t e  and gage r a i n f a l l s .  An i n v e s t i g a t i o n  i n t o  t h e  
causes o f  t h e s e  d i f f e r e n c e s  i s  necessary f o r  understanding t h e  performance of 
t h e  s a t e l l i t e  r a i n  e s t i m a t i o n  techn ique i n  m i d d l e  l a t i t u d e s .  

The comparison o f  t h e  l i f e  h i s t o r y  and s t reaml ined techniques has n o t  
addressed t h e  q u e s t i o n  o f  techn ique performance when r a i n f a l l  from i n d i v i d u a l  
c louds  o r  c l o u d  systems i s  o f  i n t e r e s t .  My s u s p i c i o n  i s  t h a t  t h e  l i f e  h i s t o r y  
techn ique i s  s u p e r i o r  t o  t h e  s t reaml ined techn ique i n  t h e  e s t i m a t i o n  o f  
r a i n f a l l  f rom i n d i v i d u a l  c louds  o r  systems because i t  takes  i n t o  account t h e  
e v o l u t i o n  o f  t h e  c loud.  This  q u e s t i o n  has obvious i m p l i c a t i o n s  f o r  t h e  
e v a l u a t i o n  o f  ex t ra -area  seeding e f f e c t s  f o r  weather m o d i f i c a t i o n  p r o j e c t s .  

Because machine memory i s  no l o n g e r  a l i m i t a t i o n ,  s a t e l l i t e  es t imates  
f rom f u l l  s p a t i a l  r e s o l u t i o n  imagery can be computed. Comparisons w i t h  t h e  
r e s u l t s  o f  t h i s  study. can determine t h e  l o s s  of  accuracy i n  s a t e l l i t e  
r a i n f a l l s  t h a t  i s  assoc ia ted  w i t h  imagery o f  degraded s p a t i a l  r e s o l u t i o n ,  
s i m i l a r  t o  t h e  q u a l i t a t i v e  assessment o f  l o s s  o f  p a t t e r n  i n f o r m a t i o n  r e l a t e d  
t o  v a r i a t i o n s  i n  temporal  r e s o l u t i o n .  

Q u a n t i t a t i v e  comparisons o f  r a i n f a l l  p a t t e r n s  were n o t  made, b u t  t h r e e  
methods would appear t o  be promis ing--or thogonal  e igenfunc t ions ,  s t r u c t u r e  
f u n c t i o n  a n a l y s i s ,  and MRPP. Orthogonal  e i g e n f u n c t i o n s  a r e  an o b j e c t i v e  and 
compact means o f  q u a n t i t a t i v e l y  d i  agnosi ng r a i  n f a l l  p a t t e r n s .  They have been 
used p r o d u c t i v e l y  t o  s tudy d i u r n a l  ( B a l l i n g ,  1985), and t h r e e -  and seven-day 
(Richman and Lamb, 1985) v a r i a t i o n s  i n  gage r a i n f a l l s ,  b u t  t h e y  have n o t  been 
a p p l i e d  t o  comparisons o f  s a t e l l i t e -  and gage-der ived r a i n f a l l  f i e l d s .  
H i l l g e r  and VonderHaar (1979) and H i l l g e r  e t  a1 . (1986) used s t r u c t u r e  
f u n c t i o n  a n a l y s i s  t o  compare s a t e l l i t e  m e d  sounding d a t a  w i t h  
convent iona l  soundiny temperature and m o i s t u r e  data,  and t o  compute t h e  n o i s e  
l e v e l  i n  s a t e l l i t e  soundiny data.  The s t r u c t u r e  f u n c t i o n  has t h e  advantage o f  
computat ional  simp1 i c i t y ,  be ing  t h e  mean squared d i f f e r e n c e  between 
measurements as a f u n c t i o n  o f  t h e  v e c t o r  s e p a r a t i o n  between measurements. 
Recent ly  Tucker (1986) has used MKPP ( i n  t h e  b l o c k  f o r m u l a t i o n  o f  M i e l k e  and 
I y e r  [1982]) t o  assess model - forecast  f i e l d s  a g a i n s t  t h e  observed a n a l y s i s .  A 
comparison o f  s a t e l  l i t c -  and gaye-der ived r a i n f a l l  f i e l d s  would be 
conceptual  l y  s i m i  1 a r  . 

Two c o n v e c t i v e  f o r e c a s t i n g  techniques c o u l d  o f f e r  much i f  i n c l u d e d  i n  
s a t e l l i t e  r a i n  e s t i m a t i o n  schemes; these a r e  t h e  convec t ive  e q u i l i b r i u m  l e v e l  
and, a l apse- ra te /shor t -wave-advec t ion  technique.  The c o n v e c t i v e  e q u i l i b r i u m  
l e v e l  has been used t o  i d e n t i f y  fhe occurrence o f  severe weather ( M e i t i n  and 
G r i f f i t h ,  1986; G r i f f i t h  and M e i t i n ,  1986). It may prove t o  be u s e f u l  f o r  t h e  
i d e n t i f i c a t i o n  o f  heavy c o n v e c t i v e  r a i n f a l l  as w e l l .  Recent ly  Caracena 
(Caracena e t  al. ,  1983; Doswell  e t  al., 1985; Caracena and Flueck, 1986) 
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developed a scheme f o r  f o recas t i ng  downbursts i n  t h e  l e e  o f  t h e  Rocky 
Mountains. The components o f  t h e  scheme are 700- t o  500-mb lapse ra te ,  850-mb 
mois ture,  and t h e  presence o r  absence o f  a sho r t  wave a l o f t .  Caracena and 
Flueck found h i g h  c o r r e l a t i o n s  between t h e  occurrence o f  microbursts  and these 
parameters; t h e  parameters a re  c e r t a i n l y  r e l a t e d  t o  r a i n f a l l  also, and may 
present a simple scheme i n  con junc t ion  w i t h  s a t e l l i t e  data f o r  t h e  es t ima t ion  
of convec t ive  r a i n f a l l  . 
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APPENDIX A 

ENVIRONMENTAL ADJUSTMENT FACTORS FOR THE GREAT PLAINS 

F i v e  f a c t o r s  were developed t o  account f o r  t h e  environmenta 
between t h e  s u b t r o p i c s  and t h e  Great P l a i n s  o f  t h e  U n i t e d  Sta tes :  
water,  subcloud evaporat ion,  v e r t i c a l  wind shear, a combinat 
t h r e e ,  and a cumulus model ad justment  f a c t o r .  

d i  f ferences 
p r e c i p i t a b l e  
on o f  these 

P r e c i p i t a b l e  Water 

On t h e  average, p r e c i p i t a b l e  water  over  t h e  U.S. Great P l a i n s  i s  about 
h a l f  t h a t  i n  t h e  s u b t r o p i c s  o f  t h e  U n i t e d  States.  The p r e c i p i t a b l e  water  
c o r r e c t i o n  (P),  d e f i n e d  as 

W" 

was c a l c u l a t e d  t o  account f o r  t h i s  d i f f e r e n c e ,  where W i s  p r e c i p i t a b l e  w a t e r  
computed f rom t h e  s u r f a c e  upward, and H. and F r e f e r  t o  t h e  High P l a i n s  and 
F l o r i d a ,  r e s p e c t i v e l y .  The WF va lue  i s  f i x e d  a t  4.28 cm and was computed f r o m  
t h e  d a t a  o f  Jordan (1958). The va lue  o f  WH was computed on a case by case 
b a s i s  f rom t h e  sounding c l o s e s t  i n  space and t ime.  

