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T h i s  n o t e  g i v e s  a b r i e f  h i s t o r y  o f  p r o c e d u r e s  f o r  
ana lys ing  t h e  growth o f  crop stands, leading t o  a r e l a t i o n  
between i n t e r c e p t e d  r a d i a t i o n  and b iomass.  Ana l  y s i  S o f  
measurements w i t h  tube so lar imeters  throughout t h e  growing 
season i s  d iscussed and t h e o r y  l i n k i n g  t h e  i n t e r c e p t i o n  o f  
t o t a l  s o l a r  r a d i a t i o n  t o  t h e  i n t e r c e p t i o n  o f  q u a n t a  i s  
out1 ined. 

P r a c t i c a l  aspects inc lude t h e  exposure and c a l i b r a t i o n  o f  
tube so lar imeters  and examples are  g iven f o r  d i f f e r e n t  types o f  
stand inc lud ing  mixed communities. 
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EVOLUTION OF GROWTH ANALYSIS 

How does t h e  growth o f  a  stand of vegetat ion depend on t h e  
weather t o  which i t i s  exposed, hour by hour and day by day? 
E c o l o g i s t s  and agronomis ts  have been t r y i n g  t o  answer t h i s  
quest ion  f o r  almost 200 years - and they are  s t i l l  t r y i n g !  
D i f f i c u l t i e s  are obvious: t h e  v a r i a b i l i t y  o f  weather i n  t ime 
and o f  p lan ts  i n  space; t h e  complex response t o  weather o f  a1 l 
phys io log i ca l  processes; t h e  i n t e r a c t i o n  o f  weather w i t h  pests, 
diseases and n u t r i e n t  de f i c ienc ies .  

Over t h e  past  70 years o r  so, progress has been made i n  
t h r e e  main d i r e c t i o n s .  F i r s t ,  a  scheme o f  "Growth Analys is"  
was developed and used t o  c o r r e l a t e  a t t r i b u t e s  o f  growth w i t h  
elements such-as  r a i n f a l l ,  d a i l y  mean temperature, r a d i a t i o n ,  
e tc . ,  measured a t  standard c l ima to log ica l  s ta t i ons .  Second, 
i n s t r u m e n t s  were  d e v i s e d  t o  measure  e l e m e n t s  o f  t h e  
microc l imate  w i t h i n  p l a n t s  stands. F i n a l l y ,  se ts  o f  equations 
d e s c r i b i n g  how p l a n t s  respond t o  weather  were combined i n  
"models" t h a t  could be used t o  p r e d i c t  growth and y i e l d  i n  a  
prescr ibed environment. 

The main e lement  o f  Growth A n a l y s i s  as d e v e l o p e d  by  
D.J.Watson (1958) was a  Net Ass im i la t i on  Rate (NAR) - t h e  r a t e  
a t  which t h e  biomass o f  a  p l a n t  stand increased per  u n i t  f i e l d  
area. ~ g r o n o m i s t s  made many attempts t o  c o r r e l a t e  NAR w i t h  
i n d i v i d u a l  elements o f  weather but  t h i s  type o f  ana lys i s  was 
u s u a l l y  inconclus ive,  p a r t l y  because NAR decreases as biomass 
i n c r e a s e s  and p a r t l y  b e c a u s e  measuremen ts  o f  b i o m a s s  
accumulation i n  t h e  l a t t e r  p a r t  o f  the  growing season are prone 
t o  very  l a rge  e r r o r s .  

L i t t l e  use i s  now made o f  NAR i n  t h e  ana lys i s  o f  crop 
growth but  one o f  i t s  components - Leaf Area Index (LAI) - has 
proved inva luab le  i n  many contexts from model l ing t h e  growth o f  
vegeta t ion  t o  t h e  i n t e r p r e t a t i o n  o f  s a t e l l i t e  images. LA1 i s  
de f ined as the  t o t a l  p l a n  area o f  a l l  leaves per  u n i t  ground 
area. 