S u b c l  oud Evapora t ion  

A m a n i f e s t a t i o n  o f  t h e  decrease of  p r e c i p i t a b l e  water  between F l o r i d a  and 
t h e  m i d d l e  l a t i t u d e s  i n  t h e  Un i ted  Sta tes  i s  t h e  i n c r e a s e  o f  subc loud 
e v a p o r a t i o n  a t  t h e  h i g h e r  l a t i t u d e s  compared w i t h  F l o r i d a .  The problem o f  
subcloud e v a p o r a t i o n  was addressed by F u j i t a  (1959), who m o d i f i e d  an i n - c l o u d  
e v a p o r a t i o n  scheme by Braham (1952) t o  produce a r e l a t i o n s h i p  between t h e  
r a t i o  of evaporated r a i n  (Re) t o  s u r f a c e  r a i n  (R,) and c l o u d  base h e i g h t  above 
ground l e v e l  f o r  High P l a i n s  storms (F ig.  A.1). T h i s  r e l a t i o n s h i p  shows t h a t  
t h e  r a t i o  Re/Rs inc reases  w i t h  c l o u d  base h e i g h t  i n  a n o n l i n e a r  fash ion .  For  
c l o u d  bases h i g h e r  t h a n  2.75 km (9000 f t )  above t h e  ground, subcloud 
e v a p o r a t i o n  exceeds s u r f a c e  r a i n f a l l .  I n  F l o r i d a  t h e r e  i s  l i t t l e ,  if any, 
Subcloud evapora t ion ,  so t h a t  t h e  r a i n  t h a t  i s  i n f e r r e d  f rom t h e  t e c h n i q u e ' s  
r e l a t i o n s h i p s  i s  t h e  r a i n  t h a t  a c t u a l l y  reaches t h e  sur face.  I n  t h e  m i d d l e  
l a t i t u d e s ,  however, t h e  r a i n  ( R )  es t imated  f o r  t h e  High P l a i n s  ( s u b s c r i p t  "H") 
from t h e  F l o r i d a  ( s u b s c r i p t  "F")  r e l a t i o n s h i p s  o f  t h i s  techn ique (R ) 
r e p r e s e n t s  t h e  sum of b o t h  t h e  r a i n f a l l  evaporated below c l o u d  base and !Le 
r a i n f a l l  t h a t  reaches t h e  s u r f a c e  (R The r a i n  a c t u a l l y  caught 
by gages i n  t h e  High P l a i n s  (R ) i s  !he r a i n f a l l  t h a t  reaches t h e  s u r f a c e  (RH 
= R s ) .  It i s  t h i s  r a i n f a l ?  t h a t  t h e  s a t e l l i t e  techn ique a t tempts  t o  
es t imate .  The r a t i o  o f  a c t u a l  High P l a i n s  r a i n f a l l  t o  High P l a i n s  r a i n f a l l  
i n f e r r e d  from t h e  F l o r i d a  r e l a t i o n s h i p s  i s  

= R, + Rs). 
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Fiy.  A.1. In -c loud eva- 
p o r a t i  on computed by 
Braham froin t h e  water 
budgets o f  thunder- 
storm c i  r c u l  a t  i ons 
(upper curve) and sub- 
c l  oud evaporat i on ob- 
ta ined  by F u j i t a  w i t h  
t h e  use o f  t o t a l  ex- 
cess mass and t o t a l  
sur face  r a i n  accompa- 
n i  ed by squal 1 -1 i ne 
mesosystems. ( A f t e r  
F u j i t a ,  1959.) 
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To d e r i v e  an adjustment f a c t o r  t h a t  accounts f o r  subcloud evaporation, t h e  
l e f t  s i de  of (A-1) i s  i d e n t i f i e d  as t h e  subcloud evaporat ion c o r r e c t i o n  
factor,.E, and t h e  r i g h t  hand s ide  i s  r e w r i t t e n  i n  terms o f  F u j i t a ' s  r a t i o :  

(A-2) 

To use t h i s  c o r r e c t i o n  fac to r ,  c loud base i s  f i r s t  computed from t h e  
l o c a l  sounding. From t h i s  c loud base t h e  value o f  t h e  r a t i o  R e / R s  i s  read 
from Fig. A.l and .then entered i n t o  (A-2) t o  complete the  computation o f  t h e  
subcloud evaporat ion c o r r e c t i o n  f a c t o r .  

V e r t i c a l  Wind Shear 

The t h i r d  f a c t o r  t h a t  was t e s t e d  considers t h e  d i f f e r e n c e  between shear 
and p r e c i p i t a t i o n  e f f i c i e n c y  i n  t h e ' t w o  regions. Foote and Fankhauser (1973) 
and a number o f  o thers (Marwitz, 1972; Auer and Marwitz, 1968; Fankhauser, 
1971; Chisholm, 1970; H a r t s e l l ,  1970; Newton, 1966) have independently s tud ied  
t h e  p r e c i p i t a t i o n  e f f i c i e n c y  o f  se lected Great P la ins  thunderstorms. The i r  
composited r e s u l t s  can be found i n  Fig. A.2. I n  these s tud ies  v e r t i c a l  wind 
shear was t h e  vec tar  d i f f e r e n c e  i n  wind through t h e  depth of t h e  cloud, and 
p r e c i p i t a t i o n  e f f i c i e n c y  was de f ined as t h e  r a t i o  o f  mois ture i n f l u x  a t  c loud 
base t o  t h e  measured r a i n  r a t e  a t  t h e  ground. From Fig. A.2 it can be seen 
t h a t  e f f i c i e n c y  decreases n o n l i n e a r l y  as wind shear increases, 

I n  app ly ing  these r e s u l t s  t o  t h e  s a t e l l i t e  data,. a c loud depth was 
determined from t h e  temperatures o f  t h e  i n f r a r e d  imagery and a l o c a l  
soundiny. Cloud t o p  was i n f e r r e d  from t h e  co ldes t  i n f r a r e d  temperature over 
t h e  s i t e  du r ing  t h e  pe r iod  o f  t h e  r a i n  ca l cu la t i on ,  This temperature was 
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Fig.  A.2. S c a t t e r  diagram o f  
v e r t i c a l  wind shear versus 
p r e c i p i t a t i o n  e f f i c i e n c y  f o r  e 
f ou r teen  thunderstorms on 5 
t h e  High P l a i n s  o f  Nor th A- 2 
merica. (From Foote and & 
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conver ted t o  he igh t  w i t h  t h e  l o c a l  sounding. Cloud base was def ined t o  be t h e  
mean convect ive condensation 1 eve1 (MCCL) determined from t h e  soundi ng. The 
mean m ix ing  l a y e r  o f  t h e  MCCL was 5 kPa f o r  t he  pe r iod  a f t e r  s o l a r  heat ing  was 
es tab l i shed  (1200 LST through 0100 LST on t h e  fo l l ow ing  day), and 10 kPa a t  
any o the r  time. Cloud depth was t h e  d i f f e r e n c e  between t h e  s a t e l l i t e  c loud 
top  and t h e  MCCL c loud base. The v e r t i c a l  shear (V,) o f  t h e  sounding winds 
through t h i s  depth was used t o  determine t h e  p r e c i p i t a t i o n  e f f i c i e n c y  from 
Fig. A.2. 

Combined Adjustment Fac tor  

The combined adjustment f a c t o r  ( C )  i s  t he  product o f  t he  p r e c i p i t a b l e  
water, subcloud evaporat ion,  and v e r t i c a l  wind shear fac to rs ,  C = P x E x 
V s .  It should be noted t h a t  C i s  not  composed o f  independent terms. 
P r e c i p i t a b l e  water and subcloud evaporat ion,  f o r  instance, should be h i g h l y  
co r re la ted .  

Cumulus Model Adjustment 

The f i r s t  f o u r  c o r r e c t i o n  f a c t o r s  can a l l  be ra the r  s imply and q u i c k l y  
computed from upper -a i r  data and s a t e l l i t e  imagery. The f i n a l  adjustment 
f a c t o r  t h a t  was t e s t e d  i s  more complicated, being based on the  output  o f  t he  
one-dimensional cumulus c loud model o f  Simpson and Wigyert (1969; 1971) and i s  
conceptua l l y  s i m i l a r  t o  an environmental c o r r e c t i o n  descr ibed by Wyl ie 
(1979). The Simpson-Wiggert model s imulates the  a c t i v e  r i s i n g  p o r t i o n  o f  an 
i n d i v i d u a l  convect ive tower f rom t h e  temperature and mois tu re  i n fo rma t ion  of 
t h e  l o c a l  sounding. The model cons iders s t a t i c  s t a b i l i t y  on ly  and does no t  
i ncorporate dynami cs . Therefore forced convect4 on, due t o  orography o r  
generated by a i r  mass movement, i s  no t  t rea ted .  
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The Simpson-Wiggert model requ i res  as i npu t  (1 )  a v e r t i c a l  sounding 
(pressure, temperature and a mois tu re  parameter), m in ima l ly  f o r  every 5-kPa 
i n t e r v a l  from t h e  sur face up t o  t h e  10-kPa pressure l e v e l ;  (2)  a thermal 
bubble rad ius;  and ( 3 )  c loud base. E igh t  f i x e d  bubble r a d i i ,  ranging from 500 
t o  3000 m, a re  used because t h e r e  i s  c u r r e n t l y  no way o f  p r e d i c t i n g  c loud 
dimensions f o r  a g iven day. The model has two op t ions  regard ing c loud base: 
c loud base can be i n p u t  as a f i x e d  he igh t  above t h e  sur face o r  can be computed 
from a computer-calculated MCCL. The l a t t e r  op t i on  was used, so t h a t  a mean 
m ix ing  l a y e r  was i n p u t  along w i t h  t h e  sounding. As i n  t h e  MCCL c a l c u l a t i o n  
f o r  t h e  v e r t i c a l  shear c o r r e c t i o n  fac to r ,  a 10-kPa mix ing  l a y e r  i s  s p e c i f i e d  
i n  t h e  p e r i o d  p r i o r  t o  s o l a r  heat iny  (0100 through 1200 LST) and a 5-kPa l a y e r  
i s  s p e c i f i e d  once s o l a r  heat ing  has been es tab l i shed ( the  hours between 1200 
and 0100 LST). The model i t s e l f  conta ins no cons t ra in t s  t o  ensure t h a t  t h e  
ca l cu la ted  c loud base represents a reasonable sur face temperature. 

A sample output  o f  t h e  cumulus model i s  given i n  Table A.1. The model 
adjustment f a c t o r  i s  based on t h e  p r e c i p i t a t i o n  f a l l o u t  o f  column two. 
Simpson and Wiyyert found t h a t  t h e  p r e d i c t i o n  o f  t h e  p r e c i p i t a t i o n  product ion 
i s  p ropor t i ona l  t o ,  bu t  l ess  than, t h e  observed r a i n f a l l .  For t h i s  reason and 
t h e  f a c t  t h a t  tower rad ius  i s  unknown, t h e  model adjustment f a c t o r  (MAF) i s  
no t  based on model p r e c i p i t a t i o n  f o r  any p a r t i c u l a r  thermal bubble, bu t  i s  
de f i ned  as - 

R x uH H 
9 - MAF = (A-3) 

R x aF F 
where a i s  t h e  mean r a i n  p roduc t ion  o f  t h e  e i g h t  r a d i i ,  u i s  t h e  standard 
d e v i a t i o n  of t h e  r a i n  p roduc t ion  from t h e  e i g h t  r a d i i ,  and H and F r e f e r  t o  
t h e  High P la ins  and F lo r i da ,  respec t ive ly .  The standard dev ia t ions  i n  (A-3) 
a r e  a means o f  accounting f o r  t h e  ran e o f  t h e  model r a i n  product ion of  t h e  
e i g h t  thermal r a d i i .  The values o f  l! and OF are computed from a t y p i c a l  

t h e  s i t e  o f  i n t e r e s t  i s  s i m i l a r  t o  t h e  mean F l o r i d a  environment, t h e  value of 
t h e  model adjustment f a c t o r  w i l l  be c lose  t o  1. For a reg ion t h a t  i s  much 
d r i e r  than F lo r ida ,  t h e  MAF w i l l  be smal ler  than 1 and t h e  s a t e l l i t e  r a i n f a l l  
w i l l  be decreased. The converse i s  t r u e  f o r  l o c a t i o n s  wet te r  than F lo r i da .  

F l o r i d a  sounding and a re  10.210 and 4.1 d 5, respec t ive ly .  I f  t h e  atmosphere a t  

Eva lua t ion  o f  Adjustment Factors 

Each adjustment f a c t o r  was t e s t e d  on 15 cases a t  3 l oca t i ons  i n  t h e  Hiyh 
P la ins  ( G r i f f i t h  -- e t  a l .  1981). A t  each s i t e  a dense gage network was used t o  
eva lua te  t h e  adjustment fac to rs .  The number o f  gages ranyed from 40 t o  90, 
and t h e  networks covered r e l a t i v e l y  small areas rang in  from 2,000 t o  12,000 
km2. Gage d e n s i t i e s  ranyed from one gage per 20 k m j  t o  one yaye per  150 
km2. The per iods  o f  c a l c u l a t i o n  o f  t h e  s a t e l l i t e  r a i n f a l l s  f o r  each case 
v a r i e d  from 4.0 t o  16.5 hours. Because o f  these d i f fe rences ,  t h e  s a t e l l i t e  
and gaye amounts t h a t  were used i n  t h e  comparison were accumulated over t h e  
p e r i o d  o f  c a l c u l a t i o n  and then normalized by t h e  period, as we l l  as by t h e  
area, o f  t h e  c a l c u l a t i o n  r e s u l t i n g  i n  r a i n r a t e  (mm/h). 

Four measures (de f ined as fo l l ows)  were devised t o  evaluate t h e  e f f e c t  o f  
t h e  environmental adjustments, along w i t h  the  th ree  1 i n e a r - f i t  parameters: 
c o r r e l a t i o n  ( p ) ,  slope, and i n t e r c e p t .  
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Table A.1. Sample output  from t h e  Simpson-Wiggert one-dimension- 
a1 cumulus c loud model (w i thou t  t h e  seeding s imu la t ion) .  Data 
are  f o r  8/19/79 ( l e f t  b lock,  f i r s t  l i n e ) ,  0000 Greenwich Cent ra l  
Time (middle b lock )  a t  s t a t i o n  24023, Nor th P l a t t e ,  Nebraska (ab- 
b rev ia ted  as 23 a t  r i g h t ) .  MCCL c loud base i s  994.8 m. Cloud 
t o p  he igh t  ( m )  and p r e c i p i t a t i o n  f a l l o u t  (g /kg)  as a func t i on  of 
e i g h t  bubble r a d i i  a re  l i s t e d .  

81979 OGCT 23 

ASSUMED CLOUD BASE AT 994.8 METERS 

A 
RAD IUS UNSEEDED 

(METERS) WATER TO 
-4OC 

500.0 M. 4294.8 M. 
( 2.061 G/KG) 

750.0 M. 4894.8 M. 
( 3.659 G/Kti) 

1000.0 M. 5544.8 M. 
( 5.189 G/KG) 

1250.0 M. 8144.8 M. 
( 7.853 G/KG 

1500.0 M. 8844.8 M. 
( 8.719 G/KG) 

2000.0 M. 9944.8 M. 
( 9.735 G/KG) 

2500.0 M. 10944.8 M. 
(10.513 G/KG) 

3000.0 M. 14244.8 M. 
(11.673 G/KG) 

(A -4  1 CS T/G = - 
EG Mean event r a t i o :  

Mean h o u r l y  r a t i o :  B =  E(S/G) (A-5) 

(A-6 1 CK 
Factor  o f  d i f f e r e n c e :  ER = -N 
Normalized root-mean- 
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square e r r o r :  (A-7 1 

I n  t h e  above d e f i n i t i o n s  N i s  t h e  number o f  cases (15) and R i n  (A-6) i s  t h e  
r a t i o  formed from S and G such t h a t  R > 1.00. The d e f i n i t i o n  o f  t h e  r o o t -  
mean-square e r r o r  (ERMs) d i f f e r s  f rom t h e  usual by the  f a c t o r  o f  G i n  t h e  
denominator of t h e  numerator. Th is  f a c t o r  scales t h e  r a i n  d i f f e r e n c e s  
accord ing t o  t h e  amount o f  r a i n  on the  ground, because a d i f f e r e n c e  o f  1 nn i s  
more s i g n i f i c a n t  i n  a t o t a l  r a i n f a l l  o f  2 mm than i n  a t o t a l  r a i n f a l l  o f  10 
mm . 