2. THE BIOMASS/RADIATION RELATION 

H i s t o r y  

I n  t h e  e a r l y  1950s, Professor Monsi and h i s  col leagues i n  
Japan s t a r t e d  working on models o f  crop photosynthesis t h a t  
described how s o l a r  r a d i a t i o n  penetrated a  stand o f  vegeta t ion  
t o  be absorbed and s c a t t e r e d  by l e a v e s .  To measure mean 
h o r i z o n t a l  i r rad iance  as a  func t i on  o f  depth w i t h i n  f o l i a g e ,  
Isobe (1962) developed a  simple tubu la r  so lar imeter .  This idea 
was taken up by Szeicz e t  a l .  (1964) who used t h e  Wilson and 
Epps (1920) technique o f  p l a t i n g  constantan w i re  w i t h  copper t o  
make l i n e a r  thermopi les t h a t  f i t t e d  i n t o  glass tubes, about 90 
cm long and 2  cm i n  diameter. 

I n  t h e  1960s and  e a r l y  70s ,  no  c o m m e r c i a l  t u b e  
so lar imeters  were a v a i l a b l e  but  laboratory-made instruments 
were exposed i n  a  number o f  a r a b l e  c r o p s .  D e l t a - T  t u b e  
so lar imeters ,  s i m i l a r  i n  format t o  those o f  Szeicz e t  a l . ,  



appeared on t h e  market i n  1974. The subs tan t ia l  number o f  
measurements co l l ec ted  from these and comparable instruments 
a l l  con f i rmed  t h a t  s tand ing  b iomass o f  annua l  c r o p s  was 
e f f e c t i v e l y  propor t iona l  t o  t h e  amount o f  r a d i a t i o n  in tercepted 
by f o l i a g e  from emergence u n t i l  t h e  onset o f  senescence a t  t he  
end o f  t h e  main growth per iod.  Th is  r e l a t i o n  had a l ready been 
demonstrated w i t h  conventional so lar imeters  and l i g h t  meters as 
used by Sh ib les  and Weber (1965) working w i t h  soybean, Wi l l iams 
e t  a l .  (1965) w i t h  maize and Baker  and Meyer (1966)  w i t h  
co t ton .  Warren Wilson (1967) used t h e  r e l a t i o n  t o  d e f i n e  an 
e f f i c i e n c y  o f  l i g h t  use by f i e l d  crops and t h e  consistency o f  
t h i s  q u a n t i t y  f o r  d iverse B r i t i s h  crops was demonstrated by 
Monte i th  (1977) and by Gallagher and Biscoe (1978). 

An i m p o r t a n t  consequence o f  a l l  t h i s  work was t h a t  
t r a d i t i o n a l  Growth Analysis i n  terms o f  a  Net Ass im i la t i on  Rate 
could be replaced by a  new s t r a i g h t f o r w a r d  type o f  ana lys i s  i n  
which p l a n t  growth i s  a  simple f u n c t i o n  o f  (i) the  amount o f  
r a d i a t i o n  in tercepted over t h e  growing season; and ( i i )  t h e  
amount o f  d r y  mat ter  produced per u n i t  o f  r a d i a t i o n  in tercepted 
(e). Th is  l a t t e r  quan t i t y  i s  o f t e n  r e f e r r e d  t o  as a  "Radiat ion 
use e f f i c i e n c y "  but  i t  i s  no t  an e f f i c i e n c y  ( w i t h  a  range from 
0 t o  1) i n  t h e  s t r i c t  phys ica l  sense and the  term Biomass 
Rad ia t ion  C o e f f i c i e n t  (BRC) w i l l  be used i n  t h i s  document. 

Determinat ion o f  Biomass dad ia t i on  C o e f f i c i e n t  

I f  S(t )  i s  s o l a r  i r r a d i a n c e  ( r a d i a n t  ene rgy  p e r  u n i t  
ground area and per u n i t  t ime) on day t, f(t) i s  the  f r a c t i o n  
o f  t h a t  energy intercepted ( i n c i d e n t  m i  nus t ransmi t ted)  by a  
canopy, and, ,e ( t )  i s  t h e  c o r r e s p o n d i n g  v a l u e  o f  t h e  BRC, a  
general r e l a t i o n  between standing biomad's W(D) on day D and 
r a d i a t i o n  in tercepted up t o  day D i s  

W(D) = I {e( t ) .  f (t) . S(t)} 

where 1 represents summation from t = 1  t o  t = D. A mean value 
f o r  e  over D days can be def ined by 