The unadjusted s a t e l l i t e  r a i n f a l l s  r e s u l t  i n  some o f  t h e  l a r g e s t  values 
f o r  these measures i n  Table A.2. With t h e  except ion , o f  t h e  f a c t o r  o f  
d i f f e rence  (E ) f o r  t h e  combined f a c t o r  (C) and t h e  normal ized root-mean- 
square e r r o r  k ~ ~ ~ )  f o r  t h e  v e r t i c a l  wind shear f a c t o r  (V,) ,  each adjustment 
decreased t h e  va ue of these performance measures. For the  measures B, ER and 
E MS, t h e  model adjustment f a c t o r  (MAF) r e s u l t e d  i n  values t h a t  are c loses t  t o  
d o s e  f o r  pe r fec t  correspondence (PC) . For t h e  c o r r e l a t i o n  c o e f f i c i e n t  (e) ,  
t h e  slope, and i n t e r c e p t  of t h e  l i n e a r  f i t ,  and t h e  mean event r a t i o  ( ' S j G ) ,  
t h e  model adjustment f a c t o r  shows values among those t h a t  are c loses t  t o  
pe r fec t  correspondence. On t h e  bas is  o f  these t e s t s  t h e  model adjustment 
f a c t o r  was chosen t o  ad jus t  t h e  s a t e l l i t e  r a i n  est imates f o r  environmental 
d i f f e rences  between t h e  s i t e  o f  i n t e r e s t  and south F l o r i d a ,  t h e  reg ion  o f  
d e r i v a t i o n  o f  t h e  techn ique 's  r e l a t i o n s h i p .  

Table A.2. Comparison o f  area-averayed and time-averaged gaye ( G )  
and s a t e l l i t e  ( S )  r a i n f a l l s  f o r  f i v e  adjustment schemes. 

-- I n t e r -  
Adjustment P Slope cept  S/G B ER ERMS 

None 0.94 3.14 0.23 3.52 5.87 9.68 12.47 

MAF 0 090 0.62 0.07 0.74 1.30 5.22 3.03 

P 0.94 1.73 0.13 1.94 4.37 9.60 9.64 

E 0.90 2.40 0.06 2.50 4.20 9.90 7.94 

VS 0.89 2.60 -0.03 2.56 4.93 9.27 13.32 

C 0.82 1.22 -0.04 1.16 2.43 11.08 5.47 

PC 1 .oo 1.00 0.00 1.00 1.00 1.00 0.00 
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APPENDIX B 

MESOSCALE CONVECTIVE COMPLEXES AND 
THEIR IMPLICATIONS FOR SATELLITE RAIN ESTIMATIUN 

The e x i  s tence o f  mesoscale c o n v e c t i v e  complexes was r e c e n t l y  documented 
b y  Maddox (1980a). MCC's a r e  l a r y e ,  l o n y - l i v e d  c o n v e c t i v e  systems t h a t  a r e  
c i r c u l a r  i n  shape, i n  c o n t r a s t  t o  t h e  l i n e a r  s q u a l l  l i n e .  Maddox d e s c r i b e s  
them as "oryanized,  meso-a s c a l e  c o n v e c t i v e  weather systems over t h e  c e n t r a l  
U.S." The c h a r a c t e r i s t i c s  o f  t h e  systems a r e  d e f i n e d  by t h e i r  s t r u c t u r e  when 
viewed i n  thermal  i n f r a r e d  imagery t h a t  has been enhanced by t h e  NESOIS "MB" 
curve. 

The s i z e ,  shape, and d u r a t i o n  c r i t e r i a  used by Maddox t o  d e f i n e  MCC's a r e  
d e t a i l e d  i n  Table B.1. The s i z e  c r i t e r i a  i m p l y  phenomena t h a t  a r e  more t h a n  
two o r d e r s  o f  magnitude l a r g e r  t h a n  i n d i v i d u a l  thunderstorms and t h a t  a r e  on 
t h e  o r d e r  o f  t h e  s i z e  o f  t r o p i c a l  cyclones, o r  g r e a t e r .  The s i z e  and d u r a t i o n  
c r i t e r i a  a l s o  ensure t h a t  MCC's w i l l  be sampled by one or more u p p e r - a i r  

Tab le  B.1. D e f i n i t i o n  o f  mesoscale c o n v e c t i v e  complexes, (MCC) 
based on analyses o f  enhanced I R  s a t e l l i t e  imagery 

s i  z e t  A: Cloud s h i e l d  w i t h  c o n t i g u o u s l y  low I R  
temperature - < -32OC must have an area 100,000 
km2. 

B:  I n t e r i o r  c o l d  c loud r e g i o n  w i t h  temperatures 
- -52OC must have an area - >50,000 kin2. 

Du r a t i o n  S ize  d e f i n i t i o n s  A and B must be met f o r  a 
p e r i o d  o f  >6h. 

Maximum Contiguous co ld -c loud s h i e l d  ( I R  temperature 
- (-32OC) reaches maximum s i z e  

Shape: E c c e n t r i c i t y  (minor  ax is /ma jor  a x i s )  must be 
>0.7 a t  t h e  t i m e  o f  maximum e x t e n t .  

e x t e n t  

- 
* 
' A f t e r  Maddox (1980a) 
+ I n i t i a t i o n  occurs when s i z e  d e f i n i t i o n s  A and B a r e  f i r s t  s a t i s f i e d ,  

Terminat ion  occurs when s i z e  d e f i n i t i o n s  A and B a r e  no l o n g e r  
s a t i s f i e d .  
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soundings d u r i n g  t h e i r  l i f e t i m e s .  The shape c r i t e r i o n  requ i res  t h a t  these 
systems be c i r c u l a r  o r  nea r l y  so, thus  imp ly ing  l i t t l e  v e r t i c a l  wind shear 
a l o f t .  A d i r e c t  consequence o f  t h e  temperature th resho ld  used by Maddox i s  
t h a t  r a i n  w i l l  always be est imated f o r  these systems by t h e  s a t e l l i t e  r a i n f a l l  
r e l a t i o n s h i p s  descr ibed i n  t h i s  study. 

The dynamics o f  t h e  MCC d r a s t i c a l l y  change t h e  l o c a l  environment. A t  
m idd le  l e v e l s  i n  t h e  atmosphere, p o t e n t i a l l y  cool  environmental a i r  i s  
ent ra ined.  Th is  produces s t rong  downdrafts, causing c o l d  , a i r  ou t f lows a t  the  
sur face,  mani fested as gust f r o n t s  and i n d i v i d u a l  outflo,ws. Thus, a t  middle 
l e v e l s  and a t  t h e  sur face  t h e  atmosphere i s  s i g n i f i c a n t l y  d i f f e r e n t  f rom t h e  
mois t ,  uns tab le  low- leve l  a i r  t h a t  f u e l s  t h e  complex. Any sounding sampling 
a i r  mod i f i ed  by t h e  dynamics o f  t h e  MCC would e x h i b i t  l i t t l e  t o  no convect ive 
a c t i v i t y  when processed through t h e  one-dimensi onal model . This would r e s u l t  
i n  a smal l  va lue  f o r  t h e  model adjustment f a c t o r  ( t y p i c a l l y  -0.01), so l i t t l e  
r a i n  would be i n f e r r e d  by t h e  s a t e l l i t e  technique f o r  t he  complex a f t e r  
adjustment. However, much p r e c i p i t a t i o n  i s  produced by an MCC, p a r t i c u l a r l y  
i n  i t s  mature stage. Without modeling a composite MCC, a more r e a l i s t i c  
es t ima te  f o r  t h e  MAF under an MCC i s  a va lue o f  1.00. C e r t a i n l y  t h e  amount o f  
r a i n  produced by an MCC i s  c l o s e r  t o  t h a t  produced by a F l o r i d a  system of 
comparable s ize,  r a t h e r  than one one-hundredth of t h e  r a i n  froin a F l o r i d a  
system . 

The 6-hour ly,  MB-enhanced GOES hard-copy imagery f o r  August 1979 were 
reviewed t o  i d e n t i f y  MCC's w i t h i n  t h e  reg ion  o f  t h i s  study. Occasional ly  t h e  
unenhanced, f u l l - d i s k  IR image was examined when t h e  MB-enhanced IK p i c t u r e  
was no t  ava i l ab le .  The f u l l - d i s k  data were used main ly  f o r  c o n t i n u i t y .  Table 
B.2 l i s t s  t h e  upper -a i r  s t a t i o n s  t h a t  were under MCC canopies a t  t h e  synopt ic  
t imes d u r i n g  t h e  month o f  t h i s  study. 

The model adjustment f a c t o r  f o r  t h e  55 s t a t i o n s  i n  Table B.2 were se t  t o  
1.00. Undoubtedly, t h e r e  were a l s o  convect ive systems present i n  t h e  August 
da ta  s e t  t h a t  d i d  n o t  meet t h e  MCC c r i t e r i a  y e t  mod i f i ed  t h e  atmosphere t o  
such an ex ten t  t h a t  soundings and model adjustment f a c t o r s  are contaminated by 
t h e i r  e f f e c t s .  NI, e f f o r t ,  however, was made t o  i d e n t i f y  a l l  t he  soundings 
t h a t  may have been i n  t h e  o u t f l o w  o f  l a r g e  convect ive systems o r  t h a t  had 
sampled i n - c l o u d  a i r  o f  such systems. 
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Tab1 e B .2. Upper a i  r data contaminated by mesoscale convect i ve compl exes, August 1979 

Date Time S t a t i o n  Date Time S t a t i o n  

8/02 

8/ 04 
8/05 
8/08 

8/12 
8/14 
8/15 

8/17 
8/18 

8/19 

8/19 

8/20 

122 

122 
122 
122 

ooz 
ooz 
ooz 

122 
122 

ooz 

122 

ooz 
122 

Longview, TX 
Stephenv i l le ,  TX 
St. Cloud, MN 
Green Bay, W I  
Green Bay, W I  
Huron, SD 
S t .  Cloud, MN 
Rapid City, SD 
Bismark, ND 
Jackson, MS 
A1 buquerque, NM 
Longview, TX 
Oklahoma City, OK 
Green Bay, W I  
Denver, CO 
Peoria, I L  
North P l a t t e ,  NE 
Green Bay, W I  
Peoria, I L  
Huron, SD 
Salem, I L  
Peoria, I L  
Omaha, NE 
Huron, SD 
S t .  Cloud, MN 
Topeka, KS 
Peoria, I L  

8/21 

8/22 

8/25 

8/26 

8/27 

8/28 

8/ 29 

8/30 
8/31 

ooz 

122 
122 

001 

121. 

ooz 
12z 

1 2 1  

122 

ooz 
ooz 
122 

Jackson, MS 
Midland, TX 
Nashvi l le ,  TN 
Grand Junction, CO 
Peoria, I L  
S tephenv i l le ,  TX 
S t .  Cloud, MN 
Jackson, MS 
Oklahoma City, OK 
Amarillo, TX 
Nashvi l le ,  TN 
Amar i l lo ,  TX 
Dodge City, KS 
Amar i l lo ,  TX 
Amar i l lo ,  TX 
A1 buquerque, NM 
Salem, I L  
Huron, SD 
S t .  Cloud, MN 
I n t e r n a t i o n a l  Fa1 1 s ,  MN 
Topeka, KS 
Peoria, I L  
Omaha, NE 
Green Bay, HI 
Topeka, KS 
Nashvi 11 e ,  TN 
Salem, I L  
I n t e r n a t i o n a l  Fa1 1 s, MN 



APPENDIX C 

GAUSSIAN INTERPOLATION OF METEOROLOGICAL DATA 

An i n t e r p o l a t i o n  scheme i s  a process whereby a continuous f u n c t i o n  f i l l s  
an under l y ing  g r i d  w i t h  values by opera t ing  on p o i n t  observat ions.  Two 
i n t e r p o l  a t i o n  schemes f requen t l y  used i n  meteorology are those o f  Cressinan 
(1959) and Barnes (1964; 1973) . Both schemes are wei ghted-average methods i n  
which t h e  va lue o f  t h e  v a r i a b l e  a t  t h e  g r i d  p o i n t  i s  t h e  sum o f  weighted 
values o f  t h e  i n d i v i d u a l  observat ions w i t h i n  a f i x e d  d is tance from t h e  g r i d  
p o i n t .  Cressman's scheme uses a we igh t ing  f u n c t i o n  t h a t  i s  scaled from 1 a t  
t h e  l o c a t i o n  o f  t h e  g r i d  p o i n t  t o  0 a t  some f i x e d  d is tance N from t h e  g r i d  
p o i n t .  I n  t h e  Barnes o b j e c t i v e  ana lys i s  technique t h e  cont inuous f u n c t i o n  i s  
a Gaussian and t h e  value a t  t h e  g r i d  p o i n t  i s  genera l l y  smal le r  than 1. This  
s tudy  has used t h e  l a t t e r ' s  scheme t o  i n t e r p o l a t e  t h e  model adjustment f a c t o r s  
c a l c u l a t e d  a t  p o i n t  l o c a t i o n s  t o  a f i e l d  o f  adjustments a t  t h e  s p a t i a l  
r e s o l u t i o n  o f  t h e  s a t e l l i t e  data. 

The average spacing o f  t h e  o r i g i n a l  data determines which atmospheric 
waves can be un ique ly  s p e c i f i e d  and consequently t h e  values o f  t h e  ana lys i s  
constants.  I f  t h e  spacing o f  t h e  observat ions i s  Ax, then atmospheric 
phenomena o f  wavelengths no smal le r  than 2 h  can be sampled. I n  fac t ,  t h e  2 h  
wave i s  a lower l i m i t  on t h e  sampling and, i n  p rac t i ce ,  a more reasonable 
prospect i s  t o  assure adequate sampling o f  t h e  6 ~ x  waves (S.L. Barnes, 
personal  communication). The response f u n c t i o n  i s  a measure o f  t h e  
c o n t r i b u t i o n  t h a t  each wavelength makes t o  t h e  i n t e r p o l a t i o n .  It i s  de f ined 
by  

2 
R = exp(-  - c )  9 ( C - 1 )  

' 4 n  

h2 
where R i s  t h e  response, X i s  t h e  wavelenyth (km) o f  t h e  phenomenon o f  
i n t e r e s t  and c i s  t h e  ana lys i s  constant  (km2). 

Barnes' o b j e c t i v e  ana lys i s  scheme as descr ibed i n  h i s  1973 Technical 
Memorandum i s  a two-pass scheme. I n  t h e  f i r s t  pass, a Gaussian we igh t ing  
f u n c t i o n  operates on t h e  p o i n t  observat ions t o  produce a f i r s t  est imate o f  t he  
i n t e r p o l a t e d  f i e l d .  I n  t h e  second pass, a c o r r e c t i o n  res to res  t h e  ampl i tude 
o f  t h e  wave(s) o f  i n t e r e s t  t o  y i e l d  t h e  f i n a l  f i e l d .  