When S(t) and f(t) are not  s t r o n g l y  cor re la ted,  the  q u a n t i t y  
S(t) can be replaced by a  seasonal mean value o f  S (Sm) so t h a t  

Ea r l y  experience suggested t h a t  em usua l l y  f e l l  w i t h i n  the  
range 1.0 t o  1.6 g  (dry matter)/MJ w i t h  C3 species a t  t h e  lower 
end o f  t h e  range and C4 species a t  t h e  upper end. Eventual ly ,  
crop p h y s i o l o g i s t s  began t o  compare t h e  impact o f  s t ress  on em 
w i t h  t h e  impact  on t h e  i n t e r c e p t i o n  o f  r a d i a t i o n .  The 
a v a i l a b l e  evidence suggests t h a t  most s t resses reduce bo th  the  
amount o f  r a d i a t i o n  intercepted by f o l i a g e  and the  accumulation 
o f  d r y  mat ter  per  u n i t  o f  i n te rcep ted  r a d i a t i o n .  However, t h e  
p ropor t i ona l  change i n  em i s  u s u a l l y  smal le r  than the  change i n  
t h e  seasonal t o t a l  o f  in te rcepted r a d i a t i o n  imply ing t h a t  t he  
r e s t r i c t e d  supply o f  ass imi la te  i s  no t  t he  on ly  f a c t o r  t h a t  
i n h i b i t s  l e a f  expansion. Examples can be found f o r  drought 
(S ingh and S r i  Rama, 1989), f o l  i a r  d i s e a s e  (Waggoner and 



B e r g e r ,  1 9 8 7 ) ,  n i t r o g e n  d e f i c i e n c y  ( G r e e n ,  19871 ,  and 
atmospheric p o l l u t i o n  (Unsworth e t  a1.,1984). Measurements o f  
r a d i a t i o n  i n t e r c e p t i o n  have a l s o  been used t o  compare and 
a n a l y s e  t h e  y i e l d  o f  d i f f e r e n t  c u l t i v a r s  i n  t h e  same 
env i ronment  (Rosenthal and G e r i k ,  1991) t o  examine t h e  
dependence o f  r a d i a t i o n  use e f f i c i e n c y  on stage o f  development 
(Trapani e t  a l . ,  1992), and t o  explore t h e  impact o f  p l a n t  
spac ing  and row geometry on b iomass p r o d u c t i o n  and y i e l d  
(Ste iner ,  1986). 

Th is  t ype  o f  ana lys is  bypasses t h e  need t o  measure L A 1  i n  
o r d e r  t o  e s t i m a t e  NAR ( o r  f) b u t  t h e  amounts o f  b iomass 
inves ted by p l a n t s  i n  leaves and i n  roo ts  have major eco log ica l  
s i g n i f i c a n c e .  A  c e n t r a l  p rob lem i n  t h e  i n t e r p r e t a t i o n  o f  
vegeta t ion  images obtained by s a t e l l i t e s  i s  t o  est imate L A 1  and 
f from t h e  s p e c t r a l  composition o f  r e f l e c t e d  r a d i a t i o n  and both 
q u a n t i t i e s  p l a y  a  c e n t r a l  r o l e  i n  ecosys tem models ( e . g .  
Woodward, 1987). 

Demetriades-Shah e t  a l .  (1992) sugges ted  t h a t  c r u d e  
est imates of e f o r  a  whole growing season can be obta ined by 
guessing how f changed du r ing  t h e  season! I n  order t o  compare 
values o f  e and f between species, treatments o r  environments, 
i t  i s  c l e a r l y  essen t ia l  t o  measure in tercepted r a d i a t i o n  as a  
f u n c t i o n  o f  t ime  throughout growth. 

D i f f e r e n t i a l  ~ n a l  y s i  S 

Suppose t h e  i n t e r c e p t i o n  o f  r a d i a t i o n  has been measured 
over t h e  growing season (a) i n  stands o f  t h e  same c u l t i v a r  on 
which d i f f e r e n t  treatments are  imposed (e. 9. water, n u t r i e n t s ,  
disease p r o t e c t i o n ) ;  o r  (b) i n  stands o f  d i f f e r e n t  c u l t i v a r s  
exposed t o  t h e  same environment. How should d i f f e rences  o f  e 
o r  I f (n)S(n)  between t r e a t m e n t s  o r  between c u l t i v a r s  be 
compared? 