I n  t h i s  study, t h e  Car tes ian coord ina te  fo rmu la t i on  (Maddox, 1980b) 
r a t h e r  than t h e  p o l a r  coord ina te  fo rmu la t i on  o f  Barnes' scheme has been 
used. Consider t h e  p o i n t  observat ions a t  l o c a t i o n s  (x,y) o f  a parameter 
f(x,.y). These da ta  a r e  t o  be i n t e r p o l a t e d  t o  values f, on an ( i , j )  g r i d .  The 
f i r s t - g u e s s  i n t e r p o l a t e d  values a re  computed from 
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where N i s  t h e  number of p o i n t s  i n  t h e  o r i g i n a l  data t h a t  a re  a l lowed t o  
in f luence t h e  i n t e r p o l a t e d  po in t ,  and wn i s  t h e  weight f unc t i on .  I n  Barnes' 
scheme t h e  weight f u n c t i o n  i s  t h e  Gaussian f u n c t i o n  

(C-3) w = exp(-dn/4c) 2 . 
n 

The v a r i a b l e  d, i s  t h e  d is tance from the  ( i , j )  g r i d  p o i n t  t o  t h e  observed 
datum fn t h a t  i s  l oca ted  a t  (x,y). The c o r r e c t i o n  pass on the  f i r s t - g u e s s  
values, f o ( i  , j ) ,  computes t h e  f i n a l  i n t e r p o l a t e d  values, f ( i  ,j), by 

N i  N l  
f ( i , j )  = f o ( i , j )  + 1 wnDn / 1 wn . 

n = l  n- 1 
(c -4)  

The f u n c t i o n  w i  i s  a Gaussian i n  which t h e  constant o f  (C-3) has been reduced: 
2 I 

wn = exp(-dn/4gc) 

f o r  g between 0 and 1. D i s  t h e  d i f f e r e n c e  between the  observed value and 
t h e  i n i t i a l  guess va lue a t  ?he same p o i n t  

D n = fn(X,Y) - fo(X,Y) (C-6 1 
The va lue fo(x,y) i s  est imated by a b. iquadrat ic i n t e r p o l a t i o n  between t h e  
f o ( i , j )  values a t  t h e  f o u r  g r i d  p o i n t s  c loses t  t o  (x,y). 

The ex ten t  o f  t h e  g r i d  t h a t  can be i n t e r p o l a t e d  i s  determined by t h e  
spacing and l o c a t i o n  o f  t h e  observat ions.  The i n t e r p o l a t e d  f i e l d  must l i e  
w i t h i n  t h e  area bound by t h e  outermost observat ions.  Although t h e  gages are  
roughly  bound by 30°N, 5OoW, 8 5 O W ,  and l l O o W ,  the  boundaries o f  t he  maximum 
area t h a t  can be i n t e r p o l a t e d  a r e  30.5'N, 46.75'N, 9 0 . 2 5 O W ,  and 1 0 8 . 5 O W .  

I n  i n t e r p o l a t i n y  t h e  model adjustment fac to rs ,  t he  i n t e n t  was t o  c l o s e l y  
reproduce t h e  o r i y i n a l  data. The f i r s t  se t  of runs used t h e  two-pass system 
descr ibed above. Four observat ions were a1 lowed t o  i n f l u e n c e  each g r i d  p o i n t ,  
and t h e  constants  c and g were se t  t o  2000 km2 and 0.2, respec t ive ly .  The 
response func t i ons  o f  t he  two passes and the  r e s u l t a n t  f i l t e r  are shown i n  
F ig .  C.1. Response i s  p l o t t e d  as a f u n c t i o n  o f  wavelength, and t h e  responses 
from t h e  f i r s t  and second passes are  t h e  lower and upper curves, respec t ive-  
l y .  As can be seen froin t h e  f i gu re ,  t he  second pass has considerably  "shar- 
pened up" t h e  response a t  a l l  wavelengths, so much so t h a t  t he  f i n a l  response 
looks  l i k e  a t o p  hat.  

For  t h e  radiosonde network, ~?3(  i s  -400 km. F ig.  C.1 shows t h a t  wave- 
lengths  much smal le r  than 800 km have a h igh  response; t h a t  i s ,  t h e  response 
i s  much g rea te r  than 0.1. This  h igh  response a t  small wavelengths means t h a t  
no ise  from shor t  wavelengths i s  inc luded i n  t h e  i n t e r p o l a t i o n  resu l t s .  F ig .  
C.2 .suppor ts  t h i s  content ion.  I n  t h i s  example t h e  model adjustment f i e l d  ap- 
pears r a t h e r  b locky and the re  are small wiggles on t h e  angular contour  
l i n e s .  I n c o r r e c t  values f o r  t h e  ana lys i s  constants were hypothesized as 
probable causes f o r  t he  angu la r i t y .  Truncat ion e r r o r s  t h a t  a re  associated 
w i t h  t h e  number o f  observat ions al lowed t o  i n f l u e n c e  each g r i d  p o i n t  c a l c u l a  
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1.0 

Fig. C.1. F i r s t -  and 
second-pass response 
curves f o r  t h e  Gaussi- 
an weight  f u n c t i o n  
w i t h  t h e  constants  c = 
2,000 km2 and g = 0.2. 0.7 
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Fig.  C.2. The model ad- 
justment  f i e l d  i n t e r -  
po l  a ted by t h e  Gaussi - 
an descr ibed i n  Fig.  
C.1 f o r  5 August 1979 
a t  1200 GMT. Four ob- 
serva t ions  have been 
a1 1 owed t o  i n f  1 uence 
t h e  c a l c u l a t i o n  a t  
each g r i d  p o i n t .  The 
model adjustment fac-  
t o r s  are a l s o  shown. 
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F i  y. C.3. F i  rs t -pass  
response curve f o r  t h e  
Gaussian weight func- 
t i o n  w i t h  t h e  constant  
c = 12,000 km2, 
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t i o n  were thouyht  t o  be t h e  source of t he  noise t h a t  produced the  smal ler  
sca le  w i  gg l  es . 

Equat ion ( C - 1 )  was used t o  choose t h e  value of t he  ana lys i s  constant I'c" 
so t h a t  small wavelengths are excluded from the  i n t e r p o l a t i o n .  Furthermore, 
i t  was advised t h a t  t h e  second pass be omit ted,  thereby e l i m i n a t i n y  t h e  " top  
ha t "  response (C .A. Doswell , I I I ,  personal communication). F ig .  C .3  shows t h e  
response f u n c t i o n  f o r  a value of c equal t o  12,000 km2. Only one curve 
appears i n  t h i s  f i g u r e  because no second pass was used. The response a t  800 
km has dropped s u b s t a n t i a l l y  t o  l e s s  than 0.1. A t  48x (1600 km) the  response 
i s  about 50%, and a t  6Ax i t  i s  on the  order  o f  70% o f  t he  value o f  t h e  
ampl i tude o f  t h e  o r i g i n a l .  The r e s u l t i n g  model adjustment f a c t o r  f i e l d  i s  
shown i n  Fig. C.4. I f  judged simply by the  smoothness o f  t he  f i e l d ,  t h i s  
f i e l d  i s  a decided improvement over t h e  f i e l d  o f  Fig. C.2, although t h e r e  i s  
s t i l l  smal l -sca le no ise as evinced by the  wiggles on the  contours. 

Dayton Vincent (personal  communication) found t h a t  t h e  optimum number of 
observat ions needed t o  i n f l u e n c e  each g r i d  computation should be i n  the  range 
o f  6 t o  10, i n  c o n t r a s t  t o  t h e  f o u r  p o i n t s  used i n  t h e  i n t e r p o l a t i o n s  shown so 
f a r .  Fig.  C.5 i s  t h e  model adjustment f i e l d  t h a t  r e s u l t s  from Barnes' scheme 
o f  one pass w i t h  c=12,000 km2 (as i n  Fig.  C.4), but  w i t h  e i g h t  observat ions 
i n f l u e n c i n g  each c a l c u l a t i o n .  The smal lest  wigg les t h a t  r e s u l t  f rom 
t r u n c a t i o n  e r r o r s  i n  t h e  computation have disappeared. Consequently a l l  model 
adjustment f a c t o r  f i e l d s  ca l cu la ted  f o r  t h i s  study were generated under t h e  
s p e c i f i c a t i o n s  o f  a one-pass Barnes i n t e r p o l a t i o n ,  w i t h  t h e  ana lys is  constant  
c equal t o  12,000 km2 and w i t h  e i y h t  observat ions being al lowed t o  i n f l u e n c e  
each c a l  cu l  a t  i on . 
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Fiy.  C.4. The model ad- 
justment  f i e l d  i n t e r -  
po la ted  by t h e  Gaussi- 
an descr ibed i n  Fig. 
C.3 f o r  5 August 1979 
a t  1200 GMT. Four ob- 
s e r v a t i  ons have been 
a1 1 owed t o  i n f l  uence 
t h e  c a l c u l a t i o n  a t  
each g r i d  po in t .  The 
model adjustment fac- 
t o r s  a re  a l s o  shown. 