R e a r r a n g i n g  t h e  t e r m s  i n  e q u a t i o n  ( 3 )  and t a k i n g  
logar i thms g ives  

I f  t h e  symbol 6 i s  used t o  r e p r e s e n t  t h e  d i f f e r e n c e  
between t h e  va lue o f  each term i n  t h e  equation f o r  a  s p e c i f i e d  
t r e a t m e n t  ( o r  c u l t i v a r )  and t h e  v a l u e  f o r  some s t a n d a r d  
t reatment  ( o r  c u l t i v a r )  taken as a  reference, then t h e  equat ion 
can be recast  i n  t h e  f i n i t e  d i f f e r e n c e  form 

where t h e r e  i s  no term i n  Sm when t h e  i r rad iance  i s  t h e  same 
f o r  a l l  t reatments.  The two terms on the  r ight-hand s i d e  o f  
t h e  equat ion r e f e r  respec t i ve l y  t o  d i f f e rences  i n  e f f i c i e n c y  
and i n t e r c e p t i o n .  

Th is  procedure can be taken a  s tep f u r t h e r  i f  t h e  economic 
y i e l d  o f  a  c rop Y can be expressed as t h e  product o f  t h e  f i n a l  
biomass W(D) and a  harvest index h. Then 



This  equation can be p l o t t e d  g r a p h i c a l l y  as shown i n  Figure 1 
t o  compare t h e  c o n t r i b u t i o n  o f  each o f  t h e  terms on t h e  r i g h t  
hand s ide  t o  d i f f e rences  i n  y i e l d .  

FIGURE 1 
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F i g . 1  Graph ica l  r e p r e s e n t a t i o n  o f  eqn 6 .  The f u l l  l i n e  
represents the  f i r s t  term on t h e  r ight-hand o f  t he  equation and 
i s  t h e  l o s s  o f  conversion e f f i c i e n c y  from energy t o  biomass 
(decrease o f  BRC). The dashed l i n e  i s  t h e  sum o f  t h e  f i r s t  two 
terms so t h a t  t h e  d i f f e r e n c e  between t h e  f u l l  and dashed l i n e s  
i s  t h e  l oss  o f  i n te rcep t ion .  S i m i l a r l y ,  t he  d i f f e r e n c e  between 
t h e  dashed and do t ted  l i n e s  i s  t h e  l o s s  o f  harvest  index. The 
lef t -hand v e r t i c a l  a x i s  i s  the  cumulat ive value o f  I n  X where X 
i s  e , f  o r  h  and t h e  r ight-hand a x i s  d i sp lays  t h i s  q u a n t i t y  as a  
cumulat ive percentage loss.  

I n  t h i s  h y p o t h e t i c a l  example o f  how a  c u l t i v a r  m i g h t  
respond t o  a  s e t  o f  t r e a t m e n t s  ( e . g .  l e v e l s  o f  w a t e r  o r  
n u t r i e n t  supply) ,  t h e  major impact o f  t h e  imposed v a r i a b l e  i s  
on l i g h t  i n t e r c e p t i o n  and t h e r e f o r e  on t h e  e x p a n s i o n  o f  
f o l i a g e .  The BRC and t h e  harvest  index are almost independent 
o f  treatment between l e v e l s  2 and 5. 





The f r a c t i o n a l  t ransmission o f  quanta i s  then g iven by 

assuming Green's value f o r  t h e  r a t i o  o f  K values. 

S t r i c t l y ,  i t  i s  t h e  f r a c t i o n  o f  i n c i d e n t  quanta absorbed 
by f o l i a g e  t h a t  determines ra tes  o f  photosynthesis r a t h e r  than 
t h e  f r a c t i o n  in tercepted.  Th is  i s  t h e  complement o f  absorbed 
p l u s  r e f l e c t e d  r a d i a t i o n  and ( 1 - r q )  i s  t h e r e f o r e  an 
ove res t ima te  o f  absorbed quanta.  However, t h e  f r a c t i o n  o f  
quanta r e f l e c t e d  by a closed canopy i s  u s u a l l y  o n l y  5 t o  10% 
o f  inc ident  r a d i a t i o n  so t h a t  d i f f e rences  between f r a c t i o n a l  
i n te rcep t ion  and f r a c t i o n a l  absorpt ion a re  smal l .  Comparisons 
obtained from models are given by Monte i th  and Unsworth ( l o c .  
c i t .  p. 90) and by Campbell and van Ever t  (1993). 

4. INSTALLING TUBE SOLARIMETERS 

C a l i b r a t i o n  and Exposure 

A major  advantage o f  u s i n g  i n t e r c e p t e d  o r  abso rbed  
r a d i a t i o n  t o  analyse. growth i s  t h a t  abso lu te  measurements o f  
i n c i d e n t  r a d i a t i o n  (S) can be made w i t h  a c o n v e n t i o n a l  
s o l a r i m e t e r  (e.g. as manufac tured by  K i p p  o r  E p p l e y )  and 
r e l a t i v e  measuremen ts  ( t o  g i v e  v a l u e s  o f  f )  w i t h  t u b e  
solar imeters.  

Delta-T Devices' tube so lar imeters  a re  supp l ied  matched t o  
a standard s e n s i t i v i t y ,  bu t  where tubes a re  not ,  t h e  f o l l o w i n g  
procedure can be used. I n  any case, i t  i s  good experimental 
p r a c t i c e  t o  c a r r y  o u t  such a check a t  t h e  beginning and end o f  
an experiment. 

For c a l i b r a t i o n ,  a l l  tube so lar imeters  i n  a s e t  should be 
mounted we l l  away from obst ruc t ions  and t o  minimize e r r o r s  o f  
response t h a t  are unavoidable w i t h  c y l i n d r i c a l  tubes (Szeicz e t  
a l . ,  1962 ) ,  i t i s  essen t ia l  t h a t  they be p a r a l l e l  ( w i t h i n  a few 
degrees) and h o r i z o n t a l  . O u t p u t s  a r e  t h e n  r e c o r d e d  o v e r  
several days t o  determine r e l a t i v e  s e h s i t i v i t y  f a c t o r s .  I t  i s  
convenient  b u t  n o t  e s s e n t i a l  t o  s e l e c t  as  a s t a n d a r d  t h e  
ins t rument  w i t h  t h e  g r e a t e s t  s e n s i t i v i t y  s o  t h a t  r e l a t i v e  
s e n s i t i v i t y  f a c t o r s  are a l l  l ess  than u n i t y .  A l l  subsequent 
measurements  o f  o u t p u t  a r e  d i v i d e d  by  t h e  a p p r o p r i a t e  
s e n s i t i v i t y  f a c t o r  before c a l c u l a t i n g  f r a c t i o n a l  t ransmission.  
Where the  tubes are used w i t h  t h e  Delta-T Logger type DL2, t h e  
s e n s i t i v i t i e s  can be programmed i n t o  each channel a t  t h e  s t a r t  
o f  the  experiment, i f  pre fer red.  

I n  use, t h e  standard so lar imeter  i s  mounted on open ground 
near the  s i t e  o f  t h e  experiment o r  over t h e  s i t e  i t s e l f  above 
t h e  maximum expected he ight  o f  p lan ts .  Again, i t  i s  essen t ia l  
t h a t  a l l  tubes should be p a r a l l e l .  I t  i s  a l s o  des i rab le  t h a t  
they be mounted N-S t o  minimize response e r r o r s  when t h e  sun i s  
near the  horizon; bu t  f o r  t h e  sake o f  good s p a t i a l  averaging, 
i t  i s  sometimes more important t o  choose a cross-row d i r e c t i o n .  



I n  systems where tubes are longer than t h e  in ter - row spacing, 
they should be angled w i t h  respect t o  t h e  rows so t h a t  t hey  f i t  
exac t l y  across t h e  space between one o r  more rows (Fig.  2a). 
I n  systems where tubes are shor ter  than t h e  in ter - row spacing, 
they should be d i s t r i b u t e d  t o  g ive  a  sample o f  t r a n s m i t t e d  
r a d i a t i o n  t h a t  i s  n o t  biassed by the  p a t t e r n  o f  shadows c a s t  by 
rows (Fig.  2b). For example, i n  the  no r the rn  hemisphere w i t h  
E-W rows, so lar imeters  c lose t o  the  N s ide  o f  a  row would 
receive l e s s  r a d i a t i o n  than solar imeters t o  t h e  S s i d e  so t h a t  
measurements on both  s ides must be given equal weight.  