SON 

Fig. C.5. The model 
adjustment f i e l d ,  as 
Fig. C.4, but  w i t h  
e i g h t  observat ions 
al lowed t o  i n f l u e n c e  
each g r i d  po in t .  
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APPENDIX D 

EXPLORATORY DATA ANALYSIS TECHNIQUES 

Observa t ions  o f  geophysica l  da ta  a r e  r a r e l y  normal ly  d i s t r i b u t e d ,  and 
consequent ly  t h e  use o f  s t a t i s t i c a l  measures t h a t  a r e  based on t h e  normal 
d i s t r i b u t i o n  can be mis lead ing ,  i f  n o t  i n  e r r o r .  L ikewise,  t h e r e  a r e  o f t e n  
extreme and o u t l y i n g  va lues i n  t h e  d a t a  t h a t  h i g h l y  i n f l u e n c e  t h e  computat ion 
of  t h e  mean o f  a sample o r  i t s  leas t -squares  regress ion .  I n  recent  years  
techn iques  o f  da ta  p r e s e n t a t i o n  and a n a l y s i s  t h a t  a re  no t  based on t h e  normal 
d i s t r i b u t i o n  and t h a t  a r e  r e s i s t a n t  t o  t h e  e f f e c t  o f  a smal l  number of 
o u t l i e r s  have begun t o  appear i n  t h e  l i t e r a t u r e  under t h e  t i t l e  o f  e x p l o r a t o r y  
d a t a  a n a l y s i s  (EDA). K l e i n e r  and Graedel ' (1980)  presented a b r i e f  t u t o r i a l  on 
t h e  s u b j e c t  w i t h  a p p l i c a t i o n s  t o  t h e  geophysica l  sciences. Tukey (1977),  
Vel leman and H o a g l i n  (1981), and Hoag l in  e t  a1 . (1983) were t h e  p r i m a r y  
r e f e r e n c e  sources used i n  t h i s  study. 

EDA i n c l u d e s  such f a m i l i a r  g r a p h i c a l  d i s p l a y s  as t h e  h is togram and such 
e x o t i c  sounding dev ices as t h e  rootogram. The EDA t o o l s  used i n  t h i s  s tudy  
a r e  t h e  box-and-whisker p l o t  and t h e  stem-and-leaf p l o t .  The advantages o f  
t h e s e  t o o l s  a r e  t h a t  t h e y  h e l p  t o  c l a r i f y  t h e  d i s t r i b u t i o n  o f  t h e  da ta  sample 
i n  more o r  l e s s  d e t a i l ,  a l l o w  impress ions of  s i n g l e  d a t a  s e t s  t h a t  can be 
e a s i l y  apprehended, and g r e a t l y  f a c i  1 i t a t e  compari sons among severa l  da ta  s e t s  
t h r o u g h  t h e  p a t t e r n s  found i n  these d i s p l a y s .  Perhaps t h e  g r e a t e s t  advantage 
o f  EDA i s  t o  draw t h e  a t t e n t i o n  o f  t h e  i n v e s t i g a t o r  t o  d a t a  va lues t h a t  do n o t  
f a l l  w i t h i n  t h e  b u l k  of t h e  d a t a  set .  It i s  these o u t l i e r s  t h a t  o f t e n  r a i s e  
t h e  r e a l l y  i n t e r e s t i n g  ques t ions .  

The most d e t a i l e d  of  t h e  two t o o l s  used here i s  t h e  stem-and-leaf p l o t .  
I n  t h i s  d e v i c e  every o b s e r v a t i o n  i n  t h e  sample i s  d i s p l a y e d  i n  r e l a t i o n  t o  t h e  
o t h e r  observa t ions  . A sample stem-and-1 e a f  p l o t  o f  t h e  d a i l y ,  area-averaged 
s a t e l l i t e  r a i n f a l l s  ( i n  m i l l i m e t e r s  and expressed t o  one decimal p l a c e )  f o r  
t h e  a d j u s t e d  s t r e a m l i n e d  techn ique i s  found i n  F iy .  D.1. I n  t h i s  example, t h e  
i n t e g e r  va lue  o f  t h e  area-averaged r a i n f a l l s  forms t h e  stem; these a r e  t h e  
d i g i t s  t h a t  a r e  w r i t t e n  t o  t h e  l e f t  o f  t h e  v e r t i c a l  l i n e .  The t e n t h s  p a r t  o f  
t h e  f r a c t i o n a l  p o r t i o n  o f  each measurement i s  t h e  l e a f ,  w r i t t e n  t o  t h e  r i g h t  
o f  t h e  v e r t i c a l  l i n e .  There a r e  31 observa t ions ,  7 o f  which, f o r  ins tance,  
a r e  area-averaged r a i n f a l l s  s m a l l e r  than 1 mm (0.0, 0.1, 0.1, 0.2, 0.4, 0.5, 
and 0.8 mm) and 1 of which i s  l a r g e r  than 5 mm (5.1 mm). There a r e  no 
o b s e r v a t i o n s  i n  t h e  range of 4.0 t o  4.9 mm. From t h e  stem-and-leaf p l o t  one 
can see t h a t  t h e  sample i s  asymmetric, peaking around 1 mm and hav ing a t a i l  
w i t h  one extreme va lue  (5.1 mm) t h a t  i s  separated from t h e  r e s t  o f  t h e  da ta ,  
T h e . d i g i t s  on t h e  extreme l e f t  a r e  a runn ing  sum of t h e  number o f  observa t ions  
f rom each end t o  t h e  i n t e r v a l  i n  which t h e  median occurs (which i s  i n d i c a t e d  
by t h e  parentheses) .  The median, of  course, i s  t h e  va lue  f o r  which h a l f  t h e  
( ranked)  sample i s  s m a l l e r  and h a l f  i s  l a r g e r ,  and i s  d e f i n e d  i n  t h e  usual  
way. That i s ,  i n  a sample c o n t a i n i n g  an odd number o f  observa t ions ,  t h e  
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Number Box-and-whi sker  p l o t  

0 

2 
3 
4 

0 1 1 2 4 5 8  
1 0 2 3 3 5 5 5 7 7 7  

0 0 0 1 1 1 3 6  
0 1 4 4 6  

5 1  

F ig.  D.1. Stem-and-leaf p l o t  o f  d a i l y  area-averaged r a i n f a l l s  ( m m )  computed 
f rom t h e  ad jus ted  s t reaml ined s a t e l l i t e  technique f o r  August 1979. 

median i s  t h e  s i n g l e  midd le  value. For a sample w i t h  an even number o f  
observat ions,  t h e  median i s  t h e  averaye o f  t h e  two middle observat ions.  