Because o f  t h e  s p a t i a l  v a r i a t i o n s  t h a t  cha rac te r i ze  a l l  
types o f  vegetat ion,  t h e  problem o f  o b t a i n i n g  rep resen ta t i ve  
values o f  in tercepted o r  absorbed r a d i a t i o n  i n  a  stand are 
o f t e n  formidable. When t h e  end p o i n t  o f  t h e  exerc ise  i s  a  
c o r r e l a t i o n  between r a d i a t i o n  and biomass accumulation, i t  i s  
a l s o  necessary t o  o b t a i n  r e p r e s e n t a t i v e  measurements o f  
biomass. 

One s o l u t i o n ,  a t t r a c t i v e  i n  t h e o r y  b u t  u s u a l l y  
i m p r a c t i c a l ,  w o u l d  be  t o  sample  r a d i a t i o n  and b io rnass  
d e s t r u c t i v e l y  a t  several  p o i n t s  i n  a  stand and then t o  move t h e  
tube so lar imeters  t o  another po in t .  Then i f  t h e  biomass sample 
was l a r g e  o r  sma l l  i n  r e l a t i o n  t o  t h e  mean b iomass,  t h i s  
anomaly would be o f f s e t  by a  c o r r e s p o n d i n g  anomaly i n  t h e  
r a d i a t i o n  measurement. To avoid damage t o  t h e  stand, however, 
and f o r  o t h e r  p r a c t i c a l  reasons, s o l  a r i m e t e r s  a r e  u s u a l  l y  
i n s t a l l e d  a t  s e v e r a l  f i x e d  p o i n t s  a t  t h e  b e g i n n i n g  o f  t h e  
growing season and r a d i a t i o n  measurements a r e  s u b j e c t  t o  
sys temat i c  e r r o r  t h r o u g h  t h e  season i f  t h e  s i t e s  a r e  n o t  
representat ive.  Biomass, i n  cont ras t ,  i s  u s u a l l y  sampled over 
t h e  whole stand a t  s i t e s  chosen randomly f o r  each harvest .  

I n  p r i n c i p l e ,  random e r r o r  i n  measuring i n te rcep ted  o r  
absorbed r a d i a t i o n  can be minimized by maximizing the  number o f  
so lar imeters  i n  a  t r i a l .  I n  prac t ice ,  t h i s  number i s  u s u a l l y  
determined by a v a i l a b l e  resources ra the r  than by t h e  need t o  
h o l d  e r r o r s  below some preset  t a r g e t  value. T y p i c a l l y ,  f o r  a  
t r i a l  p l o t  (about 10 m square, say) th ree  tubes would be used 
beneath t h e  canopy, and f o r  a  f i e l d ,  be tween f i v e  and t e n  
tubes, assuming a  reasonably homogeiieous crop stand. 

Special  problems o f  sampling a r i s e  i n  mixed communities 
(e.g. i n te rc ropp ing  and agro fores t ry  systems) where one species 
i s  much t a l l e r  than another. Where rows o f  a  t a l l  species ( T )  
are  i n te rp lan ted  sys temat i ca l l y  w i t h  several  rows o f  a  s h o r t  
species (S), so lar imeters  should be mounted a t  rep resen ta t i ve  
places ( r )  j u s t  above T; (h) j u s t  above S; (g) below S. The 
i n t e r c e p t i o n  o f  r a d i a t i o n  by T  i s  then g iven by t h e  d i f f e r e n c e  
between ( r )  and (h) i r rad iances,  and t h e  i n t e r c e p t i o n  by S i s  
given by t h e  d i f f e r e n c e  between (h) and (g) i r rad iances  (F ig .  
3 ) .  C o r l e t t  e t  a l .  (1992) used t h i s  technique success fu l l y  i n  
a  leucaena/mil let  ag ro fo res t r y  system. 



FIGURES 2 & 3 

Fig. 2 (Plan view). Suggested arrangement o f  solarimeters: 
(a) when row width i s  less than length o f  solarimeter, 
(b) when i t  i s  greater. 

Fig.3 Suggested arrangement o f  s o l a r i m e t e r s  i n  a m ixed  
community w i t h  three rows o f  a short-statured species between 
each row o f  a t a l l  species (see p8). 
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