I n  a d d i t i o n  t o  t h e  median, o the r  values t h a t  a re  used i n  EDA t o  
c h a r a c t e r i z e  t h e  sample d i s t r i b u t i o n  i nc lude  t h e  hinyes (which a re  almost 
numer ica l l y  equ iva len t  t o  t h e  upper and lower q u a r t i l e  va lues)  and the  extreme 
values. The hinges d i v i d e  i n t o  halves t h e  ranked sample between the  extremes 
and t h e  median. The hinges are  de f ined by 

where, i n  t h e  n o t a t i o n  o f  Velleman and Hoagl in  (1981), 

H r e f e r s  t o  t h e  hinge, 
M r e f e r s  t o  t h e  median, 
d(H) i s  t h e  depth o f  t h e  hinge, t h a t  i s ,  t he  o r d i n a l  p o s i t i o n  o f  t h e  

h inge i n  t h e  ordered sample, 
d(M) i s  t h e  depth o f  t h e  median, and 
C 3 denotes t h e  i n t e g e r  p a r t  o f  t h e  enclosed quan t i t y .  

I n  t h i s  example t h e  lower and upper hinges a re  1.1 and 2.2 mm, respec t i ve l y .  
The hinges l i e  c l o s e r  t o  t h e  median than t h e  q u a r t i l e s  do and so d i f f e r  
s l i g h t l y  i n  va lue from them. The lower  and upper q u a r t i l e s  f o r  t h e  data o f  
Fig. D . 1  have values of 1.0 and 2.3 mm, respec t i ve l y .  The extreme values o f  
t h e  sample a re  0.0 and 5.1 mm. 

I n  EDA a d i f f e r e n t i a t i o n  i s  made between t h e  extreme values o f  t h e  sample 
and o u t l i e r s  i n  t h e  sample. The extreme values are t h e  l a r g e s t  and smal les t  
values i n  t h e  sample. O u t l i e r s ,  on t h e  o the r  hand, have a s p e c i f i e d  
r e l a t i o n s h i p  t o  t h e  hinges, and two types o f  o u t l i e r s  are def ined--outs ide and 
f a r  ou ts ide  o u t l i e r s .  O u t l i e r s  have not  been i d e n t i f i e d  i n  t h i s  study, 
however, because t h e i r  d e f i n i t i o n  i s  based on parameters r e l a t e d  t o  t h e  normal 
d i s t r i b u t i o n ,  and r a i n f a l l  c l e a r l y  does not  f o l l o w  a normal d i s t r i b u t i o n .  

Box-and-whisker p l o t s  a r e  a s imple g raph ica l  summary o f  t h e  median, 
hinyes, and extremes. The box-and-whisker p l o t  f o r  t he  data i n  F iy .  D . l  i s  
g iven  i n  Fig.  0.2. (Th is  type  o f  box-and-whisker p l o t  i s  r e f e r r e d  t o  by Tukey 
c19771 as a "schematic p l o t "  and i s  c a l l e d  a boxplot  by Velleman and Hoagl in  
C198lI.) The hinges o f  t h e  sample form t h e  ends o f  t he  box and t h e  median i s  
t h e  h o r i z o n t a l  l i n e  i n  t h e  midd.le o f  t h e  box. The dashed l i n e s  are  the  
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Fiy.  D.2. Box-and-whisker 
p l o t  o f  d a i  l y  area-averaged 
r a i  n faJ1 s' (mm) computed from 
t h e  ad jus ted  s t reaml ined sa- 
t e l l i t e  technique f o r  August 
1979. 

whiskers and extend from t h e  hinges t o  t h e  extreme values i n  t h e  sample. 

A box-and-whisker l o t  i s  thus a compact summary o f  t h e  data sample. The 

and t h e  median g i ve  some idea o f  t h e  skewness of t h e  sample. And t h e  extremes 
i n d i c a t e  t h e  ex is tence o f  t a i l s  on t h e  d i s t r i b u t i o n .  For t h e  data of Fig. 
D.2, t h e  middle 50% are symmetr ica l ly  d i s t r i b u t e d  around t h e  median, but  t h e  
upper extreme value causes a t a i l  towa.rd h igher  r a i n  depths. As t h e  mod i f ied  
box shows, t h e  t a i l  f o r  t h e  lower amounts i s  f a i r l y  evenly f i l l e d  out ( t he  5% 
i n t e r v a l  i s  c lose  t o  t h e  lower extreme), but  t h e  upper t a i l  i s  not, as we have 
seen i n  Fig. D.1. 

box emphasizes t h e  midd f e 50% of t h e  sample. The d is tances between t h e  hinges 

I have a l s o  devised a mod i f ied  box-and-whisker p l o t  t h a t  emphasizes t h e  
middle 90% o f  t h e  data and de l ineates  how much o f  e i t h e r  t a i l  i s  due t o  10% of 
t h e  data. I n  Fig. D.3, t h e  dashed box encloses t h e  middle 90% and each t a i l  
conta ins 5%. The 5% and 95% i n t e r v a l s  i n  t h i s  example occur a t  0.1 and 3.6 
mm, respect i ve ly  . 

Fig. D.3. Modi f ied box-and- 
whisker p l o t  o f  d a i l y  area- 
averaged r a i  n f a l  l s (mm) com- 
puted from t h e  ad jus ted  
stream1 i ned sate1 1 i t e  tech-  
nique f o r  August 1979. The 
dashed box encloses 90% o f  
t h e  data. 
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APPENDIX E 

TIME SERIES OF HOURLY AREA-AVERAGED RAINFALL 

Time s e r i e s  o f  hou r l y  area-averayed r a i n f a l l s  f o r  August 1979 a re  
presented here. Gage r a i n f a l l s  w i t h  one s a t e l l i t e  a r ray  permutat ion are  
p l o t t e d  on each f i g u r e .  The f o u r  s a t e l l i t e  permutat ions are unadjusted l i f e  
h i s t o r y  (F igs.  E.l-E.4), ad jus ted  l i f e  h i s t o r y  ( F i g s .  E.5-€.8), unadjusted 
s t reaml ined  (F igs.  E.9-E.12), and ad jus ted  s t reaml ined (F igs.  E.13-E.16). 
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Fig .  E.1. Time s e r i e s  of hourly area-averaged unadjusted l i f e  h i s t o r y  and 
gage r a i n f a l l s  f o r  August 1-4 ( t o p )  and 5-8 (bottom), 1979. 
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98 



X 

I- 

0 
0 

I S  
n 
w 4  

g 3  a 

a 

U 
w 2  > 

n 
I 
r 7  
U 

0 
Y 3  a 

a 
a i  

a .  

U 
w 2  > 

I 

w 
[I 

01 02 
AUGUST 19790' 

04 

Fig.  E.13. Time s e r i e s  of hourly area-averaged adjusted streamlined and gage 
r a i n f a l l s  f o r  August 1-4 ( t o p )  and 5-8 (bottom), 1979. 

99 



n 

r Q-. -0 SATELLITE 
2 7  

0 
d B  

X 

I- 

v X-K GAGE 

1 5  

n 
w 4  n 
n 

a 
U 
w 2  > a 

I 
4 1  
w .  
U 

E 3  

a .  
10 12 
AUGUST 1976' 

09 

0 
d 8  

n 

a 

a 
a i  

a .  

w 3  
c3 
U 
w 2  > 

I 

W 
U 

00 08 12 I 8  00 OB 12 I 8  00 08 12 18 00 08 12 I 8  00 

AUGUST Id5 
14 13 I 8  

F i g .  E.14, Time s e r i e s  o f  hour ly  area-averaged ad justed  s t reaml ined  and gage 
r a i n f a l l s  for August 9-12 ( t o p )  and 13-16 (bot tom) ,  1979,  

100  



-z- 
Z 7 T  
v 

0 

X 

I c 

4 

a 
W 
0 
0 

a 

a 
a 

a 

U 
W > 
I 

W a: 

n z r 
0 

X 

I 
I- 

W 
0 
0 
W 
L3 

U 
W > 

I 

W 
CC 

v 

4 

n 

a 

a 
a 

a 

00 08 12 18 00 OB 12 18 00 08 12 18 00 08 12 I 8  00 
17 

t 

18 
AUGUST IWd9 

20 

1 :: 
00 08 12 18 00 08 12 18 00 08 12 18 00 08 12 18 00 

21 22 
AUGUST Id3 

24 
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